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Alpha-Ray Dosage near Thorotrast Aggregate
by
Yoshio Kato

Physics Division, National Institute of Radiological Sciences
Chiba, Japan
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Introduction

Thorotrast, a colloidal sclution made of granules of thorium dioxide, was used during the period
1930-1945 as an outstanding agent of a contrast medium in angiography, hepatolienography and so on.
After injection, thorotrast is taken up in the reticuloendothelial system, in which the granules of thorium
dioxide remain indefinitely and form aggregates with dimension comparable to a range of (-particles
emitted from the various members of the thorium decay chain. Radiations from the aggregates irradiate
tissue for a long period of time, causing lesions. Thus thorotrast patients are interesting objects for
the purpose of finding a relationship between the dosage and the lesion of tissue. Many workers!—8
have searched for the absorbed dose averaged over a whole organ of the thorotrast patients. Rotblat
et al.® and Rund® have showed that about 90 per cent of energy dissipated in tissue by the radiations
emitted from the aggregates is carried by ¢-particles. Thus mot of the energy are dissipated in tissue
within about 90z (maximum range of the q-particles in tissue) from a surface of the thorotrast aggre-
gates. This fact may justify that the dosage absorbed in tissue near the aggregate should be adopted
as the dosage for a study of the dosage-lesion relationship, instead of the average dosage in the organ.

This paper describes an estimation of the dosage near the aggregate due to the q-partiles and that
of an o-particle self-absorption in the aggregate as a function of an aggregate radius, and these results

are also applied to an estimation of an average dose in some histological sections.
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Absorbed dosage near the aggregate

In calculating the dosage, the form of the aggregate was assumed to be spherical in order to
simplify a geometrical problem, and also the same assumptions as Spiers’®10> were used : (1) the g-em-
itters are distributed uniformly in the aggregate, (2) the (-particles are emitted isotropically, (3) the
o-particles travel in straight lines and have a constant linear energy transfer.

The absorbed dosage at a point, distance d from a surface of the aggregate, is given by

D(d) = J” %--g—-rzsinedwrde, (1)

where R is a range of the q-particle with an initial energy E in tissue, N a number of the q-particles

emitted per unit volume of the aggregate and other parameters are shown in Fig. 1.
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Fig. 1. The geometry used in calculating the energy dissipation
near a surface of the spherical aggregate,

Integration of equation (1) with respect to ¢ and r gives

- NE Vocd N-E
0(d) = E?E'J(rmax = Tpin)-sinede = ==-G, (2)
where n is a ratio of the range of the (t-particle in tissue to that in the aggregate, and G is a geometrical

factor:
- _n e !
G = ﬁ.J(rmax - rmin}-5>1n8d.e, (3)
where an integrand and limits of the integration with respect to § are as follows:
1) & > VT+a?Z -q,

"max~"min _ 1 14624208

E—Y = e{1-(a+s)cose+/a?-{a+8) %50}, 1 > cose > (a¥s) >

2) VT+aZ -u > 6 > 1-2na,

max~"min 1 —
(1) —x—-= e {1-(at+s)cose+/aZ-(c*§)Zs1n%6}, 1 > coso > cose,,

"max~"min e *2a8
(2) EETmin o reryreS, cos, > coso > Lz,

1
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cos6 4n(_T)_(_] {(2n-1)/T+4n(n-1)(6%+2a8)-1}, . (4)
3) 1-2na > 6,

"max~"" VoZ+2as
Jax MR . 5/a7-(a*8) 750, 1> cosp » XI5,
where a=a,|"R and §=d/R.

The integrating equation (3) with respect to # gives the following expressions:

]) (Sib‘]"'ﬂ =0,y

-logé},

1,7 8 _ 1+6242a8 , §2+2as
? 7 4(ats) 2(ats)

2) VT+aZ -a > & > 1-2na,

G = Gl + Gza
cos®
G = %"{1' g" —ﬂg“i'[2+/a‘-(a+6)351n%65 =(o+8)cosog)
524248, 2046 3
2(ats) (a+5)coses+ia4—{a+a)lsinias s (5)
\CO I )2511128'}2-
=1 Tz 821208 {(a+6)C0S85+/a (ats S
Gy = ?-{CDSGS/QA_(a+6} sin®0s- rave) Tog( e ]},

3) 1-2na > &,

6= Nefa- 2(122% log

a-particle self-absorption in the aggregate

2G+6}

According to the assumptions mentioned in the preceding section, the self-absorption, f, can be given by

f = né , . (6)

where L is 2 mean of the distance traversed in the aggregate:

a T2 am .
L= 7 -J —lJJ JL«sine‘d¢‘de‘}4nr2dr = «J{JL-sine'de'}rﬁdP, (7)
372% 5 T g 00
where L is given by
r-cose-+/a2-r2sin2g-, for nL < R
L= { : (8)
R/n, for nl. > R

and other parameters are shown in Fig. 2.
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Fig. 2. The geometry used in calculating the
self-absorption of the spherical aggregate.

The integrating of equation (7) with resepct to #’ and r gives

g for R > 2na,

R 3 Rz 1 R%

n " 8anZ " 8L ain® for R < 2na.

when equation (9) is substituted into equation (6), the self-absorption becomes

%-na for R > 2na,
f==
1
1 ;.n; + ITEPEL for R < 2na.

Deosage and self-absorption for the thorotrast aggregate

12

(9)

(10)

In the estimation of dosage and self-absotption, the values of the range of the gi-particle in water,

as shown in Fig. 3 and Table 1, were adopted as those in tissue, and the value of n is deduced from the

Bragg-Kleeman rule!®, which gives the range in medium of atomic weight A and. density p as follows:

100= /—

Range (u)
&
T
1 L

5
Initial energy (Me¥)

Fig. 3. The energy-range relationship of
e-particle in water (Whaling!'?),
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Table 1, Physical properties of the e-particles emitted from the members of the
thorium decay chain.

ﬁzz;al)le:r Nuclide Decay constant* e-particle energy*® l(zii;nii:r)
per year MeV I
1 232-Th l] 495 x107° 4.00 26.4
228-Ra 0.103
228-Ac 0.990 x10°
2 228-Th 0.363 5.39 42.0
s 224-Ra 0.695%10? 5. 66 4.5
4 220-Rn 0.424x10° 6.28 52.4
5 216-Po 0.138x10° 6. 77 58.9
212-Pb 0.573x10°
6 212-Bi 0.603x10* 6.05 (0. 36%%) 49.5
7 212-Po 0.729x10% 8.78 (0. fd=wx) 88.6
N 208-T1 0.117 x10°
* ¢ Data from Strominger, Hollander and Seaborg!®, #% ¢ Data from Whaling'®.
##% :  Branching ratio.
Xn Ay
R = 3.2x10° “-E-Rm, meio_ (1)
Zn Jﬁ

where Ry, is the range in standard air and n; is the atomic fraction of i-th element whose atomic weight is:

Aj. Then the value of n is deduced from equation (11) as follows:

"Pa,0 PTho,

~J

l

= Riissue =

n —
Rrho, YAtho, PH,0

_llw
o

0 %-E’— = 2.60.

(=

T.

i

When calculation was made of equations (5) and (10) by using the value drived for n and the value of”
R, the values of the geometrical factor as functions of o and § became those as shown in Table 2 and were
plotted in Fig. 4, and the value of the self-absorption as a function of o was plotted in Fig. 5.

Since thorium emits seven. kinds of the q-particles, a dosage and a mean self -absorption vary with a.
degree of radioactive equilibirum state of the thorium decay chain in the aggregate. When an activity

ratio of i-th (-emitting element to 282Th is p;, the dosage and the mean self-absorption are given by

D(d) = X Epl = ON a Epl = 0.686x10"Jp,E; (MeV)Gy in rad/year, (12)
a
ZpiElfl
and e , (13)
_piEi
1

where p (9.87 g/cm?) is a density of the thorium dioxide, whose molecular weight is A(264), Np(6.02 x
10%%) is Avogadro’s number and A(0.495:x 10-10/year) is a decay constant of 232Th.

Two examples for the dosage and the self-absorption are shown in Figs. 6 and 7 respectively. Cne
isin a case of radioactive equilibrium p;=p,=---p,=1, and the other in a case of a state of pi1==1, p,=0.5,.
and py=-.-p;=0.4, which closely resemble the steady state equilibriurm in tissue observed by some resear-

— 11 —
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Table 2. The geometrical factor (G x10%) for the spherical aggregate of thorium dioxide

as a function of e.

#1258

Fig. 4. The geometrical factor for the

dioxide as a function of e.

spherical aggregate of thorium
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Fig. 5. The self-absorption as a function of w.
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chers!®19101D  The dose-rate at the surface of an aggregate was about 10 times higher even for 1 of

radius, and thousands times higher for 100z of radius than the average dose-rate in the liver and the
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Fig. 6. The dose-rate as functions of d and a.
(a): the dose-rate in radioactive equilibrium (p,=p,=--=p;,=1),
(b): the dose-rate in steady state equilibrium (p,=1, p,=0.5, p,=--=p,=0.4).

spleen. In the self-absorption, it was also seen that the self-absorption was an important factor in estima-
ting the total energy dissipated in tissue, when the radius of an aggregate was over 1.
If the mean self-absorption is used, an average dose-rate, D, in tissue within 2 maximum range of the

a-particles from a surface of an aggregate is easily estimated as follows:

4adN-Jp,E,(1-F,)  0.178x105(1-F)Jp, E; (MeV)
T = 3 i = 1 in rad/year. (14)
Tri(a+88.6)3-a°) (1488:6 )31

The values of D for the two cases mentioned above were plotted in Fig. 8.

Estimations of average dose-rate and average self-absorption in some histological sections

Histological sections were taken from samples of the liver and the spleen of four thorotrast patients
whose pathological findings and the average dose-rate in the organs were reported in our previous paper®’,
The estimations were made for fibrous tissue areas, where the aggregates are distributed densely, and
for non-fibrous tissue areas, where the aggregates with relatively small size are distributed diffusely. Fre-
quency distributions* of the aggregate radius in the sections of 6 in thickness are obtained from a view
field with 450 in diameter by using a microscope with a magnification of 400. Table 3 shows an example
of the frequency distribution in the non-fibrous tissue areas. An apparent frequency of each range of the
aggregate radius, noepg, shown in second column, was an average value for 20 view fields selected in four

sections. A true value, ny, of the frequency shown in fourth column was obtained by multiplying the

*: These frequency distributions of the aggregate radius in the histological sections of four thorotrast
patients were provided by Dr. T. Mori in Department of Pathology, Yokohama University School of
Medicine.

_ 13 —
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Fig.

aggregate surface.

Table 3. The frevuency distribution of the aggregate radius in the non-fibrous tissue area of
the liver of case no. 896. The value of the frequency is an average value for 20

view fields selected in four sections.

: Apparent Correction
R(as.l)us: frgtl:;jlency factor True (fnreq)uency nya’ f
(nu!:m) ( g ) &
0.5 7.05 0.853 6.01 0.8 0.023
1.75 7. 60 0.622 4.73 25.3 0.080
3.75 3. 60 0.430 1.55 81.6 0.171
7.5 0.45 0.268 0.121 50.9 0.336
12.5 0.05 0.174 0. 00870 17.0 | 0.510
»ingad = 175.6, 3 fn,a® =41.8, E(l—f)nuaﬁ = 133.8,

F =41.8/ 175.6= 0.238,

D =1.35x 133.8= 18l =rads/year= 3.5 radsfweek.

apparent value by a correction factor, g, which is roughly 1/ (14+2a/h) (1+2a/d)2*?, where h is a thick-

ness of the section and d is a diameter of the view field.

The average dose-rate and the average self-absorption in the section are given by

D

N(Ip s )qm-Imead (1-F, )
i k

tissue ~

d
T[(‘é-)zh
Nty
awd O F, =k~
tissue ana-ﬁ *
k

=1.35+Inap (1-F.) »
k

(15)

(16)

—14 —
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The results are shown in Table 4, being compared with those of Rotblat et al.®> who have estimated
the average dose-rate and the average self-absorption in some histological sections by using the technique
of a-track autoradicgraphy. The values for non-fibrous tissue areas in the liver and the spleen accorded
roughly with those of Rotblat et al. The values for fibrious tissue areas were considerably higher than
those for non-fibrous tissue areas. The values of the self-absorption for the liver accorded roughly with
those of Rotblat et al., but for the spleen were somewhat lower than theirs.

Table 4. The average dose-rate and the average self-absorption (in parentheses)
in the non-fibrous tissue area and in the fibrous tissue area.

Liver Spleen
Case number Non-fibrous ~ Fibrous | Non-fbrous | Fibrous
area area | area | area
| ) in rads,l'week
| 896 (75cc inj.) | 3.5 (0.24) 146 (0.61) | 75 (0. 68)
| 1200 (75cc inj.) 3.8 (0.22) 130 (0.52) | 117 (0 59)
1243 (75cc inj.) | 3.9 (0.55) 271 (0.53) | 17 (0.48) -
| 1520 (10cc inj.) | 0.2 (0.09) 50 (0.42) | 0.6 (0.23) 116 ([) 45)
Rotblt et al.® ‘ . r
. E Hilum ; 3.5 (0.71)
; A?;i;iﬂ;—g:ﬁg?tw | 8.1 (0.44) l In1:eri9r port@on; 4.8 (0.93)
i__ (22cc inj.) | . - .i_.Externor portion ; 8.3 (0.73) |

Fig. 9. A microscopic view of the spleen tissue of a mouse
taken at six months after injection of thorotrast (2.5 ml/
kg). A large thorotrast aggregate (about 80y in diame-
ter) at the left portion of the picture is made of smaller
thorotrast aggregates (about 15 p in diameter) and inter-
aggregate substances consist of cell elements and fibrous
tissues. % 400.

*; If the rough estimation stands that a radius of any section made by a plane cutting a sphere with
a radius of a is equal to the radius of this sphere, this expression turns to the following: Since,
when a center of a sphere with a radius of a is persent within a distance of a from both surfaces ofa
histological section with a thickness of h, a part of this sphere are found in this section, a number
of the spheres with the radius of a in that section may be over-estimated by (h42a)/h. Then this
number should be corrected by a factor of 14-2afh for obtaining a true number. Similarly, a correction

d42a

factor for a circumference of a view field is obtained to be (———--—-) ‘Therefore, the total correc-

2
tion factor, g, for the apparent value becomes 1[(]+—-21-)(1+ 2; )

— 15 —
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In calculating the dosage and the self-absorption, it was assumed that the aggregate consists of thorium
dioxide alone. But, in fact, the aggregate is a cluster of the granules of thorium dioxide with a diameter of
30 to 100A!® and cavities in the cluster are filled up with a number of small unknown fragments. Further-
more, the large aggregate with a diameter over 30,z is made of the smaller aggregates and inter-aggregate
substances consists of cell elements and fibrous tissues as shown in Fig. 9. Therefore, the values of N and
n for the thorotrast aggregate may become smaller than those used in this paper, and the actual values
of the dosage and the self-absorption may be somewhat smaller than those estimated. The dose-rate in

the inter-aggregate substances may be fairly high as compared with that outside of the aggregate.

Summary
The absorbed dose-rate due to c/-particles near the thorotrast aggregate was estimated. The dose-
rate at the surface of the aggregate was about 10 rad/year for the aggregate with a diameter over 10,
The a-particle self-absorption in the aggregate was also estimated, and this value was applied to the
estimation of the average absorbed dose-rate in some histological sections of the liver and the spleen.
The average dose-rate in the fibrous tissue was considerably higher than that in the non-fibrous tissue in

the liver and the spleen.
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