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A Model for Radiation Injury (8)

Kinetics of Acute Radiation Lethality

Fumiaki Sato

Division of Radiation Hazards, National Institute of Radiological Sciences, Chiba, Japan
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I. Introduction

The problem of recovery in radiation injury has sometimes been thrown into confusion owing to the

variety of definitions of radiation injury. Classical definition of the injury is given by a difference of

LD;((30)s between control and previously irradiated groups, so-called paired-dose method!-1®, Some

modification on paired-dose method will be done by replacing single test dose with duration-of-life ex-

posure!?.  In this case the whole body injury is evaluated from a difference of mean after survival between

control and previously irradiated groups. These two definitions have an ambiguity on the time when

the residual injury must be referred!®1, It comes from the fact that the time of exposure to the test dose

is not identical with the time at death. Assuming the time pattern of the whole body injury, the method

to test the validity of the assumption with the experimental data may be called an indirect definition of the

whole body injury. Much of works in this line have been done with assumption of exponential recovery

function!#2», Most elegant method to determine the whole body injury has heen proposed by Brues
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et al®-2P. Tt has given the way how to calculate the whole body injury from mean survival time under
duration-of-life exposure. In acute radiation death, the daily death distribution is sometimes clearly
bimodal®*-%®> and mean survival time of the distribution is hardly determined as a good statistic.

In the previous paper® a vector-matrix representation of the whole body injury has been presented.
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,
I,= Elwl (L4 2 AnTy+ ‘jZPijAjkak -i-_Zk:lfqukAmIn +...
i= j=i = ik,

I,: Whole body injury

Ii: Intrinsic injury of the i-th organ

Aij, Bij:  Interaction from the j-th organ to the i-th organ

Wi: Essentialness of the i-th organ to survive

7723 fish were used to obtain acute lethality data following single and paired doses. In this communi-
cation the author presents a time pattern of acute radiation injury inferred from the statistics of the acute

mortality,

II. Dosimetry measurements

Dosimetry measurements were done by Fluoroglass Dosimeter (developed by Tokye Shibaura Ele-
ctric Co., Japan). The silver-activated phosphate glasses, Type FD-RI-1 (1 mmg X 6 mm), were placed
in the exposure cage shown in Figure 1 with lucite holder and after filling the cage with water gamma-
rays of Co® were delivered to the cage lidded. Each glass washed with chromic acid mixture and with
distilled water was inspected by microscope for cracks and about 109, of the glasses were discarded before
exposure. ‘The fluorescence measuring device was Type FGD-3B. To avoid an error from build-up
and fading of luminescence the exposed fluoroglasses were kept at 25°C and 24 hours after the exposure
the fluorescence was reasured. Just before the measurement of the fluorescence the glasses were washed
again by the standardized method. The calibrations of the glasses were done in the gamma-rays of Cof?
with relatively low dose-rate by the Probe, No. 606, of Radocon calibrated at Electra-Technical Labo-
ratory, Japan. The cobalt source of 3 x 10% curies used in these experiments was cylindrical and the
exposures were done within the cylinder. When the exposure starts, the source comes down slowly to
the pre-setted position through shutter of mercury and then it stops there. After the end of exposure the
source goes up again to its container. Therefore the dose delivered during the movement of the source
before and after each exposure was corrected when the exposure time was short. The radioactive decay

of the cobalt source was also corrected. In the course of experiments the cobalt source was replaced by

TABLE I Dose distribution in the exposure cage

5y Mean yiose Positions in Fig. 1 Mo

A, B, and C, 3.704 0.1 A, Agy Ay and A, 3.50+ 0.1
A,, B; and C, 3.60+ 0.1 B,, B,, B, and B, 3.55+ 0.1
A, B, and C, 3.30+ 0.1 Cy, Cy, Cy and C, 3.25+ 0.1
A,, B, and C, 3.154+ 0.1
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more radioactive one and the dosimetry measurements and their calibration were repeated for the new
cobalt source with the same method as before. The dose-rate of the old cobalt source was 7.4 -+ 0.1
kR/min. The dose-rate of the new cobalt source was 10.0 4 0.1 kR/min. An example of the dose dis-
tribution within the exposure cage was shown in Figure 1 and in Table I. There were significant dif-
ferences in some points. Since the fish were free to swim in the cage, an average value of the doses was

assigned to them.

Figure 1. Lucite cage used for irradiation
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III. Material and Method

The animals used in these experiments were medaka, Oryzias latipes. Each time about 103 to 3
x 103 fish were purchased and the stock numbers were given to them. At the time purchasing, each
stock was treated with metylene blue solution to prevent from bacterial infection. They were bred in
the open air for several weeks before exposures to avoid any shipping stress. Any series of experiments
except the Experiment 1 in the text was tried to complete within the same stock including any kind of
controls, since large variances between the stocks were expected. The exposures were done by the Lucite
cage shown in Figure 1. In each exposure, 30 fish were free to swim within the cage filled with water
and lidded. The water in the cage was being bubbled with fresh air during exposure. After the ex-
posure the fish were bred in plastic cages containing 2.5 liters of water in groups of twenty in a room
equipped with a forced-air ventilation system and the temperature of the water was kept at 23°C. The
water in the breeding cage was refreshed every day. Control groups were shammed once and specially
twice for paired exposures. The fish were fed with freshwater oligochaetes ad libitum. The carcasses
were counted and removed every day. Survival times were recorded according to the convention that
an animal lived to the end of the interval in which it died. Exposed groups were observed until all the
animals died and usually it took less than 20 days. The control groups were ordinarily observed up to
30 days after their sham exposures.

The LD;, determinations were made by exposing groups to graded gamma-ray dosages and deter-
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mining the survival. A probit transformation of percentage mortality was used to compute the LD;,
as described by Mathers,

Sham exposure itself has given no significant excess mortality in 30 days compared with that of con-
trol without sham exposure. But there might be a possibility that an effect of sham exposure on mor-
tality may be detected by additional actual exposure. In order to evaluate the effect, following experi-
ments were done. Two groups shammed were irradiated with dose of 22.7 kR or 82.7 kR. A group
shammed was used for determination of LD, (1.5 hours). The mean survival times and the LD;, of the
above groups were compared with those of other similar groups without sham exposure. There was .
no significant difference between them.

IV, Results
Experiment 1. Dose-Survival Time
The doses ranging from 5.4 kR to 102.4 kR were given to the fish to estimate the whole body injury.

The dose-rate was 7.4 kR/min. The mean survival times were given in Table II with the number of

animals.
TABLE II Dose and mean survival time (MST) for single exposure
Dose No. of - Dose No. of g mare®
(kR) | animals | MSTESE (days) | 4py | animals | MSTHSE (days)
Control 169 (>>30) 60.5 278 7.5 0.1
5.4 211 11.5+ 0.1 75.2 270 6.0+ 0.1
9.1 207 10.3+ 0.1 89.9 241 4.24 0.1
16.1 258 9.7+ 0.1 95.2 209 2.64 0.1
31.1 300 8.7+ 0.1 102.4 229 1.0+ 0.1
45.8 317 8.4+ 0.1

All the mean survival times are significantly different one another with p=0.01. Plotting them
in log-log grid one can see almost dose-independent survival times in the dose rage from 10 kR to 50 kR
as shown in Figure 2. Their temporary death distributions were also shown in Figure 3. There appearecl
bimodal distribution in 95.2 kR and the distribution was fairly well reproducible.

Experiment 2. LD, (1.5 hours) as a Function of Time

LD;, (1.5 hours)s were determined to evaluate the whole body injury induced by sublethal condi-
tioning dose. In probit analysis doses are ordinarily plotted either in logarithmic scale or in linear scale.
In order to see which scale of them may give a better linear regression, nine groups of each thirty fish
were irradiated with different doses. The results have shown that both scales give comparable linearity
of mortalities in probit and then linear scale for dose was used for all analyses in probit. Giving 44.8 kR.
of conditioning dese, LD;, (1.5 hours)s were determined as a function of time as shown in Table III.
Namely, the interval between the conditioning dose and the test dose covered one day to four
days. The dose-rate was 7.4 kR/min. Residual injury was calculated as a difference from LD;, (1.5
hours) of control as the conventional paired-dose method. One cannot follow the time course further
because death may happen with the conditioning dose itself beyond the fifth day. These characteristics
mentioned above were reconfirmed by experiment of same scale. Experiments with the conditioning
dose of 16.4 kR were done without any definite results. The conditioning dose of 16.4 kR seemed too
low compared with experimental error.

Experiment 3. LD, (1.5 hours) as a Function of Conditioning Dose

— 35 —



Figure 2, Dose-survival curve from single exposure
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TABLE III LD,, (1.5hours), regression coefficient and residual injury after conditioning dose of 44.8 kR
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Days after No.of | LDy( 1.5)%SE Regression Residual
condéi::enzlng animals ’ (kR) o coefg;i{(ﬂﬁ;ﬁSE injury (kR)
Control 690 129.54 1.1 0.051+ 0.004 0
1 149 87.3+ 1.6 0.106+ 0.016 42.2
2 120 85.14 1.4 0.121+ 0.017 4.4
3 116 86.1+ 1.7 0.100+ 0.016 43.4
4 120 82.3+ 1.5 0.109=+ 0.014 47.2
TABLE IV LD,, (1.5 hours), regression coefficient and residual injury at 48 hours after various
conditioning doses
P 5 Regression .
Conditioning No. of LDg( 1.5)+SE . T : Residual
dose (kR) | animals “(kR) I ""ef?ﬁ:ﬁ‘ﬁf SE injury (kR)
0 690 129.54 1.1 0.050+ 0.004 0
22.7 121 97.4+ 1.2 0.128+ 0.017 32.1
42.7 120 83.9+ 1.5 0.097+ 0.016 45.6
62.7 112 69.34+ 1.9 0.113=+ 0.019 60.2

In order to estimate a dependence of the residual injury on the conditioning dose, various condi-

tioning doses were given to the animals and 48 hours after the conditioning dose LDy, (1.5 hours)s were

ST
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TABLE V' Mean survival time (MST) after fractionated exposure by a variable time interval

Dose (kR) e ameerval | No. of animals Mty
42.7 120 12.7£ 0.1
42.74-42.7 0 121 8.0+ 0.2
42.7442.7 1 116 9.44- 0.2
42.74-42.7 2 120 10.34- 0.2
42.7442.7 3 115 10.74 0.2
42.7442.7 4 120 10.44- 0.1
2.7442.7 5 117 11.74 0.1
42.7+4+42.7 6 118 10.74 0.1
Shammed 2 60 (>30)
TABLE VI Number of animals and doses
Single dose Paired-dose

No. of animals Dose (kR) No. of animals Dose (kR)
147 95.1 152 39.54-76.6
148 104.3 149 39.54-85.8
149 113.6 148 39.54-95.1
152 122.9 149 39.54-104.3
148 132.1 149 39.54-113.6
149 141.4
149 150.7

determined. The dose-rate was 10 kR/min. The data obtained were shown in Table IV.

Experiment 4. Temporary Death Distribution after Fractionated Exposure.

To estimate an additivity of the whole body injuries, mean survival times were determined with
irradiation of two equal doses in variable time interval and. also an attention was paid to their temporary
death distributions. Dose per irradiation was 42.7 kR and dose-rate was 10 kR/min. Time interval
between the first and the second dose covered from one day to six days after the first dose. The interval
could not be extended over six days because death occured with only the first dose. Data obtained were
shown in Table V. A point-by-point t test with p==0.01 on mean survival time showed that there was
no significance between groups of two- and six-day interval except five-day interval. The temporary
death distributions of the above groups were shown in Figure 4 and one can see bimodal distributions in.
the groups of shorter time interval. Significant increase of mean survival time in five-day interval was
hardly interpretable. The same experiments were repeated with different stock of animals and the charac-
teristics mentioned above were fairly well reproducible except increase of mean survival time in five-day
interval. With 22.7 kR per exposure the same type of experiments were done but the data obtained were
nothing definite.

Experiments 5. Temporary Death Distribution in Twelve Hours after Exposure

To see a ﬁne structure in the first day death in Figure 3, observations were done in one-hour interval
after massive single or paired doses. In paired doses the second dose was given in 48 hours after the first

dose. The observation period covered twelve hours. The resuits were shown in Table VI and in Figure
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Figure 4. Tempory death distribution from fract- Figure 5, Temporary death distribution from
ionated exposure. Arrows indicate the days on single exposure
which the second doses were delivered. 50
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5 and 6. With these data LD;; (a)s were calculated for twelve s and the values were shown in Table

VII. The residual injuries were plotted in Figure 7.

V. An Interpretation and Discussions
The data obtained by these experiments were analysed by an exponential model, the details of which
were shown in the Appendix. The whole body injury induced by a massive exposure may change daily

in a complicated manner in the post-irradiation period. There may be not only recovery but also amplifi-
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TABLE VII LDy, (e)s of control and irradiated groups for various e

o of a (LD, @kse | g T Redl
animals (hours) (kR) (1/kR) (kJR)
Control 895 1 150.54 1.6 0.053+ 0.005
Irradiated 74T 1 106.54 0.9 0.076+ 0.006 44.0+ 1.8
Control 895 2 146.2+ 2.3 0.0584+ 0.009
Irradiated 747 2 100.54 0.7 0.087+4 0.006 | 45.7+ 2.4
Control 1042 3 142.1+ 0.9 | 0.066+ 0.005
Irradiated 747 3 96.6+ 0.6 0.095+ 0.006 | 45.54- 1.1
Control 1042 4 137.4+ 0.8 0.0734 0.004
Irradiated 747 4 93.3+ 0.6 0.0934 0.006 | 44.14- 1.0
Control 1042 5 133.24 1.2 0.0774+ 0.008
Irradiated 747 5 90.6+ 1.3 0.094+ 0.012 | 42.64- 1.8
Control 1042 6 129.14+ 0.1 0.0734+ 0.004
Irradiated ] 74T 6 88.6+ 1.4 0.093+4 0.013 | 40.54- 1.6
Control | 1042 [rd 125.8+ 0.8 0.0704+ 0.004
Irradiated [ 747 7 83.1+ 1.3 0.096+ 0.012 | 37.74 1.5
Control | 1042 8 122.1+ 0.8 | 0.064% 0.003
Irradiated | 747 8 86.6+ 1.4 0.096+ 0.013 | 35.54- 1.6
Control - 1042 9 ~ 118.8+ 0.8 | 0.058+ 0.003
Irradiated 747 9 8.4+ 1.7 | 0.092F 0.015 | 33.4% 1.9
Control 1042 10 116.24+ 0.8 0.0604 0.003
Irradiated T47 10 84.8+ 1.9 0.089+ 0.015 _31 A4 2.1
Control 1042 11 113.94+ 0.9 0.0574 0.003
Irradiated 747 11 83.94 2.0 0.088+ 0.018 | 30.04- 2.2
Control 1042 12 111.5+ 0.9 0.059+4 0.003
Irradiated 747 12 82.8+ 1.9 0.090+ 0.017 28.74 2.1

TABLE VIII Dose and median survival time

Dose GR) | Mime iy | Do GR) | Mefin sl
9.1 9.8 60.5 7.1
16.1 9.4 75.2 5.9
31.1 8.3 89.9 4.0
45.8 7.9 95.2 3.4

cation of the injury. The essential assumption in the model is that any change in the injury may be ap-
proximated by proper exponential functions as shown in F igure A of the Appendix. As for a sensitivity
variation in the population, an animal which dies at the median survival time was chosen as a representa-
tive animal.

Experiment 1. Dose-Survival Time

In the bimodal region conventional median survival time spmetimes falls between two peaks in the
temporary death distribution. Below 95.2 kR more than fifty percent of animals died in the second mode.

Therefore median survival times in the dose range were calculated within the second mode, namely from
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the sub-population where deaths in the first day were excluded. These values were tabulated in Table
VIII.
From a relation between median survival time () and In dose, following amplification constants were

estimated by using equation (A4) in the Appendix.

ot 27.4 days
a == 13.1 — 1.399 In dose (H
= 0.71 &+ 0.12 day! )

o £ 7.4 days
o == 41.1 — 8.249 In dose 3
A== 0.121 4 0.005 day-! 4)

On the other hand LD;, (1 day) = 95.6 kR was substituted to equation (3} and then o became
3.5 days. Accordingly the whole body injury induced by a massive single exposure is estimated as shown

in Figure 8. In the period of the first day to 3.5th day the injury was estimated fromn Experiment 2.

Figure 8. A whole body injury by single exposure
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Experiment 2. LD;, (1.5 hours) as a Function of Time

The dependence of the difference in LD;, (1.5 hours)s on the time, t! is given in equation (A8) in the
Appendix where the notations were given. In the period of the first to the third day, 4 is estimated to
be zero, namely no recovery and no amplification. On the other hand, many works on mammals®7883-36)
have shown a recovery in the period by the conventinal paired-dose method. As was discussed in the
previous papers'?1®, the interpretations of the above data on mammals are quite doubtful. An increase
of D<-Di in the fourth day may correspond to the amplification of 1 = 0.12 day-! in Figure 8. It should

be emphasized that no recovery and no amplification (1 = 0) is concluded with
0 (3)

In the conventional paired-dose method, no recovery and no amplification is concluded from the fact
that D¢ — Di = D, where D, is conditioning dose. In the exponential model in the Appendix necessary
and sufficient condition for 1 = 0 is equation (5). e

As was seen in Table III the regression coefficents of divided exposures were larger than that of single
exposure (control). Since a reciprocal of the regression coefficient in the probit analysis reasonably

gives a measure on the fluctuation of sensitivity in the population®#®, data on these experiments show
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that the conditioning dose decreased the fluctuation of sensitivity in the population. On the contrary
there is a positive relationships between the regression coefficient and LDy, (30 days) among the strains
of mice®”*. Exactly speaking LD;, and its regression coefficient may depend on dose-rate?®40, There-
fore the general measure on the fluctuation of sensitivity in the population may be obtained from the regres-
sion coefficient of LDy, which is limiting value when exposure time tends to zero.

Experiment 3. LDj, (1.5 hours) as a Function of Conditioning Dose

From equation (A8) in the Appendix, the following equation holds.

(2 ) =0 (6)

Namely, the ratio (D¢ — Di)/D, is expected to be independent from D,. In Figure 9 D, versus

(De — D!)/D, is plotted. A linear regression line was calculated by the method of least squares. The

regression coefficient (= —0.01125 kR!) was not significant from zero with p := 0.05 by analysis of vari-

Figure 9. Percent residual injury as function of conditioning dose
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ance. Accordingly these data were not enough to show any dependency of (D¢ —- D!)/D, upon D, and
were still consistent with the exponential model. On the other hand most of data on mammals$»393)6)
have shown some dependences of the residual injury on the conditioning dose.

Experiment 4. Temporary Death Distribution after Fractionated Exposure with Variable Time
Interval

A bimodality in the temporary death distributions was seen even in the fractionated exposure. This
may also suggest no recovery and an additivity of the injuries?®#14®, Single dose of 42.7 kR did not
induce any bimodal distribution and if the animal recovered completely from the first dose, the second
dose of 42.7 kR would not induce any bimodal distribution. However, the distributions were hard to
be analysed quantitatively.

An apparent discrepancy in mean survival time was seen between Table II and Table V. The
experiments in Table II were done in spring in 1965 and the experiments in Table V were done in winter
in 1965. The discrepancy may be due to seasonal effect and (or) to variation between the stocks.

Experiment 5. Temporary Death Distribution in Twelve Hours after the Exposure.

The bimodality in the temporary death distribution in twelve hours from single exposure also sug-
gests that the pattern of the whole body injury in the period may be similar to that in Figure 8 with dif-
ferent time scale. An analysis such as in Experiment 1 was not shown in this paper since the calculated
regression coefficient was not significant with p = 0.05. If one will extend the observation period to
twenty-four hours, one might have a significant regression coeflicient.

As shown in Figure 7, the residual injury is highly dependent upon the observation period, . Then
there happens a difficulty to assign a recovery or an amplification of the whole body injury by the con-
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ventional paired-dose method. For example, if one takes ¢ = 2 hours, the residual injury is larger than
the conditioning dose and the injury might be amplified. On the other hand if one takes o = 10 hours,
the residual injury is smaller than the conditioning dose and the injury might recover. A linear re-
gression for (¢t >4 hours was calculated with high significance as follows,
De—-Di=66.7e %
A == 0.057 4+ 0.01 hour-! (7)

The above equation has the same form as predicted by equation (A9) in the Appendix. However

there is still a problem in an application of equation (A9) to this experiment, since no consideration was

given to the bimodality seen in Figure 5 in the calculation of LDg,(t)s.

Summary

Survival data were obtained on 7723 fish received Cof0 gamma radiation of single or divided ex-
posures. Single dose ranged from 5.4 kR to 104.2 kR and mean survival time ranged from 1.0 to 11.5
days. Their temporary death distributions were unimodal in range from 5.4 kR to 75.2 kR and the peak
of the distribution shifted gradually to earlier period with dose. A dose of 95.2 kR produced a bimodal
pattern in the temporary death distribution.

LD, (1.5 hours)s were determined after conditioning dose of 44.8 kR. They showed that no re-
covery and no amplification seemed to happen up to the third day. The standard deviation of fluctuation
of sensitivity in the population was decreased by the conditioning dose. Percent residual injury at 48
hours after conditioning dose ranging from 22.7 kR to 62.7 kR was almost independent upon each condi-
tioning dose. An experiment of irradiation of two equal doses in variable time intervals has given some
evidence on the additivity of two injuries.

A bimodality in the temporary death distribution was seen even in twelve hours of post-irradiation
period after single massive exposure. The difference of LDy, (@ )s between control and pre-irradiated
groups were calculated as a function of the observation period, ®t. To these data an interpretation was

given with an exponential model.
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Appendix

In the previous paper (F. Sato et al.: Nippon Acta Radiologica Vol. 27, No. 4, 1966) we have given
some theoretical consideration on the paired-dose method. Basing on an exponential model some more
generalized forms of the paired-dose method will be discussed below. The assumptions used were as
follows.

1. In fractionated exposure the whole body injury of each exposure is additive one another at any
time.

2. When the whole body injury of an animal accumulates to the lethal threshold, the animal will
die.

3. The whole body injury increases or decreases exponentially. Recovery or amplification cons-

tants A, are assumed as follows.
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4y for 0ty
b for St 4+t

= ] n-1 . n

A for ¥ ot <t <7y

: . i=1 . i=1
A % 0 for i=1I, 2, 3. ,n,

Then the whole body injury from single exposure will be given by the following equation.

n-1
I. (D, t) =D (iT: e'lit‘) e'z“ (=21

n_1
=t
i=1 R

ol

The equation (Al) was graphically shown in Figure A.

Figure A. An example of the whole body injury
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A population of experimental animals has a sensitivity variation. The animal which dies at the

median survival time in the population will be chosen as a representative animal and we will consider

the whole body injury of the above representative animal.
and median survival time will be obtained as follows,

n-1
n-1

L (0,0)=D (T g"") g* @~ &% -1, (A3)

[

where D : Dose which gives a median survival time of

o« : Median survival time

I.: Lethal threshold
From the equation (A3),

oy == ln[ I, (“W‘ e—ﬂ;ti) ei.. Z:t; ] —InD

,iln (A4)

In the region 1, *> 0, a relation between dose
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If the test (or second) dose is given on time t!, the following equation holds.
Iy (Do, t! + &) + Iy (Di, @) = I (D5, @) = I (AS5)
where D,: Conditioning dose
De: LDgy( @) of control group
Di: LDgy(a) of pre-irradiated group
t': Time when test dose D! is given
o : Median survival time
I.: Lethal threshold
From the equations (Al) and (A5),

n-i nf—1 o1
n-1 - E 1 o 2 . —
Dn (lzl;ei{lt |>‘3;n (t '|" o i=thl) + Di (ill'l e!{jtl ) eoan’ (Ot ié;[ ti)
nf-1
n'=1 +. , _ ]
~ > (et )e @ —ZY
Tugttas Tu<a< pu (AG)

The difference of LD;,( &t )s between control and pre-irradiated groups is expressed as follows.

je=

n-]
nol it Aa(tt+a-— 3t
[t re 0 |

i=1 (A7)

De -- Di = D, x -
n' -1 -t ’ —

. i |
jem]

To see a dependency on t! or on «, the following forms will be suitable.
n-1 nf=1
R n-1 oty = — i\ — An’ | — i ntl
D —Di=D, (Teht)eh@ e @~ EYW o (g

or

fla] n'=—1
D¢ — Di — D, ( _n—_lefhti) e]n (tt— igt;) Eeﬂn" éiieun = }nf) o (A9)

i=n’

where

n'.=q n’

n—1 n
2—_‘; <t a<g Z:lti, 2:.1' <A S:‘:i t;

Aar >0

The relations among n, n’, and t! -+ ¢ are illustrated in Figure B.

H1ls

The equations (A8) and (A9) will be interpreted as follows. If one changes the time t! with fixed
¢, one can obtain an estimation of 4, from the equation (A8). If A, < 0, the whole body injury by

the conditioning dose is recovering with constant 1, in the period around t! + « where t! is variable.

If 2.>0, the injury is amplifying. On the other hand, if one makes o variable with constant
can obtain an estimation of (in—An) from the equation (A9). An experiment which may give

pendencies of D:—Di on both t! and «, will be desirable for estimation of 1, and t, where n = 1,
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1)

2)
3)
%)
5)
6)
7)
8)
9

10)

Figure B. Whole body injuries by paired-dose

As
."’ A s
ry R Av
Az :\’3‘,' AT L
—_ VT Y S An
o5 i/ e
A= ) S
et ;’ ~.
2|7 M~
AR .
e g
0t ti+t, t 2t 2ti+t tea

Time after Exposure
=== Injury by conditioning dose
=== Injury by test dose

References

C. Hagen, Jr. and E.L. Simmons, Effects of total-body x-irradiation on rats. I. Lethal action of single, paired
and periodic exposures. In Biological Effects of External X- and Garnma Radiation, Part 2, (R.E. Zirkle, ed.),
pp. 281-299, McGraw-Hill Book Company, New York, 1956.

A.L. Carsten and T.R. Noonan, Determination of the recovery from lethal effects of lower body irradiation
in rats. University of Rochester Report UR-455 (1956).

H.I. Kohn and R.F. Kallman, The influence of strain on acute x-ray lethality in the mouse. I1. Recovery rate
studies. Radiation Res. 6, 329-338 (1957).

G.S. Melville, F.P. Conte, M. Slater and A.C. Upton, Acute lethality of mice as influenced by the periodictiy
of paired exposures to fast neutrons or x-rays. Brit. J. Radiol. 30, 196-199 (1957).

S.A. Tyler and S.P. Stearner, Discrimination among injury processes reflected in acute radiation mortality.
Intern. J. Radiation Biol. 4, 495-509 (1961).

J.F. Spalding, V.G. Strang and F.C.V. Worman, Effect of graded acute exposures of garama rays or fission
neutrons on survival in subsequent protracted gamma-ray exposures. Radiation Res. 13, 415-423 (1960).
J.F. Spalding, T.T. Trujillo and W.L. Lestourgen, Dependence of rate of recovery from acute gamma-ray
exposure on size of the conditioning dose. Radiation Res. 15, 378-389 (1961).

J.B. Storer, Effect of dose size on rate of recovery from radiation damage in mice. Radiation Res. 14, 206-212
(1961).

E.J. Ainsworth and G.F. Leong, Recovery from radiation injury in dogs as evaluated by the split-dose techniq
ue. Radiation Res. 29, 131-142 (1966).

M.J. Corp and R.H. Mole, The kinetics of recovery during the first few weeks after whole-body x-irradiation
of mice. Intern. J. Radiation Biol. 11, 69-86 (1966).

11) §D. Grahn and G.A. Sacher, The measurement of residual acute injury from single exposures by survival

12)
13)
14)
15)
16)

17)

following daily irradiation. Annals New York Acad. Sci. 114, Art. 1, 158-168 (1964).

F. Sato, S. Tsuchihashi, W. Nakamura and H. Eto, A model for radiation injury (6). Nippon Acta Radiologica
26 (1966).

F. Sato, S. Tsuchihashi, W. Nakamura and H. Eto, A model for radiation injury (7). Nippon Acta Radiolo-
gica 27 (1966).

H.A. Blair, Data pertaining to shortening of life span by ionizing radiation. University of Rochester Report
UR-442 (1956).

R.H. Mole, Quantitative observations on recovery from whole body irradiation in mice. Brit. J. Radiol. 30,
40-46 (1957).

D.]J. Mewissen, C.L. Comar and B.F. Trum, A formula for chronic radiation versus shortening of life span.
Application to a large mammal. Radiation Res. 6, 450-459 (1957).

H.A. Blair, A quantitative description of latent injury from ionizing radiation. In Symposium on Information

— 45 —



1456 HAEFR AR SR B2T8% BLE

Theory in Biology (H.P. Yockey et al., ed.), pp. 331-340, Pergamon Press, London, 1958,

18) H.O. Davidson, Biological Effects of Whole-body Gamma Radiation on Human Beings. The Johns Hopkins
Press, Baltimore, 1957.

19) H.A. Blair, Some properties of reparable and irreparable radiation injury. University of Rochester Report
UR-602 (1961).

20) H.A. Blair, The constancy of repair rate and of irreparability during protracted exposure to ionizing
radiation. Annals New York Acad. Sci. 114, Art. 1, 150-157 (1964).

21) H.A. Blair, Irreparable injury from doses as measured by protracted doses in mice. University of Rochester
Report UR-649 (1964).

22)  H.A. Blair, On addition of modes of radiation injury in producing lethality in dogs and rodents. University of
Rochester Report UR-654 (1964).

23)  A.M. Brues and G.A. Sacher, Analysis of mammalian radiation injury and lethality. In Symposium on Radio-
biology, The basic Aspects of Radiation Effects on Living Systems (J.J. Nickson, ed.), pp. 441-465, John
Wiley and Sons, New York, 1950.

24) G.A. Sacher, A comparative analysis of radiation lethality in mammals exposed at constant average intensity
for the duration of life. J. Natl. Cancer Inst. 15, 1125-1144 (1955).

25) G.A. Sacher, Approaches to the quantitative estimation of radiation injury and lethality. In The Shorter-
Term Biological Hazards of a Fallout Field (G.M. Dunning et al., ed.), pp. 101-112, United States Atomic
Energy Commission, Washington D.C., 1956.

26) G.A. Sacher, Reparable and irreparable injury. A survey of the position in experiment and theory. In Radia-
tion Biology and Medicine (W.D. Claus, ed.), pp. 283-313, Addison-Wesley Publishing Co., Massachusetts,
1958.

27)  G.A. Sacher and D. Grahn, Survival of mice under duration-of-life exposure to gamma rays. I. The dosage-
survival relation and lethality function. J. Natl. Cancer Inst. 32, 277-321 (1964).

28) A. Dunjic, J. Maisin, P. Maldague and H. Maisin, Incidence of mortality and dose-response relationship
following partial-body x-irradiation of the rat. Radiation Res. 12, 155-166 (1960).

29) E.P. Cronkite, V.P. Bond, W.H. Chapman and R.H. Lee, Biological effect of atomic bomb gamma radiation.
Science 122, 148-150 (1955).

30) S.A. Tyler and S.P. Stearner, A model of the kinetics of injury processes associated with. acute lethality in the
gamma-irracdiated mouse. Argonne National Laboratory Report ANL-6723 (1962).

31) F. Sato, Theoretical approach to life span shortening induced by radiation (4). Nippon Acta Radiologica
24, 211-237 (1964).

32) K. Mather, Statistical Analysis in Biology, Methuen and Co., London, 1951.

33) R.H. Mole, Quantitative observation on recovery from whole body irradiation in mice. I. Recovery after single
large doses of radiation. Brit. J. Radiol. 29, 563-569 (1956).

34) H.I Kohn and R.F. Kallman, Acute lethality studies with the rat: 1.LD,,, death rate, and recovery rate. Ra-
diation Res. 7, 85-97 (1957).

35) H.H. Vogel, Jr., J.W. Clark and D.L. Jordan, Rate of recovery from gamma-radiation injury as function of
amount of injury. Federation Proc. 16, 132 (1957).

36) J.A. Sproul, Jr., Estimates of recovery rate in mice exposed to neutron and gamma rays. (Abstract) Radiation
Res. 9, 187 (1958).

37) D. Grahn and K.F. Hamilton, Genetic variation in the acute lethal response of four inbred mouse strains to
whole body x-irradiation. Genetics 42, 189-198 (1957).

38) D. Grahn, The genetic factor in acute and chronic radiation toxicity. In Proc. 2nd Intern. Conf. Peaseful
Uses Atomic Energy, Vol. 22, pp. 394-399, United Nations Publication, 1959.

39) J.B. Storer, Radiation resistance with age in normal and irradiated populations of mice. Radiation Res.
25, 435-459 (1965).

40)  S.P. Stearner and S.A. Tyler, Radiation mortality in the mouse: Model of the kinetics of injury accumulation.
I. Protracted doses in the 30-day lethal range. Radiation Res. 20, 619-630 (1953).

41)  S.A. Tyler and 8.P. Stearner, Modes of radiation death in the chick embryo. II. A model of lethal mechanisms.
Radiation Res. 12, 301-316 (1960).

42) J.F. Spalding, O.8. Johnson and R.F. Archuleta, Acute radio-sensitivity as a function of age in mice Nature
208, 905-906 (1965).

— 45 —



