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INTRODUCTION

ALTHOUGH evidence that thorium daughters separate from thorotrast
deposits in humans has been sought before, it remained for Stenstrom(
to establish in 1941 “that some elements of the thorium series were elimi-
nated to a considerable extent from the tissues”. In the postwar period
both Rotblat er a/.® and Rundo'®*% reported results of more precise
measurements on the radioactive equilibrium status of the thorium chain
in liver, spleen and a few other tissues. Hursh ef ¢l.'® in 1955 published
detailed analysis of Th*** contents in several tissues, with some indications
as to Th*®® contents, and measured the excretion rate of the radium iso-
topes up to several months after injection. From these studies and various
types of measurements at our laboratory,'"® sporadically described in
cur semiannual reports,'?1%-11 has emerged a rough picture of the phys-
ical and metabolic problems involved. The very attempt to a description
of the phenomenon is hampered by the conflict entailed by the desirabil-
ity of emphasizing simultaneously both the kinetics of metabolism and
the relation between the volume of thorotrast injected and the absorbed
radiation dose in various sites.

THE RADIOACTIVITY OF THE SKELETON

In this paper we shall concern ourselves principally with the radioactivity
in the skeleton, referring only occasionally to the radioactivity of the
active bone marrow which, potentially, may lead to greater tangible dam-
age. We have gathered in Tables 1 and 2 all the known measurements
of Th**?, Ra®® and Th>*® made on human bone. Unfortunately, values
for all three elements exist on only a few specimens. Hence, reference to
contents at time of autopsy (in vivo) is strictly lacking in those instances
in which considerable time elapsed between autopsy and analysis. The
values shown have been obtained by extrapolating the radioactive content

* Work performed under the auspices of the U.S. Atomic Energy Commission.
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The data concerning the radioactivity of specimen of trabecular bone
cleaned with ethylenediamine or examined by radioautography to avoid
the activity in the marrow, and of cortical bone (devoid of marrow) appear
much more consistent (Table 2), despite the variety of methods of analysis
employed.

Surprising, in a way, is the relatively small variation of the fraction
of the Th*** in the skeleton. A question raised by item E in Table 2 is whether
the difference in the Th22 contents of trabecular and cortical bone of a single
subject (2-E) is due to normal anatomical factors or whether it is really
a consequence of the atherosclerosis which led to the amputation of the
limb. For the same reason, it is also impossible to show what relative values
of Th*?, Ra®*® and Th**® predominate in normal trabecular and compact
bone. The higher values of Ra?*® (and Th2?) in the younger patients, (2-D
and 2-F), are in keeping with the greater avidity of the young skeleton
for radium; they cannot be considered representative, however, inasmuch
as values of washout from the R.E.S.* are not available for the first patient,
and the washout in the second patient is greater than normal (vide infra
and Table 3).

Worthy of note is the fact that Th??® is not always higher than Ra?2,
and then by not much more than 30% (experimental error?) suggesting
that translocated Th**® does not migrate en masse to the skeleton. It is

more likely instead that this element is born in bone mineral from the
decay of its parent Ra?28,

It is unfortunate that no data are now available about the presence of
Ra** and its short-lived daughters in the living skeleton of the thorotrast
patient, for this element should be responsible for most of the dose in bone.
To be reliable, this information will require proper handling of the specimen
to avoid cross-contamination, and prompt analysis immediately after
biopsy to establish the status of the shorter-lived daughters.

THE RADIOACTIVITY IN SOFT TISSUE

Although the contents of Th? in a variety of tissues have been reported
by Hursh,® and its retention in large fractions in the liver (70%) and spleen
(7-207;) is well established, the levels of its daughter products throughout
the body is not clear.”® Rundo ‘® has measured the radioactivity of the
blood (Pb®2, Ra*) and the exhalation of thoron from the breath and

has come to the conclusion that some thoron from the liver and spleen
must reach the lung directly.

* R.E.S. = reticulo-endothelial system.
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Fortunately, the data on the equilibrium of the main repositories of
Th232 O, are more complete, though not abundant. In Table 3 we have
gathered the pertinent results of Rundo,® Hursh'®*® and .those of our
laboratory. In the table the letters Ly, L,and Ly denote @e frac.tlons c')btame.d
by dividing the activities 1,Ra8, 1,Th?*® and 4;Ra** in a given txss.ue (tr;
vivo) by the corresponding activities that wc.u?ld obtal.r‘i in a solution o
Th232 (equal to that present in the tissue and im'.ua.lly devoid of all daug.hters)
if it were sealed in vitro for an interval of time equal to the duration .of
the patient’s burden. (See Eq. 3 below.) In \?hat ft’allo:avs the factors pertain-
ing to the body as a whole will be primed, i.e., L, L3, etc.

The in vitro relative activities, ¢ years after separation are computed
as follows:

Th?2 = 1-0
Ra?8 = (l—e %) =X )
Th®® = (1—1-48 e~A+0-48e~A) =Y

Ra?* may be considered in equilibrium with Th228 throughout the interval
for which the patient is at risk.
In our calculations we have assumed:

1,(Ra?®) = 325x 107¢ day20
7,(Th#%) = 1-0 107 day™ @
J5(Ra?*) = 0-190 day™.

In Table 3 are included some miscellaneous values obtaim?d from ana1y§1s
of tissue specimens which may not be wholly re_presentatlve of tk}e.ent_ue
organs from which they originated. Data qbtau.led soon a_fter m}e;tton
(3-F), extrapolated to an injection in full radloac_twe_ equlhblrmrr_L, confirms
the absence of a true ionic fraction of Ra2® both in liver and in rib marrow,
in agreement with the findings of Hursh ez al.® _

The value of L] in item 3-H is perhaps the only ‘value avg&:blc frolxln
whole-body measurements. It was obtained by measuring the Ra™ ‘(.ti.ct‘ua :
Ac2®) by means of the intensity of the 900 keV y-ray and Py dividing 1
by the known Th?®? injected.* The ratio L, should be essentially the fz;me
a; L; because the skeleton contains only a few per cent of the Ra™* in
the body (vide infra).

i i t
* Whole body measurements of patient 3-G did not ?'leld L, bccau§e the' amff:\i:;le
of Th®** injected was not known. In fact the latter was estunatefi by the intensity o
2-62 MeV y-ray of TI2% and the TI20¢/Th** = 024 in liver specimens.
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The factor L, represents the ratio of activity of Ra?* (no growth correc-
tion necessary because of its short life) to that of Th?*? for the body as
a whole. Since whole-body measurements give essentially the A,Ra??t/
4, Ra**® (and Th?®® is not excreted) it is evident that the latter ratio repre-
sents the ratio L;/L;, when duly corrected for radioactive growth (see
below). The assumption herein involved is that no daughters of Ra¥** are
lost from the body; experiments in humans'® and animals®® have shown

that this can be considered true to a first approximation (~ 10%).

THEORETICAL CONSIDERATIONS ON TRANSLOCATIONS

A. The Growth of Activity in Thorium-bearing Tissues

Before entering into a comparison between the radioactivity of the various
elements of the chain in liver and spleen (as repository of most of the tho-
rium parent) and the activity found in bone samples and of the body as
a whole on the basis of what is known about retention of soluble Ra22,
it is well to look into the “metabolic” meaning of the factors L as previously
defined.

It is apparent that if we assume L,, L, as constants and equal to:
#,Ra*® (in vivo)

XxA,Th*? (injected)

A, Th*® (in vivo)

* " ¥Yx4,Th®* (injected)

L=
3)

we are really assuming that in the R.E.S. the following differential equations
hold:

dRa™) _ | rrose_) pass
dt
d (Th*®¥) L, i
——— = — A Ra*$_},Ths,
dt By

These expressions can be interpreted to indicate that a fraction L, of the

_— i i . 5 B
Th®*? atoms and a fraction — of the Ra??*® atoms disintegrating in the

R.E.S. are retained therein, and that the rest are released to the circulation
in time short compared to the half lives of the element in question.

The time-dependent behavior of the retentions R (Ra22%) and R (Th22®)
in the R.E.S. system is easily evaluated by solving Eq. 4. If one assumes
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that only Th*? was injected, one obtains the following activities in the
RES.:

R(Ra*®) = [ ,(1—e~4) = L.X
and
R (Th®) = L,(1—1-48 e~ +0-48 e~¥) = L, Y (5)

when the Th®** activity—namely 4, Th**?>—is taken as unity and X and ¥
are as stated in Eq. 1.

The case of Ra®* needs special attention because its parent, Th2??, is
translocated from the R.E.S. but it is not excreted from the body. This
means that for the body as a whole the retention R’ (Th>®%) is given by:

" (Th*s) = L. T. (6)

The question arises as to whether the retained fraction of the Th**® atoms
disintegrating in the body is the same everywhere, irrespective of the site
of disintegration. If this is the case, the differential equation for Ra22*

retained by the whole body can be written as:
224 d
d(Ra™) _ Ls ) Thes_j, Raves )

dt B

which means that a fraction L;/L; of the atoms of Ra?* born is retained
in situ. This leads to the following value for the Ra?? retained by the body:

R (Ra®8)~ 1.V, (®)

The value of L; can be calculated from the value of L' = Ra’*/Ra?s,
observable by whole body counting. Obviously from Eq. (5) and (8)

I — LY ’
Lx
and therefore:
X
= mtbaiad N 129 9
L % L ®)

The values of L; entered in Table 3 have been calculated as per Eq. (9)
whenever the burden time was known; otherwise X/Y was taken as unity.

B. The Growth of Activity in the Skeleton

The elimination and skeletal retention of a radium daughter released
into the general circulation by an internally deposited thorium isotope
has been the object of several studies which have led to the calculation of
the skeletal retention function A4,(t) and the elimination function E,(?)
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(n=1 for Ra*8, n = 2 for Th**® and n = 3 for Ra®*) for a number of
radium daughters.(®1.22) '
For our purposes the retained fraction R_(f) of radium released is assumed
to be:
RO =1 (10)
R.(H)=(1—-b)r®foret>1.

Under these conditions the activity ratio A(¢) of the radium retained by
the skeleton to the effective thorium releasing the daughter is given by:
7
22RO _ 3, [ R e (ha—hr)ud
ATQ_J'T‘ o
and the elimination function, E(#), namely, the daily rate of radium elimi-
nation divided by the effective thorium deposit, is given by:

—d
E@)=24, [e‘“n“r’—}-Rc(t)— 1 _I_lxl_r A(r)].

R

A@) =

Values of 4,(z) for the Ra*$-Th?*2 combination have been plotted in Fig. 1
as a function of time for various values of &,* values 4;(r = o) and E;(0)
for the Ra?* and E,(co) for Ra%®8 are tabulated in Table 4.
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Activity ratio 4,(¢) describing the accumulation of Ra** in the skeleton per unit

activity of Th*? in the R.E.S. It is assumed that no Ra??*® is retained in the R.E.S,,

that is L, = 0. Coefficient b refers to skeletal retention function R.(¢) = (1 —b)t0.
From Reynolds ez al."**

* The reader should be reminded that in Reynolds et al. tables, the half-life of Ra**®
was assumed to be 6-7 y instead of 5-8 y.'2® The values 4,(z) for this isotope are, therefore,
up to about 15%; too low. This error is negligible for our purposes.
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With these premises it is possible to proceed to some sort of comparison
by summarizing in Table 5 some of the potentially observable quantities,
such as skeletal retention and elimination rate, as functions of the “meta-
bolic parameters” L and A(f) of colloidal thorium and radium respectively.
Before proceeding further it is necessary to consider the fate of Ra22® and
Th**® injected with Th2%2, The experimental evidence!®2 95 indicates
that the Ra@ injected with a thorotrast solution does not behave like
“ionic” radium, since it is not excreted rapidly (only 20% of amount injected
in about 8 days)'® and it is found in the R.E.S. at 56% of the proportion

TABLE 4%

Activity Ratio Ay(oo) and Elimination Rates E4(co) and Eyoc) for
Various Values of the Exponent b

b Rat® Ra® Ra®s

Aa(c0) Eg(<) Ey(c0)
01 ; 0809 0:037 1-63% 104
02 j 0651 0-067 é 232
03 0524 0091 ! 2:61
04 0-419 ‘ 0111 f 274
0-5 0-333 f 0-127 | 2-80
06 [ 0261 | 0141 ; 282
07 | 0-200 : 0153 | 282
08 s 0147 0163 | 282

|

09 : 0-101 I 0-171 2-84

* From Reynolds, er al.'®" The subscripts (1) and (3) refer to Ra?® and Ra?* respec-
tively. Times sufficiently long for equilibrium.

present in the injected material nine days after injection (item 3-F). The
latter findings points to an elimination of 37% of the injected value in 9
days if the exponent in the skeletal 5 = 0-5 (Eq. 10). In anticipation of
a value of b less than 0-5, we may assume that Hursh’s'® and our findings
are not incompatible in demonstrating that there exists a limited. but de-
finite, amount of early washout of Ra?%, We shall assume as a maximum:
(a), that the activity B of Ra®*® in clinically injected thorotrast cannot
possibly be greater than 44%; of the activity of Th?? (thorotrast at most
5 years old), and (b), that 509; is retained in the bottle.!® Hence, even
if Ra**® were all ionic, it cannot possibly reach the skeleton in proportion
greater than 229,

If we assume (1—L,) = 0-35 as an average (Table 3), and assume b = 0-2
(the lowest value found by Norris ef al.(® (for late Ra?®® retention) we
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i may calculate with the aid of Fig. 1 and Fig. 2 the maximum value of the

~ 18 Ra**® activity in the skeleton as:
<] a
g E:: | |9 Maximum skeletal Ra*® = (1—L,)4,()+0-22 x (1—0-2)t-%2 g~/
2. "-2 'E =1 s pes : if the activity of Th*? injected is equal to unity.
-E . AE " o e This function, shown in Fig. 3, indicates that the value of Ra2 in the
| = ] | . P
a ? SRR skeleton could be as high as 6 to 10% of that of the Th232 injected as early
E N as 0-1 years and could be fairly constant from there on if 5 = 0-2. However,
3 I 'O E
3 ., § ol Al | g I
U = - - e | i C .
= =% g 213 |3 | r 22192¢-Mt (ax)
S -1 = [ - ' 02 r
b e <l :
S | ! \ : s 0 =
2 | j* s | T 006 £ 081 ~9-2¢"A" (ay MAX)
$lee gig|3% B oo [
"i'.b RBes Y ::a 3 | % o002
=< £ 3 ! ~ ! = =
28 S o717 3 -
2 EESE T3y | § oo - ceroSehiiay
S| Qs 5. &% 3% € 0006 £
el il 0004 [
v | : L
= 1 | 0002
& | o | = 0001 L L .
2 | & 21815 | 0 o1 ol 10 ) 100
: 3 | o = :{: = ’ TIME AFTER INJECTION, years
~ (=] ‘v i oy
2 % = IENESESE FiG. 2
2 3 = _3 e~ o= . e
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a more realistic value from actual experience is B = 0-08 and, for externally
injected Ra?$, p = (-5, Assumption of these values leads to:

Average Ras skeletal value — (1—-L) A1(1)+0‘08><(1—0-5)t—°-"‘ an

represented by the lower curve in Fig. 3. The range delineated by these
assumptions straddles the values found experimentally at ¢ > 15 years,
some of which are represented in the figure by the corresponding letters used
in Table 2; experimental data are lacking at shorter times.

In these calculations we have assumed that the 0-5% of the injected Th232
found in the skeleton (Table 2) behaves—as far as retention of Ra?2® and
Th**®—as the rest in the R.E.S. That is to say, that its average contribution
to skeletal Ra*® could not be much more than 0-005x L, = 0-003. This
is a value large enough to push the lower limit slightly above some of the
experimental points (atherosclerotic limb of patient 2-E) but still compat-
ible with a reasonable value of p somewhat different from 0-5. This correc-
tion, however, is not sufficient to explain the higher bone values in the
other patients. For case 2-F the high skeletal value is in part due to the
lower retention in the R.E.S. (see 3-G) and hence a much lower value of
b is not required.

As mentioned above, Th?? does not seem to migrate to bone mineral.
hence it will not be discussed further in this paper.

Since no Ra2 measurements are available on bone itself, no direct
comparison with experiment can be made. Some inferences, however,
can be drawn with the aid of Tables 3,4 and 5 and some comparison made
between the in vivo ratios L; and L; and Hursh’s observation of Ra2
elimination.

In Table 5 the reader will recognize the local activities of the various
elements as derived in the previous discussions. Thus the Ra2 activity
of the whole body is represented by the sum: (a) of the activity of the frac-
tion Z,Y retained in R.E.S., (b) the skeletal activity due to translocation,
and (c) the Ra®* born in the skeleton via Th?3? and Ra?8 _ The2es on the
assumption that no translocation of Th2?® and Ra** takes place therefrom.

If, on the average, we assume that for the R.E.S., L, =065 and L,
= 0-35, and that for the skeleton p — 0-5, then the activity of Ra®®* in the

whole body is:
R (Ra™) = (0-35)7+(0-3x ¥ 0:333)+-0-008 = 0-457-0-008
and the activity of Ra22®

R'(Ra™) = [ X = 0-65 X.
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Hence we calculate for 1~ 15 years (Eq. 9):

045Yx0:008 X .
L;’;:L’ —A,—L]_: ———— s . L1:07_
Y 065X Y
This value is somewhat smaller than Ly;~0-83 L, observed experimentally

(Table 3). Values of 5<<0-5 would increase these values of 4,(7) in accord

- with the results of whole-body measurements, just as it would help explain

higher Ra**® bone values discussed abov.e.‘

We may conclude, therefore, that in view of.our scant kn?w.ledge con-
cerning Ra retention at early times after injecn_on, the pre_dlc‘tmns of t}}e
power law are satisfactory as a first approximz'mon; these findings sustain
the hope that the metabolic pattern in these patl_ents may be found C?;S;fi:
enough to justify the undertaking of a large international census -
without incurring into too numerous whole-body y—.ray measurements
nor into extensive (and expensive) analysis of body tissues and excreta.

SUMMARY

An attempt has been made to correlate the Th**?-Ra®® and Th22 values
found in skeletal specimens of patients injected with known amom}ts of
thorotrast with the radioactive equilibrium of the chain in the reticulo-
endothelial system (R.E.S.).

The data for Ra** are in accord with the predictions of Reynolds er
al.®» for values of the retention parameter 0-2 < b < 0-5. No excess gf
skeletal Th** is found to justify the assumption that “washout” Th2®
translocates from the R.E.S. to bone mineral.

No data for actual Ra*** in bone are available, but whole-body ax‘ld
excreta activity measurements are consistent with the assumption that Bam
is retained in the skeleton to a greater extent that Ra2?%. Reliable d_lr_ect
measurements of this isotope are needed to establish with greater precision
the chronic absorbed dose to the skeleton.
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DISCUSSION

WARReN: Using Dr. Faber’s estimate of about 100,000 thorotrast-treated cases, there
ought to be at least 1 case of osteogenic sarcoma in this large a population.

CHammaN MariNeLLT: We expect to see a few osteogenic sarcomas, in 2 or 3 years anyway.

Duptey: Perhaps the most useful practical data that can come out of the thorotrast
work concern lung radiation dose rates because these dose rates are quite high.
Observations of thorotrast patients may be helpful in evaluating the hazard to ura-
nium miners, who are in fact breathing alpha emitters.

Rundo (Phys. in Biol. & Med. 3, 101, 1958) found about 8°; Tn2*® (thoron) exhalation
in thorotrast patients and we found the same in several patients measured at the
Massachusetts Institute of Technology. Probably at least as much and quite likely
more, Tn** decays in the blood thereby giving rise to considerable Pb*2 (thorium-B)
and its subsequent daughters which will distribute in some pattern throughout the
body. Who knows where they go? Is there any information as to whether these
might localize in the skeleton?

FaBer: Pb®? (thorium-B) tends to stick to red blood cells in animals breathing thoron.
A member in our laboratory is working on this.

HursH: We have recently injected four patients, each with 20 ml of thorotrast. So far
the experiment is only half complete because we have only been able to make in
vive and excreta measurements (using a sodium iodide crystal v-ray spectrometer).
We have used Ac*® as an indicator for Ra®®8, and TI2% as an indicator for Ra2?*.
Measurements presently extend out to a year, and at least in some of our patients
we will be able to follow them longer. For this early period our whole-body gamma
measurements indicate that each day the patients excrete an amount of Ra?* equal
to 90%; of the daily Ra*® production and an amount of Ra?** equal to 40% of daily
Ra?! production. In order to calculate these values, measurements of the “steady
state” level of Ra*® and of Ra®* in the body were made. Since the amount injected
is known (in one case, 0-614 uc Th*?, 0-16 uc Ra®8, 0-17 uc Th**® and 0-135 pc Ra??)
and since the measurements on man have shown that thorium is excreted to a negli-
gible extent the rate of production and rate of decay of the nuclides are easily cal-
culated and the rate of excretion arrived at. We will be interested in whether longer
residence time in the body alters these excretion rates.





