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RADIATION EFFECTS ON BONE MARROW FUNCTION
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Cobalt-60 Gamma Rays, and 15-Mevp X-rays —

By

Yosimasa Tanaka and Masatomo Hashi
Department of Radiology, Faculty of Medicine, Kyoto University, Kyoto, Japan.
(Director: Prof. M. Fukuda)
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1. INTRODUCTION

High energy radiations have been brought into medical and industrial uses in recent

years, and many authors have reported the effects of those high energy radiations on

living organism®2)%,

The detrimental effect of ionizing radiation on the erythropoietic
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system of man and animals has been well established by numerous histopathological inve-
stigations and extensively reviewed*%). Quantitative studies)1018) of the effect of acute
ionizing radiation on the erythropoietic system, utilizing 5%Fe, have been shown to reflect
radiation-induced functional changes. Major interest in the use of radioiron tracer studies
to evaluate radiation damage to the erythropoietic system was stimulated by the work of
Hennessy and Huff®),

The present work has been concerned with a study to determine the relative biological
effectiveness (RBE) of Co gamma rays, 15 Mev X-rays and 200-kvp X-rays using a indi-
cator of *Fe turn over in red cells.

2. EXPERIMENTAL METHOD

1) Physical methods

a) The physical factors of the X-irradiation were as follows : 200-kvp, 20 mA, filter ;
1.5 mm Cu+0.5 mm Al, H.V.L.: 1.8 mmCu, dose rate ; 44.7r per min., 50 cm target-spec-
imen distance.

The animals were given whole-body irradiation with 50-400 rads. The dosage was
measured on the bottom of the wooden box with a Siemens Universal Dosemeter.

b) The physical factor of 6Co were : distance to target 50 cm, dose rate 50 r per min,
It contained 2,000 Curies.

c) As for 156 Mev X-ray, 15 Mevp Betatron made by the Shimadzu Co. Ltd. was
used. A victoreen Chamber was inserted into acrylite phantom of 11.5 cm and measured

the dose. The animals was irradiated into the box (7x15x15 cm) which was placed
between acrylite phantom (3cm thick) the upper and lower sides.

d) X-radiation of 200 kvp was used as the baseline radiation. The conversion factor
(Rads per roentgen) are 0.95 for 200 kvp X-rays, 0.97 for 80Co-ravs, and 0.93 for 15-Mev
X-rays.

2) Biological Methods

a) The measurement of 59Fe uptake

Normal white rats (Wistar Strain), weighing 150 to 200 gm, were used, water being
allowed ad lib.

Irradiated and control rats were injected with approximately 1 uc of Fe citrate at 24
hours after acute whole body irradiation. Injection were made into the left femoral vein
while the animsls were under light nembutal anesthesia. Five days after injection, the
rats were anesthetized, weighed and 0.2 ml of whole blood was drawn from right femoral
vein into a syringe wet with heparin. The whole blood was countered with well-type
scintillation counter as it was, because the radioactivity in plasma was already neglected

at that time.
The percentage of Fe uptake were calculated from the equation :

(cpm/ml of whole blood) (whole blood volume in ml)_ e e
Total cpm injected =3100=2"Fe uptake

whole blood volures used here, were 5.5 ml per 100 ar.

_9,,,,..
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The percentage of normal ¥Fe uptake was calculated as follows :

95 “Fe uptake (irradiated rats)
¢; “Fe uptake (control rats)

% 100=2 normal

b) 99Fe disappearance time in plasma

One puc of radioiron were injected and the rats were bled while under anesthesia at
30, 60, 120, 150, and 180 min. after injection and its radioactivity was measured. It may
safely be said that the radioactivity of whole blood was regarded as that of plasma because
in that time injected radioiron were not utilized into circulating red blood cells yet.

Injected radioiron immediately combined with 3-globulin of plasma and decreased ex-
ponentially from the circulating blood. The half time (TY2) was obtained; That was
defined by the time requied to reach half of the initial activity.

c) %Fe concentration in femoral bone marrow

One uc of radioiron was injected 24 hours after irradiation, and later the femoral bone
was separated and its radioactivity was measured at daily intervals without being ashes.
The experiments were performed in both groups of whole body irradiation and irradiation
of right hind leg.

3, EXPERIMENTAL RESULTS

1) 59Fe uptake

a) Radioiron was injected at one day after total body irradiation with 256 rads and
hereafter 59Fe uptake was measured at daily intervals as shown Fig. L.

After about 4 to 6 days in control animal, the uptake of %Fe in red cells reached its
maximum value of around 70-80% of the injected amount. In the irradiated group, howe-
ver, the uptake was depressed very markedly initially and then rose to a constant maxi-
mum value at a level lower than that of a group of control animals and dependent on
the dose given. The 5-day uptake level has been used as a standard of comparison.

b) The RBE of %Co gamma rays

The rats were given whole body irradiation with 50, 100, 200 and 300 rads. The per-
centage of normsal 5°Fe uptake (% *Fe uptake of irradiated rats X 100/% 5°Fe uptake of
control rats) was measured as shown Table 1.

59 -

*?Fe injection on | day Fe injection on 3 days

after irradiation after irradiation
o, 256 rads % 256 rads
801 — BC
_/mr-_

© 60} 60
3 et
a e 7 |5Mev
Saoff  .---- e 4q

° " 15Mev | P e ——
L e ; L~ 2007%kv
® 20 200k 201

re

N 5 o 15
Days after **Fe Injection Days affer®Fe injection

Fig. 1. *Fe uptake in red cells with time

— 10 —-
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A linear regression was obtained when percent
as a function of the log of radiation dose.
was exponentially related to dose over a range of 50 to 300

values of Co rays to a 200 kvp X ray base line was 0.75.
¢) The RBE of 15 Mev Xray

The data of %Fe uptake of 15 Mev Xray were shown in Table 2.
X-ray, also, %Fe uptake decreased exponentially ow

By this, the mean RBE values of 15 Mev X-rays was 0.72.

Table. 1. *Fe uptake (% of control)-200 kVp Xrays, Co-

50 rads 100 rads 200 rads 300 rads

200KV| “Co | 200KV| *Co |200KV| *Co |200Ky| *Co
1 81.0 | 96.5 | 51.0 | 685 | 32.5 | 50.3 | 22.7 | 413
2 79.3 | 93.6 | 54.2 | 72.1 | 46.2 ‘ 61.2 | 23.6 | 38.2
3 73.2 | 8.5 | 49.8 | 61.3 | 38.6 | 49.5 | 15.2 | 358
4 70.0 | 92.0 | 53.9 | 59.1 | 40.1 | 57.6 | 40.2 | 379
5 81.5 50.9 | 78.9 | 43.2 | 62.3 | 21.5 | 36.1
M ‘78‘2§‘ 92.7 | 52.0 } 68.0 | 40.1 | 56.2 | 24.6 | 37.8
+8x £ 1.6 |+1.7 |+0.88 |+3.6 |+ 2.5 |+ 2.7 |4+ 4.1 |+0.98

RBE 0.84 0.76 | 0.71 0. 60

100] %

B o [+4]
Q o Q

Uptake (% of control)

39Fe
™
]

Uptake of *°

Fe

30 50 100

200 300 rads

Fig. 2. “Fe uptake (% of control)

Table. 2. *Fe uptake (% of control)-200 kVp and 15 Mev Xrays-

50 rads 148 rads 256 rads 392 rads

200K V| 15 Mev| 200K V| 15 Mev 200K V| 15 Mev ZOOKV‘ 15 Mev

1 81.3 96.5 42.5 58.6 38.5 57.3 19.4 | 225
2 70.5 89.3 52.3 65.8 28.6 45.5 25.5 35.5
3 86.3 95.0 48.0 70.5 35.0 48.5 20.3 28.0
4 84.5 93.5 42.5 52.5 34.5 55.5 17.3 38.4
5 79.3 98.5 38.5 65.8 36.1 52.0 26.0 28.2

6 66.1 96.0 46.2 65.0 26.2 42.0 23.5 33.(]'_
M 78.0 94.6 45.0 63.0 33.2 50.1 22.0 30.8
+Sx + 5.3 |[£1.31 |+1.98 |+2.62 |41.93 4+ 2.4 |£1.44 |42.31

RBE 0.83 0.71 0. 66 0.71

| . (+= 4.6) (+=5.48) (+=55.5) (+= 3.9)

— 11 —
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age of normal ¥Fe uptake was plotted
It was found that the decrease of %Fe uptake
rads. (Fig. 2) The mean RBE

In case of 15 Mev
er a range of 50 to 400 rads. (Fig. 3.
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®Fe Plosma disappearance time

Uptake of *°Fe

g |og %
9 %,
690 “\‘ 80 % Xray 382rads
~, - e
2 \ 70 :K"‘*--."" (Twz= 143 min)
N "‘H

= LI S~

= AN €0 TR

270 S I5Mev X 850 \\ \\*--.._,‘_\:
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el N 240 S~
& \, N :';_ N to 3820088
o . % E 7N (Tivz=116min
I._5(: 200kvX N 3 30 Control (Tirz min)
° \\\\ % 20) (Tirz=62min) \"

ﬁ 3CH x\\\ g .
E . \\ o

o LN N
> & 10

1 2 3 h

Hours after injection of re

50 100 150 250 400 rads

Fig. 4. "Fe plasma disappearance curve
Fig. 3. *Fe uptake (% of control) & e i v

Table. 3. Plasma disappearance time (T'[;)

200 kv Xray 1 SCo y-ray 15 Mev X ray
control

_, (186 rad] 279 r | 382r| 186 ¢ 382 r 279 r 382 r

1 5 90 140 138 &5 120 104 149

2 55 83 105 138 93 100 98 105

3 72 104 123 137 120 115 109 140

4 67 110 135 164 8 135 115 111

5 68 123 110 141 9 104 125 127

6 64 105 118 145 80 121 118 106

M 62 103 122 | 14.3 92 116 112 125
-+S% +41 |+53|+56|+46] +6.1 + 5.2 + 4.2 + 7.3

M 62 103 122 143 92 116 112 125
+2om | +10.5 | +13.6 | +14.4 | +11.8 | +15.7 +13.4 +10.3 +13.8

{ig! 0.8 | 08 | 09 0.87
| RBE (+=1.96) | (+— 3.9) | (+=1.40) | +=2.0

2) SFe plasma disappearance time

The rats /0 were exposed to irradiation doses of 382 rads and counts per 0.1 m1 blood
was measured 30, 60, 120 and 180 min. following injection of *Fe citrate. The radioac-
tivity was plotted on semi-logarithmic paper against time and the decrease in activity was
exponential (Fig. 4). The rate of decrease was obtained by the time required to reach
half of initial activity-half time (T%/2). The half time were 62 min. in control rats, 143
min. in 200 kvp Xrays and 116 min. ®Co gamma rays (‘Table 3).

A linear regression curve was also obtained when half time was plotted on semilogari-
thmic paper as a function of the dose. (Fig. 5). By this, the RBE values were 0.8g for
60Co gamma rays versus 200 kvp X-rays, 0.90 for 15 Mev X-rays versus 200 kvp X-rays.

3) The variation of ¥Fe concentration of femoral bone marrow

a) whole body irradiation

The disappearance rate of ®Fe concentrtion in femoral bone marrow of a rat receiving

12 —
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Plasma disappearance time couynts
_eo{*10° .
200 550 —— control
200kvX E 30 % ~=-=-~ %9Co.200rads
~

150 17 15MevX 230 \\\ =——=- 200kvX-200rads
‘E:“c p .
/ 0 s 2.0 \‘ ~ \_\

100 / c
Tve ﬁ/// £1.0] \ ‘~3“
(min) | == = N
3 Whole body irrad. \\
50 2%
L
w

100 200 300 400

rads ] 2 3 4

. Days after **Fe injection
Fig. 5. Plasma disappearance time (T y .
Fig. 6. *Fe counts curves in femoral bones of

control and irradiated rats

counts
3
. =10 —c¢ontrol
£50 -—--5%0:200 rads
E
..‘_’,4‘0 ——-200kvX:200rads
3.0 -«
2 5
020
£ '.:::-""--...
~ I
210 T
S Partial irradiation
o
05 on one |eg
w
-
n
2 3 4

Days after®**Fe injecticn

Fig. 7. ®*Fe counts curves in control and irradiated femoral bones

200 rads whole body irradiation was markedly smaller than that of a non-irradiated rat
as shown Fig., 6. The %Fe concentration in one femur was exponentially decreased to the
days after %9Fe injection. By this, the value of RBE of Co was 0.8.

b) local irradiation

The next experiment was carried out, in which only right hind leg of a rat was irra-
diated with doses of 200 rads, and %Fe concentration curve ef its femur was compared
with that of another femur of the same rat.

The femoral bone marrow of rat has cylindrical shape without complex trabeculae
aud general influences are not added in such local irradiation. The same result was ob-
tained as in the case of whole body irradiation. The concentration of irradiated femoral
bone marrow was much higher than that of control at one day later after injection of
radioiron. The RBE value of 8Co was 0.81. (Fig. 7).

4. DISCUSSION

The high susceptibility to radiation of blood forming organ has drawn the attention of
numerous investigators. When animals are exposed to a single dose of ionizing radiation

— 13—
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in the range of about LD 50, the degree of destruction of erythroblasts in the bone marrow
is much more marked than that of megakaryocytes or leukoblasts and other precursor of
white blood cells. This, however, is not reflected in the composition of circulating blood,
where the disturbances in white blood cells are very prominent, even after small doses of
radiation. Neither the number of erythrocytes, nor haemoglobin values show a marked
alteration unless the dose of radiation is at or above LDs. The evaluation of the fun-
ctional state of the erythrocyte forming tissues is usually carried out by measurement of
the incorporation of Fe. The rationale of the method is based upon the fact that iron
is incorporated by erythrocyte-forming cells, but not by mature red cells.

Depression of ®Fe uptake by red blood cells has been used by a number of investiga-
tors as a measure of radiation effect on the bone marrow”%. Hennessy and Huff®) have
demonstrated a depression of erythropoiesis in the rat after X-irradiation with as little
as 5 r, when the %Fe was injected 24 haurs after irradiation and determinations made on
a daily basis thereafter. When rats were injected 48 hours after irradiation and the up-
take in cells measured 24 hours after injection, Belcher et al®. found that a minimum
observable response was obtained with 30r. Therefore, it may be said that 5Fe uptake
is a very sensitive indicator in small doses and most suitable objects for studies on the
RBE and acute radiation damage. Baum et all®), reported that the decrease of radioiron
uptake was exponential related to dose given: that was confirmed by us.

An extensive series of studies have been carried out by Storer et all®), on iron incor-
poration by bone marrow of animals irradiated with X-rays 250 kvp, gamma rays (4 Mev,
80Co) and neutrons (14 Mev fission and thermal column), and the RBE values of 4-Mev
gamma rays was 0.61, 14 Mev neutrons was 0.84 (250 kvp X-rays was a base line radia-
tion). Sinclaire et al'D. reported the RBE values of 0.85 for %0Co gamma rays versus 200
kvp X-rays, and 0.84 for 22 Mev X-rays versus 200 kvp X-rays, based on the absorbed
dose to soft tissue. These values fairly coincided with our data.

Girvin'?) and Hevesy!®) have shown that plasma radioiron turnover is depressed follo-
wing irradiation and the iron disappearance time in plasma much prolonged after irra-
diation. In our experiment, the same results was obtained and half time increased
exponentially as the doses augmented. The RBE values of this cases were 0.8-0.9 which
comparatively coincided with the RBE of Fe uptake. '

Delayed appearance of 5%Fe tagged erythrocytes in irradiated rats was indicated in
Fig. 1. This fact indicate that radiation not only suppresses the mitosis of bone marrow
cells but delays the appearance of that tagged cells into circulating blood. As shown in
Fig. 6 and 7, the disappearance rate of radioiron concentration in femoral bone marrow of
a rat receiving radiation was markedly smaller than that of a non-irradiated rat. These
results verify that radiation delays the appearance of tagged bone marrow cells into peri-
pheral blood.

The RBE values which was summarized in Table 4 were obtained from various sides
using a indicator of bone marrow function. In that case, we used the absorbed dose to soft
tissue as conversion factors for bone marrow(rads per roentgen). The boneis a particular

— 14 —
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Table. 4, The values of RBE Values of RBE (Base line radiation: 200 kv X ray)

Test System Radiation l RBE

“Fe Uptake LsMer | 003
Plasma disappear, time li‘]g(l)vlev 8 g?g

D e fomoTbone | g 0.6
b) partial irrad. #“Co 0.83

kind of tissue. The flared ends of long bones have internal support which is in the form
of a scaffolding of connecting bars and narraw plates of hone termed trabeculaels). The
spaces between these trabeculae contain the red bone marrow. When an animal is expo-
sed to whole body X-irradiation, the energy absorbed by the bone marrow may be greater
than that absorbed by soft tissue parts distant from bone. This is because bhone contains
elements of higher atomic number than are present in soft tissue, which results in an
increased photoelectric absorption coefficient for bonels). W.K. Sinclair made autoradiogra-
phing sections of rats and mice and found that for both animals the bone marrow dose
is grater than the soft tissue dose. This suggests that, if mammalian RBE values are
based on bone marrow dose, for bone marrow functions in the rat the RBE for €Co versus
200 kvp should be multiplied by 1.06, and for 22 Mev versus 200 kvp the RBE should be
multiplied by 1.06.

Many authorsD®19)2)10 have reported the RBE values of high energy radiation and
described the RBE values of ®Cp and X-ray of high energy radiation generally were
smaller than 1, whatever the test system was used. In our experiment the RBE values
ranged from 0.72 to 0.90 (Table 4).

5. SUMMARY

Iron turnover rates of plasma and erythrocytes of the rats were studied 24 hours after
whole body irradiation with dosis over a range of 50 to 400 rads. The RBE values of 6Co
gamma rays and 15 Mev X-rays compared with 200 kvp X-rays were determined from
these bone marrow functions.

1) The decrease of ¥Fe uptake was exponentially related to dose.

2) Radioiron disappearance time prolonged after irradiation and the half time also
extended exponentially to dose.

3) The Fe concentration of irradiated femoral bone was much larger than that of
non irradiated femoral bone.

4) The RBE values were summalized in Table 4, ranging from 0.72 to 0.90 which
was smaller than 1 on the whole.
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