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Chapter 4 

HLSTORECAL BACKGROUND 

By H. E. Silberstein 

Much has been written, especially in  the last 25 years ,  on the sub- 
ject of chronic radium poisoning, i t s  physiological and pathological 
effects, and its mode and rate of elimination and deposition. However, 
relatively few clear -cut quantitative experimental studies in support 
of the accepted concept of the behavior of radium in human or other 
animal organisms have been made. The radium li terature neverthe- 
less yields almost the only data available concerning human reaction 
to long-continued internal irradiation. It was, accordingly, completely 
surveyed for the period from 1908 to 1944.' A somewhat abbreviated 
survey of the literature on'radium metabolism is given below. 

1. REVIEW OF ELIMINATION AND RETENTION STUDIES 

From a very few experimental studies with human subjects it is 
apparent that the immediate rate of elimination of radium, which in 
all cases is relatively fast ,  depends upon the route of intake, If the 
radium is ingested, elimination is very rapid during the first few 
days, leaving 25 to 35 per cent of the ingested amount in the body 
after five days, according to the ear ly  work of Seil, Viol, and Gordon? 
By the tenth day  the da i ly  excretion rate  is less  than 1 per cent of the 
amount remaining in the body. In two brief experiments Schlundt and 
Faillas found even more rapid elimination of radium bromide, with 
91 per cent of the dose excretedin four daysin one subject and 98 per 
cent excreted in five days in the other. Of the total excretion of radi-  
um, Seil found less  than 1 per cent in the urine in  the first two days 
acd thereafter was apparently unable to detect any activity in the urine 
by the method employed. Meanwhile the concentration of radon elimi- 
nated through the lungs fell f rom 0.59 millimicrocurie per l i ter  of 
exhaled air on' the day after ingestion to 0.18 on the second day and 

C O O  t 4 3 1  
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. 0.07 on the third day. During the first few days, according to Evans: 
70 to 90 per cent of the radon produced' in the body a t  any one time 
may be exhaled, so that immediately after the ingestion of radium 
1 micromicrocurie of breath radon corresponds to 0.05 to 0.07 pg of 
radium in the body. 

' " ' O O O !  4 3 8  

Table 4.l-Eliminatioa of Radium after Intravenous Administration 
to a Human Subject. 

Ra excreted. pg Daya after b i n  Daily elimination, 
injection body, pg Urine Feces Total %ofbody content 

1 
2 
3 
4 
5 

6 
7 
8 
8 

10 

Experiment I 

100 1.75 
80.35 0.22 
63.53 0.065 
56.34 0.040 
54.70 

53-10 
52.12 
51.54 
51.10 
50.68 

17.9 19.65 
16.6 16.82 
7.12 7.185 
1.6 1.640 
1.6 1.6 

0.98 0.88 

0.44 0.44 
0.42 0.42 

0.58 0.58 

1 100 
2 80.2 
3 67 .I 

' - 4  64.0 
5 62.3 

6 61.8 
7 60.1 
8 59 .I 

10 -59.0 
12 - 58.5 
21 - 57 .o 

Expcrhnent 2 

1.4 18.4 19.8 
0.16 12.58 12.74 
0.065 3.34 3.40 

1.68 1.68 
0.54 0.54 

1.67 1.67 
0.45 0.45 

.From Sell, Viol, and Gordon.' 
?Average for days 5 and 6. 

0.30 0.30 
0.20 0.20 
0.14 0.14 

19.65 
20.9 
11.3 
2.9 
2.9 

1.8 
1.1 
0.85 
0.82 

19.8 
15.9 
5.0 
2.6 

1.8t 
0.75 

- 0.5 - 0.34 - 0.25 

, ._ _... :::;,i..:,:.. 
+>:::':I'  4: :$ After intravenous administration the initial ra te  of elimination is . ..:;, 

considerably slower than  after ingestion, with 55 to 65 per cent of the 
dose reported to remain in the body four or  five days after injection. 
Here again the early- work of. SgKdGi-t& only study of s i n g e  
intravenous injection in man. The f i r s t  injection of 100 pg of radiam -------..-.--- -_ _-___._.____ ~ 
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was folloared by a 10-day observation period, the data from which are 
shown in Table 4.1. The same injection, indicated as experiment 2 in 
Table 4.1, was repeated two months later, when the residual excre- 
tion f m m  the first injection was considered negligible. The values 
under the heading "Daily elimination, s& of body cor.tent*' are based, 
as SeSl expressed them, on the portion of the last dose present in the 

tn the feces may be due to inadequate methods for determining small 
am- in the urine samples. 

4 

1 

I 

< body- The extremely high proportion of eliminated radium reported 

i 
Table 4.2-EUmlnatIon of Inhaled Radlum by a Human Subject* 

96 of Ra cl!mlnated Ra excreted per day, mug Weeks after Ra In 
e*posure Regime body, Urine Feces Total per &Y 

I NOTlRPl 0.8 15.0 2 .o 
I High Ca 0.6 0.08 6.0 6.1 1.01 
7.5 XIghCa 0.11 5.0 5.1 0.85 
8 High Ca 0.09 3.8 3.9 - 0.7 

B-12 Lor Ca, plus 0.07 3.5 3.6 0.7t 

24 Hlgh Ca 0.3 0.017 0.45 0.47 0.11 
w = P Y  

T r o m  Aub, Evuls, Gallagher, and Tbbetts;' Evans, Harris, and Bunker.' 
FAverage of seven determiratIons. 
Uverlge of two determinations. 

Elimination occurring relatively soon after the inhalation of radium 
has been studied in  a single case of Evans's group. *'@e .patient was ,a 
54-year-old physicist, in mod health, who had inhaled a very sm$ 
a n t i t y  of radium dust i n  an explosion i n v o i v i - n a - m g  of radium 
cbhride. Nine weeks later he was piaced on a low-calcium diet with- 
mild de-leading therapy for three weeks, during which time he ex- 
creted about 1 per cent of this stored radium per day. Average daiiy 
values derived from the data of Evans et al.5.' for three-day periods 
a r e  given in Table 4.2. Evans questions the accuracy of the determi- 
nation of the small quantity of radium present in  the last sample. The 
authors state that, since the radium had not yet been stored to a great 
extent in bone, the treatment was given not to mobilize i t  but to pre- 
vent its deposition. The treatment apparently had little effect on the 
m e  of elimination. 

In contrast to the early excretion picture, the later elimination of 
radium depends not so  much upon the route of intake a s  upon the depth 
and  manner of fixation in the skeleton. This fixation, in turn, depends 

e-.. 
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mainly upon the length of the retention period and upon the nutritionai 

metabolism. Other factors are the duration of exposure and the rate 

-I 

and metabolic state of the individual, especially with regard to bone 

of absorption. f 
These relations a r e  illustrated by Evans's findings' i n  radium-dia] 

the tolerance amount, 0.1 pg of radium. Exhalation of 1 micromicro- 

I. 

1 
workers who were transferred to nonradioactive work o r  were given 
vacations as soon a s  their  body content was found to have exceeded 

curie  of radon per liter of breath indicated 100 per  cent of tolerance. 
Breath-radon measurements showed reductions to between one-half 
and one-eighth of the radium burden within one month after removal 
from exposure in about forty cases, but five others  failed to show the 
s a t i s f a c t o j  respbnse. Evans's five sample cases indicated that those 
who accumulated radium more gradually tended to lose it less  quicky 
than those whose uptake was rapid. In one worker, who had accumu- 
lated 300 per cent of the tolerance amount in  less than five months, 
the value fell to about 120 per cent in his first 10 days away from 
work and then more slowly to 50 per  cent during the next 36 days. 

In a useful review ar t ic le  Hoecker' discusses the validity of the 
exponential equation, suggested by Schlundt and Failla,3 to describe 
the elimination of so-called "fixed" radium: 

c,,:.;;;: : . : . ; , I$: :  . 
.:. .:.: .\ .,.., . 

' 

yprrrs 

where Q o i s  the amount present in t h e  body a t  the beginning, Q is the 
amount present at the end of the time interval t, and p is the  coef- 
ficient of elimination. When t is expressed in days, the value for 1, 
if multiplied by 100, more accurately represents  the daily percentage 
.of body radium content eliminated than does the simple average de- 
rived from the percentage lost during the t ime t. In general, Hoecker 
-points out, the shorter the period between determinations of Qo and Q 
and the longer the time since exposure, the more nearly will p ap- 
proach constancy. H e  shows the inverse relation of elimination rate 
to retention period by plotting h i s  own and other workers '  data:-518 
scattered though they a r e ,  on a logarithmic graph in which the value 
f o r  p fa l ls  from the order of 0.1 a t  8 monthsafter beginning exposure 
to about 0,00005 at 150 months. 

. .  ;+:.,:..;. 
.:s:.:,:.>< 
:!):::::::'' 
. ..% . ~ . ,  '. 

The elimination rate in long-standing chronic radium poisoning has 
been shown to be of the order-of 0.005 per cent of t h e  body content . \ %  . 
per d a y  by actual determination of the urinary and feca l  activity i n  3 
few cases in which breath-radon and gamma-ray tests were also 
made. Evans' has pointed out that at this  rate about 45- years  would 
be required for the elimination of one-half the radium burden. About 
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go per cent Of the radium eliminated was usually found in  the feces, 
the rest i n  the urine. Table 4.3 includes not only these so-called 
adnormal” elimination figures but a l so  some data showing the in- 
fluence of calcium metabolism on the level of radium excretion. 
Flinngplo had reported deactivations amounting to 45 t o  57 per cent of 
the radium burden and marked improvement in  health after only two 

Table 4 .3 -EUmht lon  d Fixed Radium by Human Subjects 

Ra excreted per day, 

Subject period body, pg Urine Feces TMal 

mlr RetentIUOo Ra ln 

Subject A’ k? Yr 24 

Subiect 8’ 12 Yr 14 

Patlent A t  8 pr 20 
syr 8mo. 26 
9 y r  smo. 20 
9 yr 1Omo. 20 
Qy r  11 mo. 20 

10 F 20 

Patien: It 10 yr 15 
10 F 15 
10 Yr 15 

10 yr 2 mo. 15 

Patlent 21 14 yr 18 
14 yr 18 
14 yr 18 

14 y~ Jmo.  18 

0.103 1.058 1.161 

0.055 0.308 0.363 

1.115 
1 . M O  
1 .a9 
0.895 
1.361 
0.979 

0.055 0.770 0.825 
0.570 5.480 6.050 
0.310 2.530 2.840 

0.110 0.830 0.940 

0.040 0.900 0.940 
0.180 4.800 4.980 
0.150 2.800 2 950 

0.056 1.670 1.726 

‘From Schlundt and Fallla.‘ 
?From Craver and Schlundt.” 
IFrom Aub. Evans, Gallagher. and Tlbbetts.‘ 

%I of Ra 
eliminated 

per day YetaboUc regime 

0.0056 

0.0026 

0.0056 
0.0052 
0.0082 
0.0045 
0.0069 
0.0049 

Normal (averwe 

Normal (average 

Normal 
Normal 
L a  Ca; parathormone 
Hlgb Ca; viosterol 
Lor Cq parathormone 
HIgh Ca; viosterol 

values) 

values) 

0.0055 

thyrold-parathyroid 
treatment 

0.006 HLgh Ca; control 

0.0052 Normal 
0.027 m u .  3 mo. on 1 a C a  
0.016 av.  diel. wlth N k C I  and 

thyrotd-parathyroid 
treatment 

J 
0.0096 High Ca; control 

months of decalcification therapy. In contrast to this finding, Craver 
and Schlundtll and Aub et  al.’were unable to produce enough increase 
i n  radium loss to lead to any significant decline in the total body con- 
tent, even if t h e  maximum ra te  under treatment could have been 
maintained. In Aub’s cases the response in radium output lagged be- 
hind the calcium response. 

In connection with patient 2,  Aub et al? calculated the relative ef- 
flciency of tke kidneys and intestine i n  removing radium from the 
blood stream. During a period in which the blood activity averaged 
0.95 X lo-” g per milliliter, the urinary output was 0.04 X lo-’ g per 
day, about 1 per cent of the total circulatory content. If a blood supply 
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to the kidneys of 500 l i ters per day is assumed, 5 X lo-' g of radium 
was carried through them, yet less than 0.01 per cent of that quantity 
appeared in the total 24-hr urine collection. The daily fecal elimina- 
tion, on the other hand, amounted to slightly more than the total blood 
radium content a t  any one moment of the day. The finding of radiunl 
in the gallstones of another radium-poisoning case was mentioned 3s 

evidence that the bile plays a role in the elimination of fecal radium. 
The permanent retention of radium in human subjects has been 

found to vary  between 0.1 and 10 per cent of the intake, averaging 
. . about 2 per cent? Rajewsky12 has stated that it stabilizes at 0.5 to 

1 per cent about a year after ingestion and at 2 to 5 per cent after in- 
halation. Schlundt's data8*13 indicate retentions ranging f rom less than 
1 per cent to nearly 4 per cent of the radium administered intrave- 
nously. 

Retention figures are based mainly on the reports of-S.cbluyi$ and 
coworkers in the early 1930's. Their first series of patients,-d$ta 
from which a r e  summarized in Table 4.4, received varying doses of 
radium chloride orally o r  intravenously. The zero  retentions listed 
in the table were i n  cases described as having no detectable activity; 
and the values for percentage retained are obviously only approxi- 
mations in view of the wide rangeof e r r o r s i n  their activity measure- 
ment~ . '~  Table 4.4 also includes the post-mortem retention values 
found in two ingestion cases reported by Gettler and Norris" and by 
Neit~e1.l~ These values, which have the advantage of being derived 
analytically, suggest that the early methods of in vivo determination 
gave erroneously low results; 

Schlundt's second series: with a group of 25_g&ent_s l,n a menttl 
. m, was carried out more consistently. Radium chloride inlec; 

tions, Riven intravenouslv _- in 1 0 - u ~  doses a t  weekly intervals QW 
geriods of two to ten months,were f o l l o y a  hu aGtiy&y R e A S g a m e  
six m o n t w t .  The amount of retained radium was estimated from 
gamma-ray measurements made a t  the patient's back and from radon 
determinations i n  the expired air. Their  estimates of the amount of 
body radium giving exhaled radon were admittedly subject to e r ror ,  
inasmuch a s  studies of breathing ra te  and volume were not performed 
on each individual. Their retention data are given in Table 4.5, and 
the daily coefficients of elimination calculated by Hoecker7 a r e  also 
given wherever possible. Twelve of these cases  showed a total eliml- 
nation of 55 per cent of their body radium burden during the six 
months between examinations. Generally, as  would be expected in all 
these intermittent-dose studies, the observed retention was  lower 
ahenever the total period of administration was more prolonged, even 
when the time interval between the last injection and the examination 
was the same. 

, 



2 .  . 

JM 

IO-' g of radium 
it of that quantity 
ly fecal elimina- 
an the total blood 
finding of radium 
#as mentioned as  
of fecal radium. 

ubjects has been 
Intake, averaging 
abilizes at 0.5 to 
per cent after in- 
ngfrom less than 
tnistered intrave- 

ts of Schlundt and 
of patients, data 

1 varying doses of 
I retentions listed 
etectable activity; 
sly only approxi- 
activity measure- 
I retention values 
id Norris14 and by 
? of being derived 
vivo determination 

tients in a mental 
am chloride injec- 
kly  intervals over 
:Ity measurements 
.IS estimated from 

ick and from radon 
' 5  of the amount of 
I subject to e r ror ,  
**re not performed 
3 i n  Table 4.5, and 
Hoecker' are also 

't*wd a total e l imi-  
1l.n during the six 
* be expected in all 
ctrntion was lower 

prolonged, even 
',XI the examination 

-.- 
HISTORICAL BACKGROUND 163 

The portion of the radon produced in the body at any one time that 
is eliminated through the lungs also depends chiefly on the depth of 
fixation of the radium. This fact can be seen from the values for the 
term Rn/Ra, which has been used to express the ratio of body radium 
detectable as exhaled breath radon to total-body radium. Values for 
th i s  expression given in Table 4.5 range from 0.98 to 0.65 during the 

Table 4.4--Radium Retention by Human Subjects after Prolonged AdlUlnlsWauUm* 

4 
2 94 

- 
m u = .  M %at dose 

Tlmc alter 
tngthl dose. Refer- Time slncc R a t e  of 

years encc last treatment administration T a l  b e  Retabld ratalned RnPrt  

0 

2 'I 

24 
3 
3 
3 

343 

4 %  
3 
5 %  

5 %  

5% 

13 
13 

13 
15 
13 
13 
13 

I3 

13 
I3 
13 

13 

14 

7 mo. 
1% yr 

Intravenous 
Intravcnms 

and oral 
Oral 
Oral 
Intravenous 
Lotravenas 
Intravenous 
and oral 

Intravenous 
and oral 

lntnve .uus  
Intravenous 
Intravenous 
and oral 

Intravenous 
md o r a  

Oral 

80 
250 

1,455 
1.825 

330 
E90 
205 

380 

1.130 
305 
290 

240 

2,800 

0 
Trace 

4- 8 
40 
0-14 

19-33 
0 

0 

10- 18 
9-14 
0 

0 

73.7 

0.4 0.50 
2.2 
3.5 0.43 
3 0.46 
0 

0 

1.2 0.50 
3.8 0.43 
0 

0 

2.6 

a From Barker and ScNundt:" Cettler ud Norrls;" Nelucl?' 
tRn/Ra values estimated by reviewer trom data on gamma-ray and breath-r~ondetermirutlow 

given in reterrncc 13 

f i r s t  year or year and a half after the beginning of the injection. A l -  
though they vary considerably among individuals. the average Rn/Ra 
values remain at a fairly constant level cf 0.45 when the retention 
period has been two o r  more years? This fact  is demonstrated by 
the h / R a  values ranging from 0.32 to 0.55 i n  subjects examined by 
EvansAe after exposure 8 to 25 years previously and by t h e  approxi- 
mate values listed in Table 4.4, which were derived from the data of 
Barker and Schlundt." It is also borne out by two other cases,  in 
which the Rn/Ra values were 0.44 and 0.47 a t  10 and 12 years, re- 
spectively, after beginning In the light of this consistency 
among independent findings, there i s  some question as to the signifi- 
cance of the low values of 5 to 15 per cent radon elimination, calcu- 
lated from data on some of Flinn's cases' and on one of Schlundt's 
cases,' and of 2 to 20 per cent mentioned by Rajew~ky.'~''' These 
values may be explained by the presence of mesothorium decay prod- 
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Table 4.5-Retention of Radhun after Intrav-8 Mminktration to Human Subjec&* 

R?dium 
injected, j q  

70 
90 

90 
90 

100 
110 

150 

150 

150 

150 
160 

160 
160 

160 

180 

200 

200 
250 

260 

280 

360 

3 80 

4 10 
450 

T h e  slnct 
last injection, 

mmlbs 

2 
1 
7 
1 
1 
1 
1 
7 
6 

12 
6 
l2 

6 
12 

6 
6 
l2 
6 
6 
l2 
6 

12 
6 
u 
6 

12 
6 
1 
7 -  
0.75 
1 
4 

10 
6 

11 
4 

10 
0.5 
0.7 5 
7 

Radium 
retalued, 
M 

0.5t 
0.57 
0.0t 
0.7 
4.2 
6.5 
0.0 
s.3 
8.2 
3 .4 
6 .O 
3.1 
3.7 
1.6 

13.9 
13.8 
5.5 
4.0 
3 -6 
0.3 
3 .8 
1.9 
6 -7 
1.9 
6.2 
4.2 
O.5t 
0.9 
5.1 
7.6 
3.1 

14.3 
5.1 
2.91 
6.6 
1.07 
1.37 
1 . l t  

17.7 
1.37 

% of dose 
retained 

10.8 
4.7 
6.5 
8.2 
4.9 
5.5 
2.3 
4.0 
2.2 
2.5 
1.1 
9.3 
8.0 
3.5 
2.9 
2.3 
0.2 
2.4 
1.2 
3.7 
1.1 
3.1 
2.1 

2.8 
2.1 
2.9 
1.2 
5.5 
2.0 
0.8 
1.8 

' F r o m  Hoecker;' Schlundt.  N e r a n c y ,  and Morris.' 
TGamma- ray  d e t e r m l n a l l o n s  ody. 
1Authors  ques t ioned  the  r adon  d e t e r m m a t i o n .  
( G a m m a  tes t  l e s s  than 0.1 ug. 

0 0 0  I 4 4 4  

E l l m h t i o n  
coefficient 

0.003 

0.0049 

0.0036 

0.0017 

0.0051 

0.007 

0.0021 

0.0016 

0.0051 

0.0059 

Rn& 

0.89 
0.93 
0.95 
0.92 
0.91 
0.88 
0.73 
0.90 
0.90 
0.92 
0.07 
0.90 
0.91 
0.75 
0.80 
0.80 
O t  
0.90 
0.951 
0.88 
0.95 
0.95 
0.98 

0.84 
0.82 
0.84 
0.77 
0.84 
0.65 

0.86 
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0.0019 

0.0036 

0.0017 

0.0051 

0.007 

0.0021 

0.0016 

0.0051 

0.0059 

RdRa 

a.as 
0.93 
0.95 
0.92 
0.91 

0.73 
0.90 
0.90 
0.92 
0.87 
0.90 
0.91 
0.75 
0.80 
0.80 
OX 
0.90 
0.950 
0.88 
0.95 
0.95 
0.98 

0.84 

0.84 
0.n 
0.84 
0.65 

0.06 

0.88 

0.82 

. I- 
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uc& in larger amounts than these workers indicated. It seems,  then, 
that the percentage of radon exhaled tends to fall quite rapidly during 
the first year and a half after radium intake and is thereafter ap- 
parently independent of retention time. 

Inlormation on the metabolism of radium by experimental animals, 
such as the rat, rabbit, dog, or horse, is limited. The findings gen- 
erally support the observations with respect to the ear ly  human ex- 
cretion rates but are inconsistent with those made at later periods. 

body content found in long-term animal experiments are at least 10 
tlmes higher than in comparable chronic human cases, yet their final 
retentions remain considerably greater than the retentions indicated 
by in vivo measurements on human subjects. 

The only indication of the fate of ingested radium in r a t s  was ob- 
tained from the reports of Evans's group.bp'' Their  resul ts  cannot be 
easily evaluated because the feeding was prolonged, analyses were- 
made on mixed urine and feces, and in most instances the dosage 
control depended on the  final recovery values. They consistently 
found, however, that within four days after the last administration 92 
to 96 per cent of the total dose had been eliminated, thus indicating 
rapid initial excretion. About 120 days later,  three of the animals had 
daily elimination rates  corresponding to 0.6, 0.3, and 0.4 per cent of 
the body content. Three other animals, started a t  higher dose levels, 
excreted only about 0.15 per cent of their  radium per  day a t  110 days 
and an average of 0.035 per cent per day during the period from 100 
to 300 days after the beginning of radium ingestion. The Rn/Ra ratio 
during the chronic stages of the experiment ranged from 0.70 to 0.90, 
with an average value of 0.85. The authors suggest that this high ra te  
of radon exhalation may be accounted for by the more rapid metabolic, 
circulatory, and respiratory rates of the rat.6 

In studies on r a t s  injected Intradermally with radium, Evans8 found 
a low initial excretion rate  and a much slower diminution in excre- 
tion rate. These rats. in  which a considerable portion of the dose 
remained entrapped i n  a reas  of relatively poor vascularity, exhaled 
only 62 to 74 per cent of the radon produced i n  the body about 190 
days after injection. Their final retentions were much higher than in 
the animals given radium orally. 

In the  ra t  experiments of Thomas and B r u n e ~ ' ~  the  analysis of early 
elimination was also somewhat complicated by the fact that intermit- 
tent doses were given. In general, analyses of combined urine and 
feces  showed that an immediate rapid excretion of 35 per cent of the 
dose took place the first  day and was followed by a decreasing rate ,  
giving a total of 50 to 55 per cent elimination in the f i r s t  week after 

: For example, the late excretion rates in t e rms  of percentage of the . I ,. 
.Z 
j ,  .- 
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subcutaneous injection. After each subsequent injection the apmrep,t 
value for the percentage of the last dose eliminated Was slightly high - 
er because of the slow excretion of the radium retained from previous 
injections. The later elimination values f rom pooled weekly collec- 
tions for  two animals during the terminal period of the experiment 
are listed i n  Table 4.6. The final retentions found in seven animals 

:;!< p:;: : :,:,...!,. ' Table 4.6 -Rate of Pllminatioa of W i u m  Administered Subcutaneously to IL&* 
\ ,  

Radlum eliminated 

Ttme 

Rat 2 

4 weekst before death 100.5 
3 weeks More death 112.1 
2 weeks More death 44.4 
1 week before death 29.2 
Total for 4 weeks 286.2 
Avenge per week 71.5 0.421 
Avenge per week for M and 4th weeks before deathf 106.3 0.611 
Amount retained at death 17.116.0 

Rat 3 

2 weeks before death 
1 week before death 
Total for 2 weeks 
Average per week 
Amount retained at death 

82.6 
61.1 

143.7 
71.8 0.62** 

11,594.3 

'Prom Thomas and Bruner." 
t230 days after first blection. 
$Values for last two weeks before death discounted becaused  the animal's abnormal 

$Equivalent to 0.06% per day. 
1Equlvalent to 0.09% per day. 

**Equivalent to 0.09% per day.  

state. 

about 200 days after the beginning of the experiment ranged from 15 
to 31 per cent of the total dose, with an average of 25 per cent. 

The earliest  study with rabbits was reported by Salant and Meyer" 
;;::.+;::: 

::::I::: ..,' 
in a qualitative study of the routes of elimination of injected radium 
bromide. On the basis of sacrifice experiments, with ligation of var- 

&!$y;; 
_....*..I.~. . .  

ious sections of the gastrointestinal tract  and bile-duct cannulation. 
they reported that the kidney, liver, and small intestines, but not the 
stomach o r  colon, were active in  the elimination of radium by dogs 
and rabbits. 

--a 
i 

0 0 0  I 4 4 b  



fhcappara 
s&W.lP high- 

d from previous 
d weekly collec- 
i the experimm 
in sevenanimals 

0.429 
0.61V 

mt raged f rom 15 
25 per cent. 
Slant and Meyer" 
d injected ramurn 

Mh ligation of rar- 

estines, but not the 
of radium 'by Qgs 

e-duct cannulatior., 

HISTORICAL BACKGROUND 167 

Dominici and his coworkersa1*" used rabbits to compare the be- 
h;rvior of soluble radium bromide and insoluble radium sulfate after 
single intravenous o r  intramuscular injections. They found a some- 
a t  hnger retentionof the insoluble radium and also a longer reten- 
tion af ter  intramuscular than af ter  intravenous injection. Ten ani- 
nuts, sacrificed after five o r  six days, retained 30 to 55 per cent of 
the bse,  with no significant differences between the different types 
of intake. The recovery values f rom a few animals sacrificed later 
were inconsistent, but they a t  least indicated that the intramuscularly 
treated animals retained more radium at about 130 and 165 days than 
the intravenously treated animals did at 90 days. 

The data on dog experiments are extremely meager and incon- 
clusive. In 1912 Brill and Zehner gave single subcutaneous injections 
of radium chloride to two dogs, using doses of 18.4 and 47 pg  of 
radium, equivalent, respectively, to about 2 and 5 gg per kilogram of 
body weight. Their elimination values, as cited by Sei1 et a1.P a r e  
only approximations, but they concluded that from 4 to 19 per cent of 
the dose was excreted during the f i r s t  four days, and very little there- 
after. In two of Hosokawa's animalsa an  appreciable urinary activity 
was found during the first week after the intravenous injection of 
about 9 pg of radium per kilogram. Two other dogs, which received 
by mouth the equivalent of 0.017 pg of radium per kilogram every d a y  
throughout the experimentai period. apparently showed some lag in 
excretion. The relative activities of the feces determined a t  irregular 
intervals from the seventh day on rose gradual!y by the thirtieth o r  
fortieth day to about 30 times the early activity. No detectable activity 
was found in the urine until 30 days af ter  the feeding began. Although 
Hosokawa gave no quantitaQve equivalent for his arbi t rary units, they 
indicated that over 97 per cent of the excretion was fecal. 

DominiciU reported a few observations of urinary excretion in a 
barse after the intravenous injection of 1 mg of radium sulfate. The 
urine excreted during the f i rs t  day contained about 20 per cent of the 
dose, as estimated from i ts  relative activity per liter. The values 
fell gradually from approxlmatelv 15 per cent of the dose on the third 
day tD 0.03 per cent of the dose per day at 5 G  days and tono detectable 
activity at 140 d a y s .  

' 

2. REVIEW OF DlSTRIBUTiON STUDIES 

available at the time of writing on radium levels in the 
biouv u,ulcated that it is thrown out of the circulation too quickly to 
be accounted fo r  by the  immediate excretion. It must, therefore,  go 
into the t issues rapidly. Dominici and his coworkers= found, in a 

I horse injected with radium, a concentration in blood of only 0.8 per 
I 
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cent of the dose per liter on the day of the injection. Assuming a total 
blood volume of 25 liters, about 20 per cent of the dose was in  the 
circulation a few hours after injection. By the second day the value 
had fallen to 0.1 per cent of the dose per liter; then it apparently de- 
clined very gradually to 0.02 per cent at eight months and to 0.005 per 
cent at one year. 

Some of Van Hove'sz6 qualitative autoradiographic studies of hu- 
man blood activity also showed a rapid fall in one day, o r  even dur- 
ing the f i r s t  f e w  hours after the intravenous injection of 100 and 
350 l g  of radium. One o r  two samples, however, did not seem to 
show this response until the second day. Distinct images from blood 
samples were still obtainable zfter two months, but they  were of such 
intensity and required s u c h  exposure times as to indicate certainly 
more than a fivefold decrease from the original blood radium content. 
Daels et al?' also reported a few autoradiographic studies of blood 
samples from ra t s  and guinea pigs sacrificed 5 to 7 hr after the last 
of two o r  th ree  daily subcutaneous injections. Their descriptions 
indicate that the activity of. blood at that time was either lower than 
the most active tissues, such a s  bone, kidney, and liver, or in ap- 
proximate equilibrium with them. 

The radium content of blood in the later phase of radium poisoning 
was determined quantitatively bv Aub et al.5 in their patient No. 2. 
The average of repeated analyses was of the order  of 1 x lo -=  g/ml 
in whole blood. If a total blood volume of 5 l i ters is assumed, it can 
be calculated that only about 0.03 per cent of the total body radium 
was in the circulation 14 years after beginning exposure. After a 
month and a haLf of decalcifying therapy the blood activity was reduced 
to about half that value, but i t  soon returned to the previous level 
when the treatment was discontinued. The concentration of radium in 
red blood cells was slightly less than in serum. 

Aub and his coworkers,' i n  discussing radium distribution by anal- 
ogy wi th  lead and similar heavy metals, point out that it i s  scattered 
through soft tissues a s  well a s  in bone soon after intake and after-  

' ward is gradually stored preponderantly in bone. Concerning this 
redistribution from soft tissue to bone and intodifferent a r eas  of bone 
itself, they state: "At f i r s t  a heavy metal i s  stored largely i n  the 
bone trabeculae, there being from 10 to 16 times as much per gram 
in the trabeculae a s  i n  the cortex of the bone. During the following 
months there  i s  a redistribution, and the concentration becomes equal 
in both trabeculae and cortex. Because the cortex is far heavier than 
the trabeculae, this means that most of the radium is stored i n  cor -  
tical bone. This  distribution indicates an explanation for the variation 
in radium excretion. The wide distribution in soft t issues and then 
the accumulation in the bones imply considerable circulation in the 
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blood and, therefore, a chance for rapid excretion. The first large 
storage in the trabeculae (where inorganic salts are readily deposited 
and also readily liberated) would allow a continued though less rapid 
excretion. When the radium finally accumulates in the cortex, it is to 
be expected that excretion would be slow and relatively poorly in- 
fluenced by therapy." 

Table 4.7-DistributIon of Radlum in Humanl lssuts  

Skeletal Ussues: 
Yenebme. pg Ra/g =h 
Fern&; i g  I W g  ash 
Tibia, ug Ra/g ash 
Lover jaw, p g  Ra/g ash 
U p p r  jaw. r g  Ra/g ash 
Teeth, pg Ra/g ash 
Skull, pg Ra/g ash 

Avenge. pg Ra/g ash 
Estd. avenge. r g  Ra/g fresh vf. 
Estd. tot4  Ra in skeleton, sg 
% d total body Fla In skeleton 

Uver, pg h / g  ash 
Lung. us Ra/g ash 
Spleen, pug Ra/g ash 
Kldney. p g  Ra/g ash 
H a r t .  ug Fla/g a s h  
Bnln. r g  Ra/g ash 
Bone marrow. ug Ra/g ash 

Avenge. pg X W g  Ish 
Estd. avenge ,  g g  h / g  Iresh un 

. Est& total Ra In solt tissue. N g  
'b of W body IU in soft tissue 

*From Cameron urd Vlol." 

soft ussues: 

3% mmUu after 
InjecUon of 

1 mg d radium. 

0.10 
0.05 

380 
95 

0.16 
0.042 
0.019 
0.00094 
0.00103 

0.2s 

0.0761 
0 0006 

20 .o 
5 .o 

0.0212 
0.0101 
0.0003 
0.0010 
0.0119 

0.0031 

0.0115 
0.0058 

48.28 
94.1 

0.0069 
0.0216 
0.0103 

0.0101 

0.0091.. 
0.00007 
2.68 
5.3 

5% years after 
Nhrn 
of 2.8 mg of r ldhlmt 

0.0342 
0.0092 

0.0076 

0.01491 

0.0199 
0.007 

13.21 
99.4 

0.0012 
0.0008 
O.ooo4 
0.0046 
0.0008 

0.0016 
0.OM)Ol 
0.39 
0.6 

tFrom St. Gcorgt. Cettler, and Mullrr '* 
IFrom Gettler and Norrls.'. Ingested ln drinkbg water over a Live-year period. 
fPosslbly an artlflcidly high value. Autoradiographs of these teeth shoved a unUorm dstribution 

~II Ihe roots but an appearance of localization ln par- of the crown that carld only bc explained as 
heavy uptlke by metallic fillrngs 

qBased on data lrom 16 varims tbsue samples. lncludmg those used rn this table, and a sample ol 
ukrine carcinoma 01 actlviry about haU the average.  

Based only on liver, spleen. and braw values Dlscrcpancy 01 the lung value mag be accounted 
Lor by the possbllity lhnt Inhalation. well as mgestion, had occurred m Uus case. 

.. 

Three human cases in which tissue-activity analyses have been r e -  
ported in the l i t e r a t ~ r e ' * * ~ ~ , ~ ~  a r e  summarized in Table 4.7, in which 
Some of the data have been converted to comparable expressions by  
the reviewer. The difference between skeletal and visceral activities 
Would be even sharper than indicated in the table i f  the activities were 
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all expressed on a wet-weight basis, since the average a sh  content of 
bone is 50 per cent whereas in  soft t issues it is only about 0.8per 
cent. The localization in the skeleton is extremely important i n  the 
eventual lethality of apparently minute quantities of r a d i u m . - ~ . ~ ~ r ~ ~  
set of data f r o , ~ a n ~ x p e r i m e n t ~ ~ ~ ~ ~ ~ ~ - . ~ ~ . c l ~ ~ m ~ ,  
i$orted-by Cameron and ViOl"~?;~,!5, has always been taken to i n -  
dicate a wide d i s t r i b z o n  of radium still in the soft t issues 3% months 
after intravenous administration, thus implying a slower uptake by 
the skeleton + h n  the  preponderance of data indicates. F rom a simple 
reconsideration of these data on the basis of Viol's own findings' on 
the excretion of radium administered intravenously, it i s  apparent, 
even though no bone samples were analyzed at that t ime, that the total 

... - . . soft-tissuecontent. really represented a minor portion of the  radium 
in the body. 

A rough indication of the early distribution of radium may be seen 
in the qualitative autoradiographicpost-mortem studies made by Van 
Hove" on dried - tissue sa>p&z from- three h_op.elgkcases us$&fp_r 
<xperiment~d-~+diurn inlecc?. One month after the injection of 
260 p g  of radium the liver showed the highest activity; the  rib, kidney, 
s p K ,  lung, bronchus, adrenal, pancreas, and uterus activities were 
moderate; the bladder, heart, muscle, stomach, and esophagus were 
low; and the thyroid and ovary were negative. Two and three months 
after 100- and 300-pg injections the bone, liver, spleen, and lung 
showed the same order of activity as  the low group of tissues in the 
first case, but 16 other tissues, including tumors,  either were neg- 
ative or gave very faint exposures. 

The few observations made by Martlar~d~O.~' in 1925 on two other 
fatal cases,  former dial painters. a r e  of interest. In one patient, who 
died of acute anemia eight years after the beginning of exposure, he 
found gamma radiation present in all  the organs and alpha emission 
most marked from the spleen, bone marrow, cortical bone, and liver 
but not detectable from the lung. heart, and kidney. In the other 
subject, after a nine-year retention period, the alpha electroscope 
measurements on one month's emanation f rom incinerated organs 
were reported to be in excess of the normal drift per hour by 365 di- 
visions for bone, 40 for the spleen, 30 for the l iver,  and 23 for gastro- 
intestinal tissue. Other organs showed almost no activity. However. 
of the 150 pg of radioactive substance estimated in the entire skeleton 
of this case, 70 per cent was accounted for by mesothorium. This 
was also the first  case in which the unequal distribution in bone was 
noted. Autoradiographs showed the outer border of the cortex to be 
the most achve part of the femur a t  this late stage. 

Schlundt and Failla' gave some evidence of the general variability 
of deposition in different parts of the skeleton. Gamma-ray measure- 
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men& on a patient with incipient bone necrosis in the jaw indicated a 
body radium content of 14 pg when the reading was taken near the 
jaw,= compared with 11.6 p g  near thelumbar spinal region and 9 pg 
near the ankle. Analyses showed 5.2 X lo-@ g of radium per  gram of 
air-dried vertebral bone, 3.4 x lo-’ g per gram of rib, and an average 
a l u e  of 2.67 X lo-’ g per  gram of humerus. 

In one of Aub‘s cases,5 clinical evidence of the relatively specific 
localization of radium in growing epiphyses is given. The patient’s 
heaviest exposure had been during the period from 16 to 20 years  of 
age, and the marked rarefaction and bone destruction in the heads of 
the femur and humerus 14 years later obviously resulted from the 
greater uptake in these regions. Also, in the same case, the average 
radium content of bone, calculated from the radium/calcium ratio in 
the excreta and t h e  known calcium content of bone, was 5.4 X 10“ g 
per gram of bone. However, analyses of necrotic spicules extruded 
from the jaw gave values of 13.6 and 19.6 x lo’’ g of radium per 
g a m o f  dried trabecular bone. Another case, whose total body radium 
was about 5 pg, did not show such variation between trabecular and 
cortical bone. Tibia and fibula trabecular values ranged from 0.86 to 
1.75 X lo-’ g per gram, similar toshaft values of 1.06 to 1.79X lO-’g. 
The retention period was not known in t h i s  case,  but, judging by the 
amount of radium present, the development of sarcoma of the knee,’* 
and the ensuing death, it was probably a t  least 12 or 15 years. 

The distributions that have been describedfor two fatalities, thought 
to be due chiefly to inhalation of radioactive dusts,  indicate an ap- 
preciably higher retention in the lungs than from other routes of in-  
take. Reitter and Martkind’s subject? i n  whom both radium and 
mesothorium were present, had the equivalent of 14 p g  of radioactive 
substance in the whole skeleton. 5 per cent of this amount being radi-  
u m  itself; 1.8-pg radium equivalents i n  the lungs, 43 per  cent due to 
radium; 0.001-pg radium equivalent i n  spleen; and no detectable r a -  
dium equivalents i n  liver, gastrointestinal tract ,  heart ,  o r  kidney. 
The actual values for radium elenlent were 4.75 x lo-‘* g per gram 
Of bone, 3.25 x 10-e g per gram in t h e  right lung, and 5.0 x lo-’ g per 
gram in the left lung. 

From analyses on a case 3 k O  involving a mixture of radium and 
thorium, Janitzky et al.” report two sets  of values, namely, a lower 
limit of activity based on alpha determinations by t h e  emanation 
method, and an upper l imit ,  about three times higher, derived from 
alpha-counter measurements on tissue ash.  Exprcssed in te rms  of 
radium equivalents per gram of fresh tissue, according to the former 
method, they found concentrations of about 300 p p g  inthe spinal mar-  
row and rib,  200 p p g  in the femur, 90 p p g  in the lung, 30 p p g  in the 
liver, 7 l p g  i n  the spleen, and 0.7 p p g  i n  the heart. In another inha- 
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lation-poisoning case, reported by Toenges and Kalbfleisch,” it was 
not quite clear how high the lung retention was, but it was higher, at 
any rate, than that of the liver,spleen, o r  heart and lower than that of 
the spinal marrow, rib, or femur cortex. 

The mechanism and extent of radium deposition in the skeletal 
systems of experimental animals is essentially s imilar  to those in 
human subjects. The relatively high localization at first in the ac- 
tively calcifying parts of the rat skeleton has been demonstrated by 
an autoradiographic examination of a few bone specimens,lP*s*U as 
well as by the high incidence of osteogenic sarcoma in the continu- 
ously growing lumbar and pelvic regions of rats with chronic radium 
poisoning! Later, according to epiphysis and shaft analyses on a rat 
383 days after the beginning of the experiment, the hjgher’concentra- 
tion shifts toward the cortical bone.6 

The only quantitative data on the relative radium concentration in 
various organs and t issues of rats long after the initial radium intake 
a r e  those of Thomas and Bruner’O and of Evans and his coworkers.‘ 
The animals on which the most completeset of analyses was reported 
are included in Table 4.8. The percentage of the body content of ra -  
dium found in each whole organ Oi t issue system has been used a s  a 
common basis of expression for these results. In t e rms  of radium 
concentration per gram of f r e s h  t issue in those of Evans’s rats which 
were fed radium, the lungs were usually the highest among the organs; 
muscle, analyzed separately in three instances, was very low; and the 
bones showed at least 100 t imes the concentration of the richest soft 
tissue. Usually no marked variations in concentration were noted 
from one region of the skeleton to another, but in some animals the 
rib and spine values were somewhat lower. In the intradermally in-  
jected animals, i n  which a large portion of the dose was retained in 
the skin and was slowly absorbed therefrom, the kidney, spleen, and 
liver concentrations were at least 10 to 20 t imes higher than in ani- 
mals with comparable total retentions from radium administered 
orally. 

Thomas and Bruner’s findings,Ig expressed in t e rms  of the dry 
weights of soft tissues, showed that the kidney, lung, heart, and i n -  
testine, in the  order  named, were the most active organs in this one 
animal that had received radium subcutaneously. The concentration 
i n  bone ash from different parts of the body was fairly uniform, with 
the exception of the mandibles. When the teeth of another animal were 
analyzed separatelv, their activity per gram of ash w a s  found to be 
only 27 per cent a s  high a s  that of the tooth-free portion of the jaw, 
thus accounting for the low activity of intact mandibles. The fetuses 
of one radioactive female had accumulated some radium, but the con- 
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centration per gram of fetal ash was only 3.6 per cent of the concen- 
tration found in the total a s h  of the parent. 

The early studies on rabbits (see references 21, 22, 24. 25, 36), a 
report on one dog,= and the photographic analyses of rat and guinea 
pig tissuesn served only to indicate that radium appeared i.n bone as 
soon as three  days after administration; that, among the soft tissues, 

Table 4.8-DLstrlbutlon of Radium In Rat Tlssues 

Route of lntalre Subcutaneous. lntraderrnalt I Oralt 

Retention peflod, days 1 a3 

Total Ra retalned. PB 15.46 

Tbsue 

KIdney 
Intestine 
L U W  
Testes 
Heart 

0.144 
0.101 
0.079 
0.041 
0.034 

B r i m  0.027 
Submaxillary glands 0.008 
Liver 0.004 
Spleen 0.003 
Muscle, s h .  and hrr 

Vertebrae (spme and b i u  ,5 
Skull and teeth 
Mandibles 

0.1 

' I  3 9  

Pelvis legs 1 1 298 

Forelegs and s c a p l h r  1 2 0 1  
Ribs I 
Entire skeleton 1 99 46 

'From Thomas and Bruncr." 
?From Evans, Harris. and Bunker * 

302 1 455 1 462 1 462 1 537 

3.0 0.62 0.42 0.68 0.67 

Percentage d totll radium 

0.012 1 0.002 0.003 
0.12 

0.008 1 0.015 0.03 
0.006 
O.oooO2 0.003 ~ 0.006 

0.045 0.015 
0.0015 0.009 

e9.5 70.0 

8.8 
8.3 

5 . I  
4.4 

3.57 1 2.5 
2.2 1.6 

130.2 1 31.2 

0.005 

10.3 

30.5 
25.9 

19.2 
7.7 

5.1 
1.3 

89.1 

o.Ooo1 0.022 
0.017 0.053 
0.06 1.06 
0.004 0.006 
0.001 0.001 

0.023 0.008 
0.003 

8.0 8.8 

24.3 26.5 
29.2 28.1 

18.1 16.6 
8.1 

9.5 6.6 
2.85 1 3.97 

84.0 90.0 

0.0045 
0.087 

0.07 
0.0007 

0.268 

0.W64 
2.34 

42.2 
18.95 

16.1 
9. I 

9.85 

,94.3 
6.27 

the liver, kidney, and fetal tissues were most often relatively high 
during the f i r s t  few days; and that the muscle, brain, heart ,  stomach, 
uterus, adrenal, and tumor tissues were usually almost negative. 
When retention times were longer, the lung, spleen, and brain were 
sometimes found among the more active soft tissues. One reportJ8 
seemed to indicate that r a b b i t  bone marrow has a higher activity per 
gram than bone two or three days after prolonged radium injections 
and that it still  retains about the same concentration as  bone four 
months after in]ection. 

In any consideration of the possible significance of the experimental 
work discussed, whether in distribution o r  in excretion studies, it 
must be kept i n  mind that probably very little investigation was done 
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with accurate control of the dosages. The experience of Evansand his 
group'' of getting sometimes as little as 10 per cent of the Calculated 
dose into their animals throws some light on the apparent discrep- 
ancies found between many of the results. 

Krebs has repeatedly written about what he calls the "basal radio- 
activity" of organisms. Various radioactive materials a r e  taken into 
the body in air, water, and food, so that the blood has a constant 
normal activity equivalent to o r  lo-= g of radium per milli- 

. .liter.sg The normal content of these substances in human tissue i s  of 
the order  of gram equivalent per gram, and althoughit increases 
with age it never exceeds this order  of magnitude.w From analyses 

. of crematory ash of 18 presumably normal individuals, KrebsU found 
an average total body content equivalent to 1.4 x lo-' g of radium, 
ranging f rom 1.9 to 17.9 x l G - U  g per gram of ash. He further sug- 
gests that accumulation in excess of this amount, if i t  should reach 
the concentration of lo-'' g in any t issue,  may lead to serious injury 
and ultimately to death.- Analyses made i n  the Project laboratory on 
two samples of crematory ash  indicated the total body content of 
radium to be of the order of 0.01 per cent of the figure reported by 
Krebs. 
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