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Iniroduction

Considering the types of radiation death following massive gamma irradiation, acute death is of special
interest. Some of the reports on this subject have been made by W. Langham et al.” (1956), J.B. Storer
et al.® (1957), H.L. Andrews® (1958) and R.G. Allen et al.?? (1960), but there have been no studies so far
on the intrinsic nature of acute death.

Takeshita and Fujii'® (1963) observed electrocardiograms of mice until death during irradiation at
an exposure rate of 8 kR /min, and documented a logarithmic correlation between mean survival time after
irradiation and the exposures ranging from 16 kR to 100 kR. Detailed histologic study® (1963) of several
organs of these mice revealed marked hyperemia.

Fujii® (1965) reported observations at exposure rates of 15 kR/min and 30 kR /min. A marked fluc-
tuation of the baseline noted on electrocardiograms immediately after initiating irradiation was called
“initial pitching”, and the average dose delivered by the time of disappearance of this fluctuation was con-
sidered to relate to the 3.5 day effect of B. Rajewsky® (1955).

In these studies acute radiation death was accompanied by tonic convulsions, but the mechanism there-
of is still entirely unknown. Fujii stated that the logarithmic shortening of mean survival time after irra-
diation by dose was similar to an amplified oscillation phenomenon with feedback and due to increased
stress to an irreversible state, which ultimately led to death. Now if this concept were applied to the death
which occurred during massive irradiation and such an accelerating factor were responsible, a dose rate
dependency can be anticipated.

The present study was performed to determine the dose rate effects for death during irradiation,
including lower exposure rate irradiation, and to observe the electrocardiographic changes at exposure rates

higher than those previously reported!®®.

; Methods
ICR-JCL fernale mice over 7 weeks of age, obtained from Nippon CLEA K. K., were used. The ani-
mals were irradiated at high exposure rates in the %Co Gamma-ray Irradiation Facility of the Japan
Atomic Energy Research Institute (JAERI), Tokai -Establishment. Irradiation of the animals at lower
exposure rates was performed using the telecobalt unit at Hircshima University Research Institute for
Nuclear Medicine and Biology. Exposure rates used in the experiments are shown in Table 1.
The sources referred to in this table are basket-type radiation sources for high exposure rates, with

radiocobalt containers arranged cylindrically. Exposure rates inside and outside the source were provided

Table 1. Cobalt-60 gamma-ray exposure rates

Exposure rate

Date Location Source

(kCi) Inside the source  Outside the source
(kR/min) (kR /min)
Nov. 1966— JAERI 16 22 4.4 at 15 cm—
Oct. 1967 0.16 at 80 crn
Dec. 1967 Hiroshima Univ. 2% — 0.1 at 41 em—
0.0l at 1.3 m
Jun. & Nov. JAERI 158 40 5.7 at 15 cm—
1968 0.52 at 60 cra

*In the telecobalt unit **Newly installed in 1963
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by the JAERI Facility but at short distances from the source some corrections were necessary due to geo-
metrical considerations.

To determine the time until death during irradiation inside the source, mice were affixed to electro-
cardiographic plates of our special design previously described!®. Continuous electrocardiograms in
lead I were obtained from the beginning of irradiation. The time of appearance of tonic convulsions elec-
tromyographically and on electrocardiograms indicated the time of death. These tracings were used
in the analyses of initial pitching, heart rate and electromyographic frequency. For irradiation outside
the source, mice were placed in individual lucite cases at distances from 15 cm to 80 em. FEach animal’s
death was ascertained by periscope. For irradiation at lower exposure rates, mice were placed in a special
cage in an air-conditioned room and given sufficient solid feed and water. R.adiation was administered
continuously until death.

Mice were irradiated in the range of 10 R/min to 40 kR/min. Time until death during irradiation
and the total exposure were recorded for each group,

For irradiation inside the source, groups of 5 mice, each fixed to an electrocardiographic plate,
were protected by a lead shield in the cave prior to irradiation. Their maximum pre-exposure did not ex-
ceed 80 R.  For irradiation outside the source, the most proximal animal was estimated to have received
a pre-exposure of about 200 R. In each case, these pre-exposures were considered negligible compared with
the massive doses they eventually received.

To control convulsions, 5 mg phenobarbital, the LD;, for acute toxicity, and a half dose of it were
injected intraperitoneally about 10 to 20 minutes before irradiation. Chemical agents such as 5-hydroxy-
tryptamine (5-HT) and 2-B-aminoethylisothiourea (AET) were given to observe their protection against
radiation in doses double those normally used.

Mean survival time following irradiation was calculated from the midpoint of radiation exposure, for
each mouse received the dose at rates of 0.44, 2.8 and 22 kR/min. These techniques were essentially the
same as reported previouslyl®,

Results

I. Total exposure and time until death during irradiation

Results are shown as untreated groups at exposure rates of 3.1, 22 and 40 kR/min in Table 2, The
total exposures of 110 kR at 3.1 and 22 kR/min were in good agreement with our previously reported
datal®, but that at 40 kR/min was lower than expected from these data.

Results for the groups irradiated outside the source are summarized in Figures 1 and 2. Figure 1
shows the correlation between the exposure rate and time until death during irradiation; while Figure 2
shows the relation between the exposure rate and the total exposure until death during irradiation. As
shown in Figure 1, there is a linear relation on a log-log graph except for two groups at the highest and the
lowest exposure rates in the region used. Grossly this linear relation has a gradient of —0.85, and there
may be a dose rate dependency, considering the fact that it was not — 1.

In Figure 2, a considerable difference is noted in the total exposure until death during irradiation for
rates of 0.1 kR/min to 6 kR/min, and that is a decreasing trend of the total exposures at lower rates. Low

values were obtained in the total expsoure at the rates higher than 10 kR/min. These were irradiated in-
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Table 2. Total exposure and time until death during irradiation

Exposure rate Number Time until death : . .
and of during irradiation Total exposure
drugs (mg) mice (min) [kR)
3.1 kR/min
Untreated group 20 36 1 4 110 + 10
Phenobarbital (5) 10 59 4+ 5 180 £ 10
5-HT (2) 5 38 + 4 120 4 10
AET (8) 5 33 4+ 2 100 £ 10
22 kR/min
Untreated group 14 5.1 + 0.8 110 4 20
Phenobarbital (5) 10 9.8 + 0.3 220 4 10
Phenobarbital (2.5) 10 8.0 -+ 1.3 180 + 30
5-HT (2) 5 5.0 -+ 0.5 110 £+ 10
AET (8) 5 5.1 -+ 0.3 110 + 10
40 kR/min
Untreated group 34 1.9 £ 0.5 76 £+ 20
Phenobarbital (2.5) 10 5.0 £ 04 200 4+ 20
Fig. 1. Relation between the exposure rate and Fig. 2. Relation between the exposure rate and
time until death during irradiation. the total exposure until death during
. irradiation.
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side the source and may not be comparable to those groups irradiated outside the source for their exposure
conditions.

The effects of anticonvulsives and some chemical radiation protection agents are shown in Table 2,
and evaluated by the ratio of time until death during irradiation, compared with untreated groups.
Preliminarily injecting 5 mng phenobarbital per mouse, ratios of 1.6 at an exposure rate of 3.1 kR /min and
2.0 at 22 kR fmin were obtained ; while ratios were 1.6 at 22 kR /min and 2.6 at 40 kR /min respectively with
a dose of 2.5 mg which was enough to anesthetize and in safety. Phenobarbital was generally ineffective
at total exposures of 220 kR or more which indicated that extension of time until death during irradiation
by the effect of anesthesis could not be expected beyond these exposures. No effects were demonstrated
with 5-HT or AET.

2. Mean survival time following irradiation
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Mean survival times of mice in groups of 10, irradiated from 17 kR. to 71 kR at rates of 0.44, 2.8 and
22 kR /min are shown in Figure 3. Since no significant differences were noted among these groups their
data were combined and plotted. Mean survival time satisfies the equation
ML.S.T. (min)= Ce~kD (1)
where C is 40,000 min and D is in kR units, K = 0.102 -+ 0.008.

Fig. 3. Mean survival time following irradiation at 17 kR
to 71 kR at rates of 0.44, 2.8 and 22 kR/min.
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3. Electrocardiographic observations

3.1. Initial pitching

Initial pitching on electrocardiograms immediately after starting irradiation was confirmed, and is
shown in Table 3. The patterns of individual differerces of this phenomenon are shown in Figure 4.

The total exposure delivered until disappearance of initial pitching was 18 kR, in agreement with re-
sults of Fujii®. Initial pitching was noted in all animals irradiated at 40 kR /min following the injection
of 2.5 mg phenobarbital, but was late, indicating an extension of time until death as the effect of the drug.

Initial pitching began after starting the irradiation at from 6 kR to & kR (Table 4), but the onset time

and dose were diverse as shown in Figure 4. The pitching was vigorous at onset, and gradually hecame

Table 3. Total exposure and time until disappearance of initial pitching on electrocardiograms

Number Time until disappearance

Exposure rate Total exposure

of of initial pitching
(kR /min) cases (sec) . (kR)
22 14 50 4+ 10 18 + 4
40 34 26 + 4 18 + 3
22% 10 68 + 16 25 4+ 6
40% 7 41 4+ 5 27 4+ 3

*Following the administration of 2.5 mg phenobarbital
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Fig. 4. Initial pitching on electrocardiograms during irradiation at a
rate of 40 kR/min; the arrow indicates faint convulsions (No. 24).

seconds

Table 4. Comparison of onset of initial pitching on electrocardiograms

Ex e rate Onset time of Exposure
posur initial pitching until onset
(kR /min) (sec) (kR)

22 17 £ 10 6.2 + 3.7
40 13 + 4 8.7 4+ 25

cyclic, repeated and intermittent, and eventually returned to a stable pattern or nearly so. This was
clearly compared with electromyographic patterns that appeared at the time of convulsions as shown
with the arrow in the case of No. 24.

3.2. Heart rate

Figure 5 shows the heart rate from the beginning of exposure to death during irradiation at rates of
22 kR/min and 40 kR/min. Cases with temporary decrease in heart rate at the beginning of irradiation
are shown by dotted lines, and they were about 40 per cent of the total. They were observed to have less
chance for subsequent recovery to their initial heart rates. The majority of the cases had increased heart
rates when irradiation was begun.

All cases showed a marked decrease in heart rate following convulsions and, depending on their se-
verity, they led directly to death.

In Figures 6a and 6b are shown heart rates for the groups irradiated at 22 kR/min and 40 kR /min
following the administration of 2.5 mg phenobarbital, including cases of 5 mg injected group. Some show-
ed a temporary decrease in heart rate with irradiation, but the general tendency for it to increase with
irradiation occurred as in the untreated cases.

5.3.  Electromyographic frequency

The electromyographic frequency was obtained by microscopic observations of tonic convulsions im-

mediately before death and several repeated faint convulsions during irradiation, which were recorded on
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Heart rate until death during irradiation at

rates of 22 kR/min and 40 kR/min.
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6a. Heart rate until death during irradia-
tion at 22 kR/min with corresponding

values after phenobarbital.
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6b.

Heart rate until death during irradiation
at 40 kR/min following phenobarbital.
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electrocardiograms.

Fig. 7.

Electromyographic frequency due to se-
veral repeated faint convulsions and
tonic convulsions immediately before
death during irradiation: (a) at 0.6 min
after, 24 kR, 175 + 12 cps; (b) at 1.2
min after, 48 kR, 155 416 cps; and (c)

With irradiation at 40 kR /min, convulsions usually lasted 1 to 3 seconds except for that immediately

before death. The frequency during a single episode of convulsions was counted in 0.24 second segments.
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They were shown as a typical case in Figure 7, but did not demonstrate any definite tedency however.

The average of these frequencies was 170 4 13 cycles per second in the groups irradiated at 40 kR/min.

Discussion

Langham et al.” discussed the acute symptoms of radiation damage in a comprehensive study using
total exposure of 1 kR to 200 kR at rates of 1.3 kR/min to 7.5 kR/min. Storer et al.”” reported that the
log of mean survival time (Y) in the range of 10 kR to 150 kR (X) can be expressed as Y == a + bX. Ex-
periments supporting this have been performed on monkeys by Allen et al.’, and Andrews®.

Takeshita and Fujii'® also determined the pattern of acute death which occurred during irradiation
by observing electrocardiograms. They demonstrated that 111 + 4 kR was the total exposure in mice
either to the head or the whole body at the rate of 8 kR/min, and that mean survival time after irradiation
was related to the exposure as mentioned above. Detailed histologic examinations of Fujii and Takeshita®
(1963) revealed hyperemia and small hemorrhagic foci in numerous organs, but did not determine the di-
rect cause of death. Later, Kurosawa et al.®> (1966) using guinea pigs and Kido® (1967) using dogs re-
ported nearly the same results by histologic examinations following irradiation of up to 30 kR.

Fujii® extended his studies to the irradiation of mice at high exposure rates of 15 kR/min and 30
kR/min. Total exposure until death during irradiation and mean survival time after irradiation were
studied. One hundred and fifty kR appeared to be the limit of the exposure leading to death when the ani-
mals were treated with chlorpromazine. His findings of initial pitching on electrocardiograms were ins-
trumental in linking the areas of intestinal death and cerebral death, considering the relation between mean
survival time after irradiation and dose in association with the 3.5 day effect.

In the present study, with the exposure rate of 40 kR/min, death seerned to have been produced
earlier than expected from results at 22 kR/min. If any exogenous factor were responsible, it may have
been the relatively high temperature in the cave, especially during the warm season in which the study was
conducted. In the group injected with phenobarbital, however, death during irradiation was marekdly
delayed and the total exposure delivered as high as 200 kR, the highest yet observed injecting 2.5 mg of it.
The aforementioned effect of temperature may therefore have been negligible.

Drugs of 5-HT and AET were administered in amounts double those usually used to protect against
sublethal exposures, but they were found to be ineffective against the acute eflects produced in the present
study.

Acute death within 3 or 4 days after irradiation has not been found to differ markedly among certain
strains of mice. In the equation (1) to calculate mean survival time following irradiation, C is the gross
extrapolation of respective averages to zero, and K. is the linear portion of the curve through this point on
a semilog graph. These factors were in good agreement with previously reported valuesi®.

The cause of initial pitching on electrocardiograms is unknown. Occasionally, mild convulsions
were superimposed on this fluctuation of the baseline, but initial pitching was essentially different from the
convulsions as shown in Figure 4. It may be due to marked movements of the body, which were not de-
tectable on electrocardiograms before irradiation. Considering the exposure delivered and the time until
onset of the pitching, a cause for the pitching phenomenon could not be demonstrated. The total expo-

sure at the disappearance of initial pitching was 18 4+ 3 kR at rates of both 22 kR /min and 40 kR /min.
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The pattern of electrocardiographic pulses following recovery of the pitching appeared the same as prior
to irradiation or showed only slight changes in which the spikes appeared mildly increased upward (R)
or downward (Q or S). Similar fluctuations were also seen in anesthetized mice, extended in time and dis-
appeared later in proportion to the delay of their death. This suggests that changes in electrical poten-
tial are amplified and repeated until the development of some essential physiological change or extreme
damage, and are completely irreversible in ordinary situations.

Heart rate usually increased with irradiation and changed with time after faint convulsions. In some
mice irradiated at 40 kR /min, heart rate rapidly decreased and this continued without recovery to their
normal rates, and tonic convulsions occurred and they had shorter survival times during irradiation.

Suppression of initial pitching and tonic convulsions before death seems to be more directly associated
with decreased heart rate produced by anesthesia, which may be related with a state of hypoxia, and to be
effective in delaying death during irradiation.

In the groups irradiated at a rate of 22 kR/min following various doses of phenobarbital, some dif-
ferences were shown between the degree of anesthesia and the delay of death.

Changes in heart rate are not felt to be essential in the study of acute death; the shape of electrocardio-
graphic pulses may be more important. These tracings were obtained only in lead I: therefore, the analy-
sis of cause of death was inconclusive.

The electromyographic frequency did not show any trend with laps of time during irradiation except
tonic convulsions at the terminal stage.

This is a general summary of the findings obtained from the series of investigations to date. A number
of phenomena were brought to light, but it was not possible to determine the mechanism of acute death.
There were many restrictions posed by the isolated structure for %Co gamma irradiation for high exposure
rates, i.e. the size of the animals irradiated, the number of mice, and pre- and post-treatment procedures.
Since a more powerful gamma-ray source is not yet available, we will pursue these studies relative to the

effects of irradiation localized to body parts, using other high energy radiation apparatus.

Summary

The effects of massive doses of rapidly delivered $°Co gamma-rays on mice were studied. The rela-
tion between the exposure rate and the total exposure leading to death during irradiation was established
in the range of 10 R/min to 40 kR/min. Delay of acute death was demonstrated using phenobarbital in-
jections. Analysis of electrocardiograms of mice from the beginning of irradiation until their death, re-
vealed a pitching phenomenon at the electrocardiogram baseline during the early period of irradiation.
The change in heart rate and electromyographic frequency in convulsions during irradiation were mea-
sured. Mean survival time of mice irradiated was also determined and expressed as an exponential func-

tion of the given dose.
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