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Considerable information has been collected
on effects of low and medium high dosages of
ionizing radiation upon living organisms. Re-
cently, interest has developed in delivering
large amounts of such radiant energy to ani-
mals, due in part to ability to produce suffi-
ciently high energy flux, and to increasing
recognition that interactions between living
organisms and ionizing radiation can now be
investigated which might not be observable at
lower radiation dosages and dose rates(1-6).
However, data obtained with extremely high
dosages and/or high intensity x-rays is rather
scarce(7). Extremely high x-ray dosages and
intensities referred to in this paper connote
dosages of 10° r or more, and intensities of
10° r/minute or greater.

Methods. The x-ray tube was placed inside
a lead lined cabinet with lead glass window.
Temperature in cabinet stayed reasonably
constant over considerable time. A strong
fan served to remove ozone and stabilize tem-
perature. High intensity radiation was pro-
duced by Machlett AEG 50 Beryllium win-
dow tube at 45 KVp and 40 mA. No filtra-
tion was added. Distance from target to ani-
mal’s skin was 3.6 cm with dose rate of 2.1
x 10° r/minute. X-ray output of tube was
repeatedly checked with chemical dosimeter
(8). For this purpose ferrous sulfate reagent
(0.5 ml, 5 mN) was placed in small glass cups
fitting snugly into lucite holder and irradiated
for various time intervalst (distance from
" *Present address: State of Washington Health
Dept., Seattle.

target to level of liquid — 3.6 cm). Depth of
fluid was 2-3 mm. Following irradiation, 0.3
ml of ferrous sulfate reagent was removed and
diluted with 3 ml of 0.8 N sulfuric acid. Op-
tical density after irradiation was compared
to that of non-irradiated samples of solution
in Beckman spectrophotometer at wave
length setting of 3020 A. The dose of 2.1 x
10° r/min thus obtained is representative of
energy absorbed in first few mm of skin over
area of 2.25 cm?. This procedure compares
quite well with mesh ionization chamber meas-
urements performed earlier at same x-ray en-
ergies and similar exposure dose rates. X-ray
absorption measurements were carried out
with same type of dosimeter by placing shal-
low containers of liquid inside a lucite holder
and covering holder with pieces of mylar or lu-
cite varying in thickness 12 u to 2.45 cm. In
this particular instance, distance from tube
window to liquid level was 5.5 c¢m and re-
mained constant throughout. The resulting
absorption curve (Fig. 1) shows that approxi-
mately 85% of x-rays are absorbed in the
first cm of tissue. Output constancy measure-
ments with a CdS crystal dosimeter were
+ 5% however, after tube had been in oper-
ation for about 150 to 200 hours a gradual
reduction in output was observed to as low
as 1.3 to 1.1 x 10° r/min. Some of our repeat

t Amount of x-rays delivered to ferrous sulfate
solution did not exceed 5 x 104 r and therefore should
be within useful range of this dosimetric method.
This was confirmed by 2 measurements performed
with Ceric-Cerous dosimetry system.
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FIG. 1. Absorption of 45KV unfiltered x-rays.

(Be-window only) in Lucite.

experiments were made during this period of
decrease and are marked accordingly. Other
serious dose variations may occur due to
slight changes in location of animal from
proper target distance (3.6 cm TSD for all
mice) due to inverse square effects. Despite
proper marking devices, this can easily hap-
pen due to changes in breathing, convulsions,
and struggling motions of animals during ex-
posure. Furthermore, dose distribution over
area covered by x-ray beam at the particular
target distance is not uniform (Table I).
Thus determination of absorbed energy is dif-
ficult and only approximate values can be ob-

TABLE I. Dose Distribution.

Distance % dose right
from axis % dose paral- angle to
of beam, em lel to tube axis tube axis
2.5 .3
2.0 4 2.3
1.5 .6 18.
1.0 30. 36.
5 80. 80.
0 100. 100.
5 80. 80.
1.0 50. 40,
1.5 27. 25,
2.0 16. 2.7
2.5 1.2 .3
3.0 3

Field size 4 em diameter,
CdS detector target distance — 3.8 em,
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tained. Temperature measurements were car-
ried out with a Thermister Tele-Thermometer
(Yellow Springs Instrument. Co.). The hy-
podermic needle type thermistor probe was
always inserted into the thigh of hind leg of
mouse, which was protected by quarter inch
lead shield. This shield extended beyond the
tip of the thermistor probe but did not touch
the skin. This location of the probe was used
in either abdominal or head irradiation. In
some later experiments rectal temperature
readings were also recorded. A total of 130
mature CFW mice have been studied, averag-
ing about 25 g with extremes from 19-32 g.
Food and water were not restricted until just
before each experiment. Animals were se-
cured, back down, onto small boards by ad-
hesive tape over individual limbs. Mice were
exposed to radiation of either the head or
lower parts of body subsequently called ab-
dominal irradiation (Fig. 1). The head of a

25 g mouse approximates about 1 to 114 c¢m
as measured from the mandibular bone to up-

/

FIG. 2. Radiograph taken with 25 kv x-rays shows

areas of mouse body exposed to x-rays. In this

figure head and abdominal treatment fields are
shown on one animal.
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per parietal bone of skull. Body depth
through the abdomen to dorsal side is some-
what greater. Mice that were difficult to
handle were injected with small amounts of
Nembutal. Additional radiation experiments
revealed no variation in survival time of these
from that of non-anesthetized animals. To
obtain reliable temperature measurements, all
animals were placed under the tube for 3 to
10 minutes prior to x-ray treatment. Nor-
mally, little change in temperature was ob-
served. The temperature of target cooling
water was regulated to vary within 1 degree
(C?) of irradiation cabinet temperature, be-
fore and during operation of tube. This cool-
ing water also kept entire headpiece of x-ray
tube at constant temperature by circulating
the cooling water through water jacket sur-
rounding tube head, with exception of the
window. The following studies were carried
out during and after exposure of mice: A.
Determination of survival time following: 1.
Head exposure only at normal body tempera-
ture. 2. Abdominal exposure at normal body
temperature. 3 and 4. Repetition of 1 and
2, but at artificially lowered body tempera-
ture. B. Recording changes of body tempera-
ture.

Results. Mean survival time of mice after
a surfacet dose of 2 x 10% r (2.1 x 10% r/min)
to head or abdomen was determined. Mean
survival time of head irradiated animals was
11.8 = 1.4 minutes at normal body tempera-
ture. A survival time of 14.9 =+ 2 minutes
followed irradiation of abdomen. This some-
what prolonged survival in contrast to head
irradiation was rather persistent throughout.
Above values demonstrate mean survival
times without regard to body volume bathed
by x-ray beam. If we examine survival times
in respect to total absorbed energy, assuming
that the abdominal area exposed to radiation
is about 3.6 times as large(9) as that of head,
much greater sensitivity of brain to irradia-
tion under these circumstances becomes
clearly evident (Table I1). Equal amounts
of absorbed energy by either of the 2 body
portions results in much shorter survival time

{ Surface dose in this case means dose integrated
over first 2-3 mm depth of ferrous sulfate solution.
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TABLE II. Mean Survival Times of Mice.
2 X 10°r (2.1 X 10° r/min.)

Wt of body

Trradiated Temp. of Mean survival

body parts  body part(9), g time (min.)
Head Normal 4- 6 11.8 + 1.4*
Abdomen ” 15-16 149 = 2.0
Head Towered 4- 6 104.0 + 17.2
” 15-16 116.0 + 17.0

Abdomen

* Stand. error of mean.

for head irradiation than for abdominal treat-
ment. This greater response of brain has
also been observed with a dose of 10° r by
Rajewsky(7), who recorded a survival time of
approximately 9 hours following irradiation of
mouse rump in contrast to 90 minutes after
head irradiation.

We were also concerned with the toxic
amounts of ozone produced by highly intense
x-ray beam. To eliminate any possibility of
accelerated death from this factor, survival
times of animals exposed to the beam without
any ventilation in the x-ray tube cabinet, were
compared with mice irradiated under identical
conditions, but with constant use of forced
air stream between tube window and head (in
addition to cabinet ventilation). The data so
obtained exhibit no discrepancy in survival
time between the 2 groups; this is in accord
with findings of Brace and Andrews(5). How-
ever, one can be reasonably certain that the
level of ozone produced by such highly intense
ionizing radiation would have a profound ef-
fect on animals if they lived longer(10). In
our experiments, radiation damage was so se-
vere as to overshadow any other effects.

Body temperature exhibits considerable
change during either type of (head or abdo-
men) irradiation; therefore, in additional ex-
periments mouse body temperature was re-
duced 4-8°C during exposure. This was
achieved by placing blocks of ice around the
animal, whose entire back soon was bathed in
ice water. This caused no interference with
x-ray beam since the mice were tied down with
backs resting on restricting board. Survival
time obtained in this manner was much pro-
longed, 7-8 times for head as well as for ab-
dominal irradiation (Table IT). Whether this
phenomenon is in direct relationship with
keeping body temperature at levels more com-
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patible for animal organism, or whether some
indirect kind of protection for body chemistry
is afforded by cooling, remains to be answered.
Mice irradiated at lowered body temperature
provided opportunity to study over a longer
period of time the effects of radiation, whereas
the others had usually expired by time of re-
moval from the animal holder. Mice (cooled)
abdominally irradiated showed no extraordi-
nary symptoms that had not been observed in
animals exposed to smaller dosages of radia-
tion. The animals were hunched, huddling
together, as if seeking warmth. Periods of
lethargy intermingled with short intervals of
great excitability, the latter becoming less and
less frequent. Water and food were consis-
tently ignored. Respiration became increas-
ingly difficult toward the end, but was con-
tinued often over long periods of time (1-3
hours) though the animal was on its side or
back, and apparently unconscious. In some
instances, the hind extremities appeared to be
paralyzed, but this could not be confirmed.
Pain perception in the tail was maintained.
Head irradiated (cooled animals) demon-
strated identical symptoms to those discussed
above. However, paralysis of one or other of
the extremities occurred more often. Periods
of excitement were more frequent and longer,
and the animals demonstrated complete loss
of orientation. Circular, screw or eel type
convulsive motions at surprising speeds were
noted in most instances(11). The mice main-
tained only very labile balance when able to
stand at rest, or remained as placed when not
in a stage of excitement. Many of these se-
quelae seem to be the same or similar to those
observed by Gerstner et al.(12) at lower x-
ray dosages (12,500 r). Cooling protracts the
above mentioned disturbances and symptoms
in head irradiated animals. This became evi-
dent in 2 instances when such mice were freed
from the animal holder before death occurred
and similar screw type motions were observed.

Changes in body temperature. One can ob-
serve a reduction of body temperature as a
function of dose and time after exposure to
medium and high dosages of x-rays, Langham
et al.(2). The interest in these particular ex-
periments was to determine variations of
temperature during irradiation. The average
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increase of body temperature after 10 minutes
of head irradiation (2 x 10% r) was 1.7°C
whereas it amounted to 3.9°C for the same
irradiation time of the abdominal area (Fig.
3). This rise in temperature could perhaps
in part be attributed to the absorbed energy
of the high intensity beam and heat from the
tube window. To compare these temperature
changes with those from other heat producing
sources, the following experiments were car-
ried out. Temperature increase of the x-ray
tube window during operation was determined
with a copper-constantan thermocouple. Then
a metal disc of equal diameter as the tube win-
dow was heated to about the same tempera-
ture (measured with the same thermocouple)
as the window. This was achieved by a 15
watt electric bulb housed in a plastic con-
tainer to which the disc was attached. The
abdomen of the mouse was then placed first
under the lamp heated disc (1.6 cm from disc)
and temperature changes recorded. After
temperature returned to normal the same
mouse was moved under the x-ray tube and
irradiated about the same amount of time at
1.6 cm from the window (3.6 cm from target)
and again temperature measurements were
made.

At the time these particular experiments
were performed, we had to take into consid-
eration that the tube output was reduced to
about 1.2 x 10° r/min. The results obtained
indicate a greater body temperature increase
with x-irradiation than with the simulated
treatment using the lamp: however, tempera-
ture increase is smaller than observed previ-
ously as one would expect with reduction of
x-ray tube output (Fig. 4). These observa-
tions could be interpreted to mean that part
of the temperature rise in the animal is due
to heat from the window, whereas the remain-
ing part must be due to the absorbed radiant
energy (ionizing) and/or the reaction of some
biological process in the animal. This latter
assumption seems to be supported not only by
the fact that body temperature drops consid-
erably despite continuation of treatment after
the animal has expired, but also by phantom
measurements. Such a phantom consisted of
a mouse shaped thin plastic bag filled with 10
or 20 ml of water. This bag was irradiated
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FIG. 5. Two examples of temperature changes of mice irradiated at subnormal body temper-

ature.

with x-rays or the lamp in the same manner
as the mice discussed earlier. The tempera-
ture changes recorded under these conditions
were about equal for both sources. However,
one of the problems has not been solved,
namely determination of the true x-ray win-

dow temperature. Though both thermocouple
measurements (x-ray window and metal disc
on lamp) were adjusted to show equal temper-
ature readings, it was impossible with this ar-
rangement to find out how much of the ob-
served temperature increase is caused by the
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heat of the x-ray window alone and to what
extent absorbed x-ray energy in the thermo-
couple itself contributes to the temperature
change. It could be very well possible that
the actual window temperature is lower than
the thermocouple indicates.

Fig. 5 shows changes of body temperature
during x-ray exposure of animals cooled by
ice water. In all instances temperature was
reduced below normal, and life was prolonged
regardless of treatment area. At the very
least a doubling of dose was required to kill
the animal within 25 minutes.

Additional information has been sought by
investigating changes in breathing pattern,
electrocardiogram tracings, as well as hlood
changes and histological picture, since the
above findings present a variety of possible
reasons for super-acute radiation death of the
animals. Results obtained in these studies
are being analyzed.

Summary. The effects of extremely high
x-ray dose rates and dosages on mice irradi-
ated at normal and subnormal body tempera-
tures were studied. Considerable lengthening
of survival time is obtained when body tem-
perature is lowered during irradiation. A
slight elevation of body temperature during
irradiation was noticed.
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Carbohydrates and Gastrointestinal Absorption of Radiostrontium and

Radiocalcium in the Rat.*
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Ability of lactose to increase gastrointes-
tinal absorption and retention of calcium has
been known for many years and has been ade-
quately confirmed under various conditions
and in different species. The effects of lactose
on calcium metabolism and other physiologi-
cal functions have been reviewed recently by
Duncan(1) and Atkinson et al.(2). Although
the action of lactose has been widely studied.

* Supported by Armed Forces Special Weapons
Project. The authors gratefully acknowledge tech-
nical assistance of L. A. Cape and S. N. Dubcrman.

little attention, with one exception, has been
given to the influence of other sugars and
sugar derivatives on calcium. Fournier and
his colleagues(3-5) determined the net reten-
tion of calcium in rats as influenced by in-
gestion of sugars by use of conventional cal-
cium balance technic. Certain sugars, in ad-
dition to lactose, were capable of enhancing
calcium retention in the growing and lactat-
ing rat; e.g., xylose, mannose, raffinose, man-
nitol and sorbitol. It was not feasible with
calcium balance method to determine extent



