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Chapter 4
HISTORICAL BACKGROUND

By H. E. Silberstein

Much has been written, especially in the last 25 years, on the sub-
ject of chronic radium poisoning, its 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 literature 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 early work of Seil, Viol,and Gordon®
By the tenth day the daily(excretion rate is less than 1 per cent of the
amount remaining in the body. In two brief experiments Schlundt and
Failla® found even more rapid elimination of radium bromide, with
91 per cent of the dose excretedin four days in 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
and thereafter wasapparently unable to detect any activityin the urine
by the method employed. Meanwhile the concentration of radon elimi-
nated through the lungs fell from 0.59 millimicrocurie per liter of
exhaled air on the day after ingestion to 0.18 on the second day and
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158 DISTRIBUTION AND EXCRETION OF RADIUM

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 at 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.

Table 4.1— Elimination of Radium after Intravenous Administration
to a Human Subject*

Ra excreted, ug

Days after Ra in Daily elimination,
injection body, ug Urine Feces Total % of body content
) Experiment 1

1 100 1.75 17.9 19.65 19.65
2 80.35 0.22 16.6 16.82 20.9
3 63.53 0.065 7.12 7.185 11.3
4 56.34 0.040 1.6 1.640 2.9
5 54.70 1.6 1.6 2.9
[} 53.10 0.98 0.98 1.8
T 52.12 0.58 0.58 1.1
8 51.54 0.44 0.44 0.85
9 §1.10 0.42 0.42 0.82

10 50.68 :

Experiment 2

1 100 1.4 18.4 19.8 19.8
2 80.2 0.16 12.58 12.74 15.8
3 67.4 0.065 3.34 3.40 5.0
4 64.0 1.68 1.68 2.6
5 62.3 0.54 0.54
[} 61.8 1.687 1.67 1.8t
7 60.1 0.45 0.45 0.75
8 59.7

10 ~50.0" 0.30 0.30 « 0.5

12 “=58.5 0.20 0.20 ~0.34

21 =57.0 0.14 0.14 ~0.25

*From Setil, Viol, and Gordon.?
TAverage for days 5 and 6.

After intravenous administration the initial rate 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 Seil et al.? is the only study of single

intravenous injection in man. The first injection of 100 ug of radium




.1 at any one time
-: gestion of radiym
7 10.05 to 0.07 ug of

dministration

i Daily elimination,
& % of body content

19.65

20.9

11.3
2.9
2.9

1.8

0.85
0.82

ate of elimination is
to 65 per cent of the
days after injection.
1only study of single
+of 100 ug of radiam

8006318

A 0 AN AL vt

[

HISTORICAL BACKGROUND 159

was fallowed 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 from the first injection was considered negligible. The values
undexr the heading ‘‘Daily elimination, % of body content’’ are based,
as Seil expressed them, on the portion of the last dose present in the
body. The extremely high proportion of eliminated radium reported
in the feces may be due to inadequate methods for determining small
amounts in the urine samples.

Table 4.2—Elimination of Inhaled Radium by a Human Subject*

Ra excreted per day,

Weels after Rain THE @ of Ra eliminated
expasure Regime body, ug Urine Feces Total per day
4 Normal 0.8 15.0 2.0
7 High Ca 0.6 0.09 8.0 6.1 1,01
7.5 High Ca 0.11 5.0 5.1 0.85
8 High Ca 0.08 3.8 3.9 ~0.7
9—12 Low Ca, plus 0.07 3.5 3.6 0.1t
therapy
24 High Ca 0.3 0.017 045 047 0.1

*From Aub, Evans, Gallagher, and Tibbetts;® Evans, Harris, and Bunker.®
tAverage of seven determinations.
Yaverage of two determinations.

Elimination occurring relatively soon after the inhalation of radium
has been studied in a single case of Evans’s group. The patient was a
34-year-old physicist, in_good health, who had inhaled a very small

tity of radium dust in an explosion involving 100 mg of radium

chloride. Nine weeks later he was placed 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 daily
values derived from the data of Evans et al.®'® for three-day periods
are given in Table 4.2. Evans questions the accuracy of the determi-

- mation of the small quantity of radium present in the last sample. The

amthors state that, since the radium had not yet been stored to a great
extent in bone, the treatment was given not to mobilize it but to pre-
vent its deposition. The treatment apparently had little effect on the
rate of elimination. .

In contrast to the early excretion picture, the later elimination of
radium depends not so much upon the route of intakeas upon the depth
and manner of fixation in the skeleton. This fixation, in turn, depends
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160 DISTRIBUTION AND EXCRETION OF RADIUM

‘ mainly upon the length of the retention period and upon the nutritiona}

and metabolic state of the individual, especially with regard to bone
metabolism. Other factors are the duration of exposure and the rate
of absorption.

These relations are illustrated by Evans’s findings*in radium-dial
workers who were transferred to nonradioactive work or were given
vacations as soon as their body content was found to have exceeded
the tolerance amount, 0.1 pg of radium. Exhalation of 1 micromicro-
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
satisfactory response. Evans’s five sample cases indicated that those
who accumulated radium more gradually tended to lose it less quickly
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 article Hoecker? discusses the validity of the
exponential equation, suggested by Schlundt and Failla,® to describe
the elimination of so-called ‘fixed’’ radium:

Q=Qe "

where Q,is the amount present in the body at 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 u,
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 time 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 y ap-
proach constancy. He shows the inverse relation of elimination rate
to retention period by plotting his own and other workers’ data}"®*
scattered though they are, on a logarithmic graph in which the value
for p falls from the order of 0.1 at 8 months after beginning exposure
to about 0,00005 at 150 months.

The elimination rate in long-standing chronic radium poisoning has
been shown to be of the order of 0.005 per cent of the body content
per day by actual determination of the urinary and fecal activity in a
few cases in which breath-radon and gamma-ray tests were also
made. Evanst 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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90 per cent of the radium eliminated was usually found in the feces,
the rest in the urine. Table 4.3 includes not only these so-called
¢normal”’ elimination figures but also some data showing the in-
fluence of calcium metabolism on the level of radium excretion.
Flinn®1° had reported deactivations amounting to 45 to 57 per cent of
the radium burden and marked improvement in health after only two

Table 4.3— Elimination of Fixed Radium by Human Subjects

Ra excreted per day, 9, of Ra
= Retention  Rain Nl eliminated
Subject period body, ug Urine Feces Total per day Metabolic regime
Subject A* 12 yr 24 0.103 1.058 1.161 0.0056 Normal {average
values)
Subject B* 12 yr 14 0.055 0.308 0.363 0.0026 Normal {average
values)
patient At 8 yr 20 1.115 0.0056 Normal
9yr 8mo. 20 1.040 0.0052 Normal
9yr Smo. 20 1.839 0.0082 Low Ca; parathormone
8 yr 10 mo., 20 0.895 0.0045 High Ca; viosterol
gyrilmo. 20 1.381 0.0069 Low Ca; parathormone
10 yr 20 0.979 0.0049 High Ca; viosterol
Patient 11 10 yr 15 0.0s5 0.770 0.825 0.0055 Low Ca
10 yr 15 0.570 5.480 6.050 0.0404 max.] 1 mo. on low-Ca
10 yr 15 0.310 2.530 2.840 0.019 av. diet, with NH,C1 and
thyroid-parathyroid
. treatment
10yr 2mo. 15 0.110 0.830 0.940 0.006 High Ca; control
Patient 2§ 14 yr 18 0.040 0.900 0.940 0.0052 Normal
14 yr 18 0.180 4.800 4.980 0.027 max.| 3 mo. on low-Ca
14 yr 18 0.150 2.800 2.950 0.016 av. diet, with NH,C1 and
thyroid-parathynoid
treatment
14yr 3mo. 18 0.056 '1.670 1.726 0.0096 High Ca; control

*From Schiundt and Failla.?
1From Craver and Schlundt.*
{From Aub, Evans, Gallagher, and Tibbetts.®

months of decalcification therapy. In contrast to this finding, Craver
and Schlundt™ and Aub et al.® were unable to produce enough increase
in radium loss to lead to any significant decline in the total body con-
tent, even if the maximum rate 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-
ficiency of the kidneys and intestine in removing radium from the
blood stream. During a period in which the blood activity averaged
0.95 X 10~** g per milliliter, the urinary output was 0.04 X 107% g per
day, about 1 per cent of the total circulatory content. If a blood supply
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162 ‘ DISTRIBUTION AND EXCRETION OF RADIUM

to the kidneys of 500 liters per day is assumed, 5% 10~" g of radium
was carried through them, yet less than 0.01 per cent of that qﬁantity
appeared in the total 24-hr urine collection. The daily fecal elimina-
tion, on the other hand, amounted to slightly more than the total biood
radium content at any one moment of the day. The finding of radium
in the gallstones of another radium-poisoning case was mentioned as
evidence that the bile plays a role in the elimination of fecal radium.

The permanent retention of radium in buman subjects has been
found to vary between 0.1 and 10 per cent of the intake, averaging
about 2 per cent.® Rajewsky'? 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 data®:13 indicate retentions rangingfrom 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 Schlundt and
coworkers in the early 1930’s. Their first series of patients, data
from which are summarized in Table 4.4, received varying doses of
radium chloride orally or intravenously. The zero retentions listed
in the table were in cases described as having no detectable activity;
and the values for percentage retained are obviously only approxi-
mations in view of the wide range of errorsin their activity measure-
ments.!®> Table 4.4 also includes the post-mortem retention values
found in two ingestion cases reported by Gettler and Norris!4 and by
Neitzel.}® 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 jents in a mental
hosgia}, was carried out more consistently. Radium chloride injec-
tions, given intravenously jn 10- dos t weekly interv.
Jperiods of two to ten months, were followed by activily measurements
six months apart. The amount of retained radium was estimated from
gamma-ray measurements made at the patient’s back and from radon
determinations in the expired air. Their estimates of the amount of
body radium giving exhaled radon were admittedly subject to error,
inasmuch as studies of breathing rate 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 Hoecker’ are also
given wherever possible. Twelve of these cases showed a total elimi-
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
whenever the total period of administration was more prolonged, even
when the time interval between the last injection and the examination
was the same.
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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
this 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 Administration®

Time after :
|nitial dose, Refer-  Time since Route of Radtum, ug %of dose
years ence- last treatment adininistration Total dose Retained retained Rn/Rat
% 13 T mo. Intravenous 80 0 o
2% 13 1% yr Intravenous 250 Trace
' and oral
2% S 13 3 hr Oral 1,455 48 04 0.50
24 15 At death Oral 1,825 40 2.2
3 13 2 wk Intravenous 330 9-14 3.5 0.43
3 13 1%yr Intravenous 880 19-~33 3 0.46
3 13 2yr Intravenous 205 [+ 0
and oral
3% 13 2% yr Intravenous 380 0 0
and oral
4% 13 1% yr Intravenous 1,130 10-18 1.2 0.50
5 13 5wk Intravenous 305 89—-14 3.8 0.43
5% 13 Syr Intravenous 290 0 [
and oral
5% 13 Syr Intravenous 240 0 0
and oral
5% 14 At death Oral 2,800 3.7 2.8

* From Barker and Schlundt;}? Gettler and Norris;* Neitzel'*
fRn/Ra values estimated by reviewer from data on gamma-ray and breath-radon determinations

given in reference 13.

first year or year and a half after the beginning of the injection. Al-
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 or mare years.! This fact is demonstrated by
the Rn/Ra values ranging from 0.32 to 0.55 in subjects examined by
Evans'® after exposure 8 to 25 years previously and by the 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 at 10 and 12 years, re-
spectively, after beginning exposure.>® In the light of this consistency
among independent findings, there is 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 Rajewsky.'®!” These
values may be explained by the presence of mesothorium decay prod-
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164 DISTRIBUTION AND EXCRETION OF RADIUM

Table 4.5—Retention of Radium after Intravenous Administration to Human Subjects*

Time since Radium
Radium last injection, retained,
injected, ug months ug retained
70 2 0.5t
90 1 o.st
1 0.6t
90 1 9.7 10.8
90 1 4.2 4.7
100 1 8.5 6.5
110 1 9.0 8.2
7 53 4.9
150 ] 8.2 5.5
12 3.4 2.3
150 8 6.0 4.0
12 3.1 2.2
150 6 3.7 2.5
12 1.6 1.1
150 ] 13.9 9.3
160 [ 13.8 8.6
12 5.5 3.5
160 ] 4.6 2.8
160 (] 3.6 2.3
12 0.3 0.2
160 [ 3.8 24
12 1.9 1.2
180 6 6.7 3.7
12 1.9 1.1
200 6 8.2 3.1
12 4.2 2.1
200 6 ost
250 1 8.9 2.8
7 5.1 2.1
260 0.75 7.6 2.9
7 3.1 1.2
260 4 14.3 5.5
10 5.1 2.0
360 6 2.8 0.8
“12 6.6 1.8
380 4 1.0f
10 1.3f
410 0.5 117
450 0.75 17.7
7 1.3¢

*From Hoecker;? Schlundt, Nerancy, and Morris.®
tGamma-ray determinations only.
t Authors questioned the radon determination.

§Gamma test less than 0.1 ug.

% of dose Elimination

coefficient

0.003

0.0049

0.0036

0.0047

0.0051

0.007

0.0021

0.0016
0.0051

0.0059

Rn/Ra

0.89
0.93
0.95
0.92
0.91
0.88
0.73
0.90
0.90
0.92
0.87
0.90
0.91
0.75
0.80
0.80
ot
0.90
0.95§
0.88
0.85
0.95
0.98

0.84
0.82
0.84
0.77
0.84
0.65

0.86




Hox to Human Subjects®

dimination

eefficient  Rn/Ra

9.0049
0.003¢
0.0047

)" 0.0051

0.007

0.0021

4.0016
0.0051

0.0059

0.89

0.95
0.92
0.91
0.88
0.73

0.80

0.92

0.8T
0.9
0.91
0.75
0.80
0.80
ot
0.80
0.958
0.88
0.95
0.95
0.98

Q.84

HISTORICAL BACKGROUND 165

ucts 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.

Information 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 early human ex-
cretion rates but are inconsistent with those made at later periods.
For example, the late excretion rates in terms of percentage of the
body content found in long-term animal experiments are at least 10
times 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 rats was ob-
tained from the reports of Evans’s group.®!® Their results 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 at higher dose levels,
excreted only about 0.15 per cent of their radium per day at 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 rate
of radon exhalation may be accounted for by the more rapid metabolic,
circulatory, and respiratory rates of the rat.®

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

In the rat experiments of Thomas and Bruner'® 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 first week after

R
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166 DISTRIBUTION AND EXCRETION OF RADIUNi

subcutaneous injection. After each subsequent injection the apparen
value for the percentage of the last dose eliminated was slightly high.
er because of the slow excretion of the radium retained from previoys
injections. The later elimination values from pooled weekly collec-
tions for two animals during the terminal period of the experiment
are listed in Table 4.6. The final retentions found in seven animals

Table 4.6 —Rate of Elimination of Radium Administered Subcutaneously to Rats®

Radium eliminated

. % of that
Time Amt., mug in body
Rat 2
4 weekst before death 100.5
3 weeks before death 112.1
2 weeks before death 44.4
1 week before death 29.2
Total for 4 weeks , 286.2
Average per week 71.5 0.42%
Average per week for 3d and 4th weeks before death ! 106.3 0.61%
Amount retained at death 17,116.0
Rat 3
2 weeks before death 82.8
1 week before death 61.1
Total for 2 weeks 143.7
Average per week 71.8 0.62%+
Amount retained at death 11,594.3

®From Thomas and Bruner.**

1230 days after first injection.

$values for last two weeks before death discounted because of the animal’s abnormal
state.

$Equivalent to 0.06% per day.

1Equivalent to 0.09%_per day.

**Equivalent to 0.09% per day.

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®
in a qualitative study of the routes of elimination of injected radium
bromide. On the basis of sacrifice experiments, with ligation of var-
ious sections of the gastrointestinal tract and bile-duct cannulation,
they reported that the kidney, liver, and small intestines, but not the
stomach or colon, were active in the elimination of radium by dogs
and rabbits.
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. Dominici and his coworkers®2 ysed rabbits to compare the be-

d was slghtly high. - - havior of soluble radium bromide and insoluble radium sulfate after
M from previous single intravenous or intramuscular injections. They found a some-
- weekly collee. what longer retentionof the insoluble radium and also a longer reten-

of the experimen tion after intramuscular than after intravenous injection. Ten ani-
rd in seven animajs mals, sacrificed after five or six days, retained 30 to 55 per cent of
| the dose, with no significant differences between the different types
r‘ﬂﬂﬂmlytn Rats* ‘ of intake. The recovery values from a few animals sacrificed later
were inconsistent, but they at least indicated that the intramuscularly

eltminated : treated animals retained more radium at about 130 and 165 days than
%m“;od"“* the intravenously treated animals did at 90 days. ,

v 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 ug of
radium, equivalent, respectively, to about 2 and 5 ug per kilogram of
body weight. Their elimination values, as cited by Seil et al.? are
only approximations, but they concluded that from 4 to 19 per cent of
the dose was excreted during the first four days, and very little there-
g:g: _ after. In two of Hosokawa’s animals® 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 ug of radium per kilogram every day
! throughout the experimental period, apparently showed some lag in
excretion. The relative activities of the feces determined at irregular
intervals from the seventh day on rose gradually by the thirtieth or
0.62*+ fortieth day to about 30 times the early activity. No detectable activity
was found in the urine until 30 days after the feeding began. Although
Hosokawa gave no quantitative equivalent for his arbitrary units, they
o the animal” indicated that over 97 per cent of the excretion was fecal.

s abnormal Dominici** reported a few observations of urinary excretion in a
borse after the intravenous injection of 1 mg of radium sulfate. The
urine excreted during the first day contained about 20 per cent of the
: dose, as estimated from its relative activity per liter. The values

fell gradually from approximately 15 per cent of the dose on the third
day to 0.03 per cent of the dose perday at 56 days and tono detectable
activity at 140 days. ’

€ e

imeot ranged from 15
' o35 per cent.
by Salant and Meyer2®

}On o injected radiam 2. REVIEW OF DISTRIBUTION STUDIES

M:guﬁt@hon of var- _ Rep(')rts. available at the time of writing on radium levels in the
fatestines cz:,t‘llnulahon blood indicated that it is thrown out of the circulation too quickly to
L«‘ of t not the Pe accounted for by the immediate excretion. It must, therefore, go

radium by dogs , Into the tissues rapidly. Dominici and his coworkers® found, in a

i horse injected with radium, a concentration in blood of only 0.8 per
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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’s?® qualitative autoradiographic studies of hu-
man blood activity also showed a rapid fall in one day, or even dur-
ing the first few hours after the intravenous injection of 100 and
350 pg of radium. One or two samples, however, did not seem to
show this response until the second day. Distinct images from blood
samples were still obtainable after two months, but they were of such
intensity and required such exposure times as to indicate certainly
more than a fivefold decreasefrom the original blood radium content.

-Daels et al*" also reported a few autoradiographic studies of blood

samples from rats and guinea pigs sacrificed 5 to 7 hr after the last
of two or three daily subcutaneous injections. Their descriptions
indicate that the activity of blood at that time was either lower than
the most active tissues, such as 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 by Aub et al.’ in their patient No. 2.
The average of repeated analyses was of the order of 1 x 107% g/ml
in whole blood. If a total blood volume of 5 liters 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 it 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,® in discussing radium distribution by anal-
ogy with lead and similar heavy metals, point out that it is scattered
through soft tissues as well as in bone soon after intake and after-
ward is gradually stored preponderantly in bone. Concerning this
redistribution from soft tissue to bone and intodifferent areas of bone
itself, they state: ‘At first a heavy metal is stored largely in the
bone trabeculae, there being from 10 to 16 times as much per gram
in the trabeculae as in the cortex of the bone. During the following
months there is 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 in cor-
tical bone. This distribution indicates an explanation for the variation
in radium excretion. The wide distribution in soft tissues 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 4.71— Distribution of Radium in Human Tissues
8% months alter 5 years after 5% years after

injection of beginning exposure  beginning ingestion
1 mg of radium® as dial painter? of 2.8 mg of radium}

Skeletal tissues:

Vertebrae, ug Ra/g ash 0.0212 0.0342

Femur, ug Ra/g ash 0.0101 0.0082

Tibia, ig Ra/g ash 0.0063

Lower jaw, pg Ra/g ash 0.0016 0.0076

Upper jaw, pg Ra/g ash 0.0119

Teeth, ug Ra/g ash 0.0149%

Skull, ug Ra/g ash 0.0037

Average, ug Ra/g ash 0.10 0.0115 0.0139

Estd. average, ug Ra/g fresh wt. 0.05 0.0058 0.007

Estd. total Ra in skeleton, ug 380 48,28 73.27

% of total body Ra in skeleton 95 94.7 99.4
Soft tissues:

Liver, ug Ra/g ash 0.16 0.0069 0.0012

Lung, ug Ra/g ash 0.042 0.0276 0.0008

Spleen, pg Ra/g ash 0.019 0.0103 0.0009

Kidney, pg Ra/g ash 0.00094 0.0046

Heart, ug Ra/g ash 0.00103 0.0008

Brain, pg Ra/g ash 0.0101

Bone marrow, pg Ra/g ash 0.25

Average, ug Ra/g ash 0.0761 0.0091** 0.0016

Estd. average, ug Ra/g fresh wt. 0.0006 0.00007 0.00001

Estd. total Ra in soft tissue, ug 20.0 2.68 0.39

% of total body Ra in soft tissue 5.0 5.3 0.6

*From Cameron and Viol.**

tFrom St. George, Gettler, and Muller 3°

1From Gettler and Norris.’ Ingested in drinking water over a five-year period.

§Possibly an artificially high value. Autoradiographs of these teeth showed a uniform distribution
in the roots but an appearance of localization in parts of the crown that could only be explained as
heavy uptake by metallic f{illings. -

1Based on data from 16 various tissue samples, including those used in this table, and a sample of

uterine carcinoma of activity about half the average.
**Based only on liver, spleen, and brair values. Discrepancy of the lung value may be accounted
for by the possibility that {nhalation, as well as ingestion, had occurred in this case.

Three human cases in which tissue-activity analyses have been re-
ported in the literature'®2%2° are 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 tableif the activities were
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170 DISTRIBUTION AND EXCRETION OF RADIUM

all expressed on a wet-weight basis, since the average ash content of
bone is 50 per cent whereas in soft tissues it is only about 0.8 per
cent. The localization in the skeleton is extremely important in the
eventual lethality of apparently minute quantities of radium. The first
set of data from bject with a_termi i
reported by Cameron and Viol®® in 1915, has always been taken to m-
dicate a wide distribution of radium stillin the soft tissues 3% months .
after intravenous administration, thus implying a slower uptake by
the skeleton than the preponderance of data indicates. From a simple
reconsideration of these data on the basis of Viol’s own findings?on
the excretion of radium administered intravenously, it is apparent,
-even though no bone samples were analyzed at that time, that the total
j soft-tissue content 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 quahtatlve autoradiographic post-mortem studies made by Van
Hove?® on dried tissue samples from three hopeless cases used for

; experimental radium injection. One month after the injection of
} "~ 260 g of radium the liver showed the highest activity; the rib, kidney,
spleen, 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-ug 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 Martland®3! in 1925 on two other
fatal cases, former dial painters, are of interest. In one patient, who
died of acute anemia eight years after the beginning of exposure, he
4 found gamma radiation present in all the organs and alpha emission
i ’ most marked from the spieen, bone marrow, cortical bone, and liver

but not detectable from the lung, heart, and kidney. In the other
subject, after a ninefirear retention period, the alpha electroscope
measurements on one month’s emanation from 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 liver, and 23 for gastro-
~ intestinal tissue. Other organs showed almost no activity. However,
of the 150 ug of radioactive substance estimatedin 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 active part of the femur at this late stage.
Schlundt and Failla® gave some evidence of the general variability
of depositioh in different parts of the skeleton. Gamma-ray measure-
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" ments 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, as compared with 11.6 ug near thelumbar spinal region and 9 ug
near the ankle. Analyses showed 5.2 X 107% g of radium per gram of

‘air-dried vertebral bone, 3.4 X 10°° g per gram of rib,and an average

value of 2.67 x 10™° g per gram of humerus.

In one of Aub’s cases,® 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 the 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 10™° g of radium per
gramof dried trabecular bone. Another case, whose total body radium
was about 5 ug, did not show such variation between trabecular and
cortical bone. Tibia and fibula trabecular values ranged from 0.86 to
1.75 x 10~° g per gram, similar to shaft values of 1.06 to 1.79x 10~%g.
The retention period was not known in this case, but, judging by the
amount of radium present, the development of sarcoma of the knee,'®
and the ensuing death, it was probably at 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 Martland’s subject,” in whom both radium and
mesothorium were present, had the equivalent of 14 pg of radioactive
substance in the whole skeleton, 5 per cent of this amount being radi-
um itself; 1.8-pg radium equivalents in the lungs, 43 per cent due to
radium; 0.001-ug radium equivalent in spleen; and no detectable ra-
dium equivalents in liver, gastrointestinal fract, heart, or kidney.
The actual values for radium element were 4.75 X 107°g per gram
of bone, 3.25 x 10™% g per gram in the right lung, and 5.0 X 10~® g per
gram in the left lung.

From analyses on a case also 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 the emanation
method, and an upper limit, about three times higher, derived from
alpha-counter measurements on tissue ash. Expressed in terms of
radium equivalents per gram of fresh tissue, according to the former
method, they found concentrations of about 300 pug inthe spinal mar-
row and rib, 200 pug in the femur, 90 ppg in the lung, 30 pug in the
liver, 7 pugin the spleen, and 0.7 pug in the heart. In another inha-




|
1
|
|

a5 e
AEINTr e BrE7 rv, e

s 3 o,

re

oAty 2

P

A

P

vl + o s e
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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, or 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 similar 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,!9:34,% 35
_ 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 higher concentra-
tion shifts toward the cortical bone.®

The only quantitative data on the relative radium concentration in
various organs and tissues of rats long after the initial radium intake
are those of Thomas and Bruner!® and of Evans and his coworkers.®
The animals on which the most complete set of analyses was reported
are included in Table 4.8. The percentage of the body content of ra-
dium found in each whole organ or tissue system has been used as a
common basis of expression for these results. In terms of radium
concentration per gram of fresh tissue 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 times 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, in 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 times higher than in ani-
mals with comparablé total retentions from radium administered
orally.

Thomas and Bruner’s findings,'® expressed in terms of the dry

. weights of soft tissues, showed that the kidney, lung, heart, and in-

testine, in the order named, were the most active organs in this one
animal that had received radium subcutaneously. The concentration
in 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 separately, their activity per gram of ash was found to be
only 27 per cent as high as 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 ash 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 tissues? served only to indicate that radium appeared in bone as
soon as three days after administration; that, among the soft tissues,

Table 4.8 —Distribution of Radium In Rat Ti

Route of intake Subcutaneous®| Intradermait Oralt

Retention period, days ’ 183 224 302 455 462 482 537
Total Ra retained, ug 15.48 4.9 3.0 - 0.62 0.42 0.68 0.67
Tissue Percentage of total radium

Kidney 0.144 0.012 0.002 | 0.003 | 0.0001 0.022 0.0045
Intestine 0.104 0.12 0.017 0.053 0.087
Lungs 0.079 0.008 0.015 | 0.03 0.06 1.06 0.268
Testes 0.041 0.006 0.004 0.006 | 0.07
Heart 0.034 0.00002) 0.003 0.006 | 0.001 ¢.001 | 0.0007
Brain 0.027

Submaxillary glands 0.008 :

Liver 0.004 0.045 0.015 0.005 0.023 0.008

Spleen 0.003 0.0015 0.009 0.003 0.0064
Muscle, skin, and fur 0.1 69.5 70.0 103 8.0 8.8 2.34
Vertebrae (spine and tau)] 5.6 8.54 8.8 |305 243 265 [42.2
Skull and teeth ‘ 8.67 83 25.9 29.2 28.1 18.95
Mandibles 3.8

Hind legs} 29.8 6.8 5.7 19.2 18.1 16.6 16.1
Pelvis N 2.4 4.4 1.7 8.1 9.1
Forelegs and scapulae 20.1 3.57 25 5.1 9.5 6.6 9.85
Ribs . 2.2 1.6 1.3 2.85 3.97 6.27
Entire skeleton 99.46 30.2 31.2 89.7 84.0 90.0 94.3

*From Thomas and Bruner.'*
tFrom Evans, Harris, and Bunker.*

the liver, kidney, and fetal tissues were most often relatively high
during the first 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 report®
seemed to indicate that rabbit 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 injection. : R )

In any consideration of the possible significance of the experimental
work discussed, whether in distribution or in excretion studies, it
must be kept in mind that probably very little investigation was done
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with aecurate control of the dosages. The experience of Evansand hig
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 are taken into
the body in air, water, and food, so that the blood has a constant
. normal activity equivalent to 107! or 10~ g of radium per milli-

T liter.® The normal content of these substances in human tissue is of

_'the order of 10~ gram equivalent per gram,and althoughit increases

- ~— " “with age it never exceeds this order of magnitude.* From analyses
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of crematory ash of 18 presumably normal individuals, Krebs* found
an average total body content equivalent to 1.4 x 10°% g of radium,
ranging from 1.9 to 17.9 X 10™% g per gram of ash. He further sug-
gests that accumulation in excess of this amount, if it should reach
the concentration of 107'° g in any tissue, may lead to serious injury
and ultimately to death.® Analyses made in 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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Chapter 16

STUDIES ON HUMAN EXPOSURES TO URANIUM COMPOUNDS

By Joe W. Howland*

1. INTRODUCTION

As has been stated in the introductory chapter of this volume, the
primary purpose of this entire study on the toxicology of the uranium
compounds was directed toward the protection of both workers and
scientists engaged in carrying out that work necessary for the suc-
cess of the Manhattan District operation in its development of atomic
energy for military purposes. During the course of these activities
numerous observations were made on the possible toxic reactions of
thuman beings to these compounds either as the result of acute ex-
posure or following long-continued chronic exposure. In this chapter
these observations are summarized as completely as possible. Obvi-
ously since all these individuals were engaged either in research on
uranium purification processes or in the processes themselves, much
detail of their work must be omitted for securify purposes,

Following a brief review of the related literature on human exposure
to uranium compounds, a discussion will be given of the clinical
effects of the few accidental acute exposures,a résumé of the clinical
studies made in several installations on the effect of known chronic
uranium exposure, and finally a review of the laboratory observations
made on the industrial medical program carried out in the manufac-
turing laboratories and plants in various parts of the country.

In an examination of the following data it is quite obvious that,
except for the acute exposures-in which the individual was heavily
contaminated with the uranium compound, no evidences of a chronic
loxicity for any of the uranium compounds could be demonstrated by
the methods used in the examination.

This work is a 'summary of a portion of the control activities of the medical section

- «f the Manhattan District.
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PHARMACOLOGY AND TOXICOLOGY OF URANIUM

2. REVIEW OF THE LITERATURE

There is very little scientific literature on the effect of uranium
and its compounds on the human body. The few papers that have ap-
peared are primarily reports on the therapeutic effect of uranium
compounds on diabetes mellitus, dermatological disorders, and neo-
plastic diseases.

Kennedy,! West,? Walsh,® Tylecote,*® and Wilcox® treated large
numbers of diabetics orally with uranyl nitrate hexahydrate in doses
ranging from % to 60 grains daily (0.011 to 3.9 g) for periods up to
1 year. The occurrence of transient albuminuria was noted by Tyle-
cote only. . '

Gailleton,” Clark,? and Truttwin® used uranyl nitrate topically in the
treatment of a variety of skin disorders, including lupus, psoriasis,
eczema, trychophytosis, and senile atrophy. No toxic symptoms were
noted,

Clark® and Hocking!? used uranium or uranium-thorium prepara-
tions in the treatment of neoplastic growths with supposedly success-
ful results. No urinary changes were noted. Pack and Stewart!! studied
the effects of intravenous colloidal uranium-thorium preparations in
eight patients with carcinoma, all receiving approximately 60 ml of a
1 per cent solution of each of these metals, Questionable benefit was
noted in one case. Two patients showed evidence of renal damage,
although at autopsy no changes were noted in the kidneys of the single
case examined.

Only a single paper is found inthe literature onthe potential hazard
of uranium compounds used in industry. DelLaet and Meurice!? re-
ported four cases in a Belgian ceramics plant in which changes in the
peripheral blood (anemia, leucopenia) were interpreted as due to the
effect of the uranium compounds. No urinary abnormalities were
noted.

,/>

3. EXPOSURE OF PERSONNEL TO URANIUM COMPOUNDS IN THE
LABORATORIES AND PLANTS OF THE MANHATTAN PROJECT

The ultimate value of an industrial toxicological program can be
measured only by the success obtained in the application of the labo-
ratory findings for the protection of workers in industry. Hence an
attempt is made in this final section to present a concise over-all
picture of the type of exposures to uranium compounds that occurred
in all phases of the experimental and industrial work and the results
obtained in the study of exposed personnel for positive evidences of
exposure.




he effect of uranium
papers that have ap-
ic elfect of uranium
disorders, and neo-

'ticox® treated large
hexahydrate in doses
' @) for periods up to
a was noted by Tyle-

dtratetopically in the
ting lupus, psoriasis,
toxic symptoms were

im-thorium prepara-
. supposedly success.
and Stewart!! studied
rium preparations in
roximately 60 ml of a
»stionable benefit was
wce of renal damage,
- kidneys of the single

nthe potential hazard
.et and Meurice'? re-
: which changes in the
arpreted as due to the
- abnormalities were

JMPOUNDS IN THE
HATTAN PROJECT

dcal program can be
oplication of the latw-
n industry. Hence 2=
‘nt a concise over-i..
apounds that occurses
work and the rexwis
positive evidence> {

8008331
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In the pr'eceding chapters maay data have been presented on the

toxicological findings following animal exposures to various uranium

compounds by inhalation, ingestion, and skin absorption. It is quite
important to state early in this account that such observations can
be applied to man only in a relative fashion, inasmuch as the human
being is anatomically, physiologically, and biochemically somewhat
different from the animal, and his susceptibility to toxic substances
may be different.

As has been stated, the urgency of the project demanded that work
on the isolation and purification of various potentially toxic uranium
compounds be rushed to completion as rapidly as possible. Hence it
was not feasible to defer such activity until preliminary toxicity tests
could have been conducted. Again, the earlier work on the toxicity of
uranium had been conducted largely for the production of experimental
toxic kidney diseases in order to study the physiology of this condition,
Consequently, little was known about the relative toxicity of varied
doses of even uranyl nitrate, the most studied compound. Nothing was
known about the toxicity of doses absorbed through the lung, the most
common industrial exposure. Obviously, if even temporary protection
was to be effected, some sort of a value for the maximum allowable
concentration of the metal suspended in air was necessary. Hence,
after careful study, the data originally obtained on the toxicity of
lead, a heavy metal of atomic weight 207, were used for establishing
a temporary maximum allowable concentration of these compounds in
air, This amount was 150 yg of uranium dusts per cubic meter of
factory air. Following the adoption of this provisional standard the
experimental program was rushed to completion to determine whether
this level was within safe limits. At the same time the concentration
of the dusts in factory air was reduced to this recommended value by
means of improvements in existing ventilation, housekeeping, etc.:
redesign of processes and handling methods; and, in areas where
concentrations continued to exceed this value, the use of recommended
Protective equipment. The results of the experimental program as
given in previous sections indiﬁa,te that this predicted safe allowable
concentration of uranium compounds in air was indeed a wise one.

It cannot be too strongly emphasized that the evaluation of the total
€xposures to uranium dusts infactory and inlaboratory air is entirely
different from evaluation of the exposures of animals by inhalation of
uranium dusts. In the toxicological chambers the animal is exposed
constantly 6 hr daily to a known concentration range of a single ura-
nfum dust of high purity, unmixed with apprzciable nuisance dust.
The particle size of the dust and resultant absorption are, relatively,
known, The humidity and temperature are controlled. The animals

LAETIENET

¥

TE R ORETE, 5 A A

v

otpteglt v AR RIKEHR VR T

2.0 I‘v:-i A

A g TR

b T .

10y

o
<

=
I
.




3006338

b

996 PHARMACOLOGY AND TOXICOLOGY OF URANIUM

are healthy specimens of known age, sex, and weight. Even the normal
reaction of the animal to incarceration in exposure chambers is con-
trolled by a similar study in a chamber to which no uranium dusts
are added. -

The worker in a uranium-processing plant undergoes an entirely
different experience. In any givenlocation under operating conditions,
concentration of uranium dusts may vary many thousandfold (from
approximately 100 ug to 100 mg of the heavy uranium dust per cubic
meter of air). Owing to the nature of the work in a chemical purifica-
tion process, the dust is usually not a pure compound but is composed
of a mixture of the dusts from various processes being carried out
in that building or buildings. The particle size of the compounds will
vary over a very wide range and fluctuate constantly. Humidity and
temperature are usually uncontrolled. In additionto all these physico-
chemical variables, the problem of the worker himself is encountered,
perhaps the most unstable factor of the entire group. All ages and
races are employed; both sexes are employed; selectivity as to a
state of health, except for the elimination of obvious pathology, is
rarely allowable if employment is to be maintained. The action of
individuals in following safety and precautionary rules for the pre-
vention of exposure, such asthe use of gas masks and other protective
equipment, is always unpredictable.

With the foregoing considerations in mind, it becomes important to
state the comparative value of animal toxicological data as applied
toward the protection of the worker. The relative toxicity of a com-
pound for a group of animal species is in almost all instances well
above the recommended 150 pg/cu m of air. This difference between
the recommended and toxic levels is called a ‘“factor of safety’’ for
the compound in question and will give a wide margin of protection
for another species (including the human) that might be unusually
susceptible. Again, animals in their exposure chambers undoubtedly
receive much higher concentrations of the toxic compound than do
workers in the processing plants and laboratories, owing to the use of
preventive devices, shifting of work stations, and the psychological
fear of a possibly dangerous material. Finally, the relative toxicity
of a series of similar compounds usually shows that the suscepti-
bility or resistance of any species bears the same relationship to
other species, the sensitive speciesto one compound (such as the rab-
bit to nitrate) being again the sensitive speciesto a related compound.

The general aim of the toxicological program is of course to protect
against the insidious development of toxicityfrom a chronic exposure.
That acute exposures will and do occur is an expected event in most
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HUMAN EXPOSURES TO URANIUM COMPOUNDS 997

tndustrial medical programs, and the prevention of such acute ex-
posures (usually to high concentrations of material) falls within the
realm of the combined medical and safety departments. In the fol-
lowing discussion of human exposures to uranium compounds, the only
two instances of acute exposure encountered will first be given in
some detail, followed by a general account of observations made on
an over-all survey of chronically exposed personnel.

3.1 Acute Uranium Poisoning. Fortunately, in spite of the very
large numbers of individuals working on uranium compounds, the
acute toxic effects have been observed in only two instances. Both of
these exposures were accidental in nature and involved the same
compound, uranium hexafluoride. Inasmuch as this is the first report
of any acute injury to the human body by uranium compounds, the
details and findings will be discussed at considerable length.

A, Report of First Accident. An accident occurred at an experi-
mental laboratory where a very large amount of uranium hexafluoride
escaped, resulting in the death of two employees, serious injury to
three others, and slight injury to thirteen additional persons.

(a) Description of the Accident. The cause of the accident was the
sudden rupture of a large tank containing the hexafluoride as a gas
with the simultaneous rupture of high-pressure steam lines. This
resulted in a very dense cloud of the compound and its hydrolysis
products, uranium oxyfluoride and hydrofluoric acid, plus steam re-
leased from the broken lines.

One of the two engineers was working 5 to 6 ft away from the site
of the explosion, and the other was observing the procedure from
lmmedxately behind him.

The two fatally injured were directly in the path of the released
chemical cloud. One was unable to find his way out of the laboratory
for about 5 min and expired 10 min later; the other escaped quite
rapidly and died in about 70 min from the time of the accident. Two
of the three seriously injured men were in the vicinity of the fatal
cases; the third was just outsxde the building within a few feet of the
Place where the tanks contammg the hexafluoride were stored.

The three seriously injured cases required 10 to 14 days of hospi-
talization before recovery was complete. The 13 other cases received
only minor injuries and required little or notreatment other than that
which could be given in a dispensary.

A study revealed that the exposure of the various individuals dif-
fered remarkably, but, in general, injury was in direct proportion to
the intensity of the exposure. The duration of the exposure was rela-
tively short in all cases. It is estimated that the average exposure
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was about 17 sec. The characteristics of the individual exposures
varied somewhat because of the different actions taken on the part of
the individuals, e.g., holding the breath, closing the eyes, and removal
from contaminated areas. A further variation in exposure resulted
from the individuals’ actions in showering and removal of clothes.

There was a considerable variation in the CT level (concentration
times time of exposure) that the different individuals experienced. In
general the most severe injuries occurred in those nearest the site
of the explosion. There appeared to be less variation in the length of
exposure than in the concentration of the exposure.

The steam lines were broken by the explosion of the storage tank
and the atmosphere of the room contained a mixture of uranium hexa-
fluoride, hydrofluoric acid, uranium oxyfluoride, and live steam. The
combination of the moisture and heat undoubtedly facilitated the hydro-
lysis of the uranium hexafluoride and from a toxicological viewpoint
aggravated both the systemic and vesicant action of these substances.

(b) Case Reports of Fatally Injured Workers. (1)Case No.1. Clini-
cal Observation. He was the more seriously injured of the two fatal
cases and nearer to the point of explosion. He was in extremis when
first seen, apparently having been sprayed with live steam containing
liquid, solid, and gaseous material in large quantities. He died 16 min
after the accident.

Gross Pathological Findings. The skin revealed extensive third-
degree burns, and over 70 to 80 per cent of the body surface showed
some degree of injury. The areas covered by his underwear (shorts
only) were free from burns except for the skin above the anus and
that of the scrotum. The hair on the scalp also seemed to afford pro-
tection. The areas of mottled blue, green, and cyanotic red distrib-
uted in the skin of all parts of the body were thought to be related to
chemical irritants and to the fluid (‘‘citrated-like’’) character of ihe
blood. The conjunctivas were edematous and injected. The corneas
were frosted. The oral and pharyngeal mucous membranes were
edematous and gray-green in color. There was generalized edema of
the subcutaneous tissue beneath the burns, varying considerably in
degree. This is typical of chemical burns as opposed to thermal burns
(suggesting the invasiveness of the chemical-type burn). Other posi-
tive findings were:

1, Small petechial hemorrhages in the epicardium.

2. The pulmonary tissue was bulging into the intercostal spaces.
The surfaces of thelungs were dark red, and the organs only partialiy
floated in water. On section, the bronchial mucosa was a dirty-gray
necrotic mass with partial desquamation. The parenchyma was un-
changed except for increased fluid content,
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3. The blood resembled citrated blood.

4, The intima of the blood vessels was tinted with hemoglobin,

5. The external surfaces of the neck organs (thyroid, larynx, tra-
chea, and proximal esophagus), together with the surrounding fascia,
_had a green-blue fluorescent sheen. The mucosa of the larynx and
trachea was necrotic, dirty green in color, and sloughing. The sub-
mucosa was edematous. The mucosa of the esophagus down as far as
the region of bifurcation of the trachea was likewise necrotic and
sloughing, Upon section the thyroid parenchyma was a dark reddish
green in color and appeared to be necrotic,

Microscopic Pathological Findings. 1. Skeletal muscle taken from
superficial areas showed considerable edema.

2. The lungs showed marked vascular congestion and patchy alveo-
lar edema. Red cells were present in the alveoli.

3. The kidneys showed tubular swelling and marked vascular and
glomerular congestion, The tubular epithelium was detached in some
areas from the basement membrane. Coalescence of the epithelium
was present in many tubules.

Table 16.1—Uranium Analysis on Autopsy of N.E.*

In alcohol, In formalin,

Sample ug U/g ug U/g

Lung 800 570

Bronchi 750 320
. Tongue - 25

Heart 22

Kidney 18 35

Liver . 17

Stomach wall 42 4

Spleen 0

Ribs 0

Esophagus 1

Testis 4]

Fresh skin, outer layer 270

Fresh skin, inner fat layer 35

Urine L 0.10

Alcohol (blank) Q

Formalin (blank) ) 0

*Separate portions of organs were preserved in alcohol
and in formalin.

Laboratory Findings. The autopsy material was analyzed for ura-
nium by spectrographic means (see Table 16.1).
(2) Case No. 2. Clinical Observations. Following the accident his

condition appeared to be good. A short time after admission to the
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hospital (20 min) he developed a progressive respiratory distress
associated with considerable generalized pain. He expired 70 min

after the explosion,

Gross Pathological Findings. 1. Approximately 70 to 80 per cent
of the body surface was burned. Most of the burns appeared to be
third degree in type. The scalp was not involved, being protected by
the hair, which was brittle and dry. )

2. The conjunctiva of the right eye was edematous and red.

3. The mucosa of the mouth and nasopharynx was necrotic and
gray-red in color. ,

4. Numerous petechial hemorrhages were noted inthe epicardium,

5. The blood was fluid and of a citrated-like nature,

6. The intima of the arteries was stained with hemoglobin.

7. The bronchi were filled with undigested food. The bronchial
mucosa was intensely injected but not necrotic. The lung parenchyma
was diffusely red and bloody without any focal lesions.

8. Lobulation of the liver was indistinct.

9. Petechial hemorrhages were present in the right kidney.

10. The laryngeal, tracheal, and esophageal mucosa were injected
and edematous but not necrotic.

Microscopic Pathological Findings. 1. The superficial skeletal
muscle was edematous.

2. The heart showed myocardial fragmentation and an area of sub-
epicardial hemorrhage.

3. The lungs showed marked vascular congestion, moderate alveo-
lar edema, and some alveolar hemorrhage.

4. The kidneys showed tubular swelling, marked vascular and glo-
merular congestion, and a separation of the tubular epithelium from
the basement membrane. Coalescence of the epithelium was observed
in many tubules,

Laboratory Findings. Analysisfor uranium inthe autopsy material
was carried out by the spectrographic method (Table 16.2).

(c) Description of Findings inthe Nonfatal Cases. In addition tothe
two fatal cases previously described, 19 men were exposed tothe huge
chemical cloud that enveloped aimost everything within a radius of
approximately 100 yd of the center of the explosion. This cloud re-~
quired several minutes tg dissipate.

Three of these individuals developed no symptoms. Fourteen were
immediately hospitalized for observation and treatment (besides the
one that died almost immediately and the other who died in slightly

more thar. 1 hr). Two additional men reported to the dispensary 36 hr ~
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after the incident because of minor symptoms. Except for three men
who were more seriously injured, all the hospitalized patients were
ready for discharge within 48 hr after hospital admission.

Table 16,2 — Uranium Analysis on Autopsy of B.R.*

In alcohol, In formalin,
Sample neg U/g ugU/g

Lung
Bronchi
Tongue
Heart
Kidney
Liver
Stomach wall
Spleen

Ribs
Esophagus
Testis

Fresh skin, outer layer 310.0

Fresh skin, inner fat layer 8.0

Alcohol (blank) [

Formalin (blank) . 0

0
0

rOoOQOO0OOQOO

[

"Separate portions of organs were preserved in alcohol
and in formalin.

(1) Clinical Findings. For brevity a résumé€ of the effects of the
chemical exposure on the various body structures and systems is
given. '

Eyes. Eleven of 16 surviving patients experienced an intense burn-
ing sensation of the eyes with profuse lacrimation. A chemical con-
junctivitis occurred in8 of these 11 patients. A severe corneal ulcera-
tion occurred in one case and was described by the ophthalmologist
as a chemical burn of the entire corneal epithelium, A slit-lamp
examination of the eyes of this patient 2 months later revealed a
diffuse haze of the epithelium of the lower half of both corneas. No
staining or change in sensitivity was noted. Prognosis was given for
the complete disappearance of this pathology.

Respiratory Tract. Of the 16 surviving patients, nine complained

of throat irritation, six of hoarseness, and six of nasal ‘‘stuffiness.”’
Respiratory distress of a transient nature occurred in 10 of the 18
patients. This was described as a shortness of the breath, inability to
“catch a breath,”’ or just as an uncomfortable sensation ir the chest.
In 10 patients severe coughing spells occurred, often of paroxysmal
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nature, On examination nine patients showed numerous réiles in the
chest, suggestive of a chemical bronchitis; one, a typical pulmonary
edema; and one, a suggested pulmonary edema. The patient with pul-
monary edema raised blood-streaked sputum for 3 days after the
accident. This sputum had a glistening reddish-orange appearance
and in areas unstained by blood resembled hydrolyzed uranium hexa-
fluoride. -

Skin, Ten patients complained of burning of the skin shortly after
exposure. Some of these individuals noted intense pain in the scrotum
and penis and around the anus (probably because of the hydrolysis of
the hexafluoride in these moist areas and a release of the irritant
hydrofluoric acid). Eight patients showed definite second-degree
burns, Two had coagulative necrosis of the skin of the legs, which
healed very slowly, more than 1 month elapsing before complete epi-
thelialization took place. The burned regions at that time were pig-
mented and of a parchmentlike appearance. Most of the severe burns
were on the lower legs, the area of the burn starting abruptly at the
top of the shocs. The burns were treated with vaseline gauze dress-
ings with mild compression. No calcium gluconate (prescribed for
hydrofiuoric acid burns) was necessary.

Gastrointestinal Tract. Sixof the 16 patients had nausea and vomit-
ing in some degree. Three of these had in addition abdominal cramps
with or without some distention. The symptoms disappeared spontan-
eously in 12 to 24 hr, No diarrhea was observed in any patient,

Urinary Tract. Two of the three seriously injured individuals
showed transient albuminuria. One excreted from 39 to 100 mg of
albumin (per 100 ml of urine) daily for a period of 7 days after the
accident. Thereafter he showed only an occasional trace of albumin,
which disappeared entirely by the time of his discharge from the
hospital. All three of the seriously injured had a 3-day period of
transitory urinary suppression. One showed a mild rise in the blood
urea and nonprotein nitrogen level, These blood constituents were
still somewhat elevated 3 weeks after the accident, after which a
gradual reduction to normal levels was noted. Five of the group of 16
continued to excrete uranium 18 days after the accidental exposure.

Nervous System. All the seriously injured individuals were un-
usually nervous and apprehensive for 4 to 5 days after the accident.
One individual was definitely overstimulated for about 3 days, exag-
gerating all facial expressions and being unusually verbose and talka-
tive. At times he was almost incoherent. The other seriously injured
patient, although normally quiet and placid, became very apprehensive
with a similar tendency toward the exaggeration of statements. The
opinion of all observers held that the mental reactions were more
than could possibly be explained on a fear-reaction basis.
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(2) Laboratory Data. The laboratory data collected on these cases
consisted of complete blood counts with differential smears, blood
urea nitrogen and nonprotein nitrogen, blood chlorides, serum cho-
lesterol, plasma carbon dioxide, total proteins, and complete urine
analysis, including frequent analysis for the uranium content of the
urine by the spectrographic method.

The significant findings follow:

1. Temporary fall in the plasma protein level (mild hemodilution).

2, Transitory type of albuminuria,

3. Elevation of blood nonprotein and urea nitrogen.

4. Uranium present in urine in amounts from 0.00 to 0.51 mg/liter
{Table 16.3). The persons having the highest exposure showed the

Table 16.3 — Uranium Analyses of Urines on Five Nonfatal Cases

Initials Uranium, Total urinary output,
Date of victim mg/liter ml
Sept. 4 T.O. 0.51 1,000
5 T.O. 0.15 2,370
6 - T.0. 0.18 3,900
9 T.0. . 0.10 ?
10 T.O. 0.10 ?
11 " T.0. 0.07 ?
12 T.O. 0.14 ?
20 T.O. 0.00 ?
Sept. 16 H.A. 0.07 ?
Sept. 20 B.L. 0.05 ?
Sept. 4 L.E. 0.15 1,395
5 L.E. 0.09 1,800
6 L.E. 0.00 2,150
9 L.E. ' 0.00 1,725
10 L.E. 0.00 1,715
11 L.E. 0.21 ?
12 L.E. 0.16 i ?
20 L.E. 0.02 ?
Sept. 4 K.R. 0.00 820
5 K.R. 0.05 B 2,855
6 K.R. 0.15 2,000
9 K.R. 0.06 1,635
10 K.R. 0.11 1,765
11 K.R. 0.10 1,925
12 K.R. 0.11 2
20 K.R. 0.05 v )

highest uranium excretion. In addition their urinary abnormalities
were the most severe, consisting of albuminuria plus red cells and
casts in the urinary sediment, and their blood urea and nonprotein
nitrogen were elevated for several weeks,
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- The roentgenographic films of the exposed individuals showed a C. 1
diffuse inflammatory process of mild nature radiating out from the subjec:
hilus of each lung. Involvement of the upper lung fields was more . : hexaflu
marked. Findings present in the lower lobes suggested those seen in tract f
mild pulmonary edemad with an increase in the prominence of the lung the on:
markings. No consolidation was noted. and pr.

Bacteriological cultures of the sputum contained only normal flora. - pain a

B. Report of Second Accident. The patient became suddenly sur- réiles .

N ; rounded by vapor as the result of a sudden development of a leak on a sociat.

cylinder containing uranium hexafluoride. In the cloud he was unable ; produc

to find an exit rapidly so that the period of his exposure in the cloud i severe

may have been as much as 10 min. When taken to the dispensary he ! of the «

complained of burning of his eyes and throat. Coughing and retching ings ar

were quite marked with vomiting on one occasion. of con:

Discussion of Findings. He was immediately hospitalized, and dur- ’ followi

ing the following month his clinical course was studiedin considerable or sec

~ detail. The important findings were related to the respiratory tract, pulmor
urinary tract, and the eyes, period
The lower respiratory tract showed clinical evidence of a chemical of the

pneumonitis, Riles were present throughout the chest, and the patient are ali
produced a thick tenacious black sputum for about 10 days. The X-ray two or

" findings immediately after the accident showed no abnormalities but burn it

5 dayslater revealed anincrease inthe density of the bronchovascular i in type
markings and hilus shadows. Ten days after exposure the chest was of the :
clear both clinically and radiographically. There was a hemorrhagic 1 in sen
involvement of the left arytenoid cartilage and vocal cords onlaryngo- in all
scopic examination. Thirteen days later this involvement was re- agulati
solving favorably. panied

There was a rapid rise in the quantity of the solid elements in the The rf
urine followed by a gradual decrease as the patient improved. The those ¢
single constituent appearing in largest amount was a coarsely granu- clinica
lar cast. Epithelial cells of various types were noted. Occasional like.
large mononucleated phagocytes containing red cells and cellular increx
debris were also found. nitrogt

The eyes showed a chemical conjunctivitis with necrosisof the cor- Ané
neal epithelium. Within 5 days under conservative treatment the cor- i indicaf
neal epithelium had almost completely regenerated. Visual acuity at i Skin;i

: - the time of discharge was normal. larynk
; The mental status for the first 5 or 6 days following the accident 1 r;?:c
{ { €

was marked by general sluggishness with transient periods of rest- i
! lessness, irascibility, and nervous tension with occasional silliness :
and loss of contact, All symptoms of this type cleared up within a !
week after admission to the hospital. i
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C. Discussion. Thetypical picture of the acute poisoning of human
subjects by the inhalation of a soluble uranium compound (uranium
hexafluoride) is one of an initial chemical injury to the respiratory
tract followed almost immediately by evidences of kidney injury. At
the onset there is almost immediate development of marked weakness
and prostration. The patient complains of suffocation and retrosternal
pain and on examination exhibits dyspnea, cyanosis, and numerous wet
riles and rhonchi throughout the chest. The latter findings are as-
sociated with the development of an annoying irritative cough, often
producing a greenish-gray sputum that frequently contains blood. In
severe exposures, signs of pulmonary edema are often seen, X rays
of the chest show a soft infiltration along the bronchovascular mark-
ings and an increased width of the intercostal spaces. At times areas
of consolidation may be noted. The circulatory system immediately
following the exposure shows signs typical of the onset of traumatic
or secondary shock plus secondary signs related to the cyanosis or
pulmonary edema. The body temperature is usually elevated for a
period of 12 to 72 hr, the highest observation being 103°F. The burns
of the skin resemble those following hydrofluoric acid exposure but
are almost without exception less severe. A similar latent period of
two or more hours between exposure and development of the chemical
burn is noted. With conservative treatment the burns are self-limiting
in type, although as much as 6 weeks may be required for the healing
of the injured area. The exposure is usually associated with a change
in sensorium, states of depression or agitation being quite common
in all individuals. Corrosive action of the chemical results in a co-
agulation necrosis of the epithelium of the cornea, at times accom-
panied by deeper ulceration, Healing is spontaneous and complete.

The renal changes as observed in human beings have been entirely

those of laboratory observation and have never been associated with
clinical findings such as anuria, costovertebral pain, colic, or the
like, Maximum changes as observed have been transient albuminuria,
increase in solid elements in the urine, and moderate retention of
nitrogenous products in the blood.

An analysis asto the probable cause of the various clinical findings
indicates that in all probability the-ifjurious effects observed on the
skin, eye, mucous membranes of upper respiratory tract, esophagus,
larynx, and bronchi were all directly caused by the action of the fluo-
ride ion on the exposed tissues. The uranium as such had its only
effect in the production of the transient urinary-tract changes.

D. Conclusion. The acute effects of exposure to high concentra-
tions of uranium hexafluoride have been demonstrated to consist of
corrosive changes in the skin, eyes, and respiratory mucosa, probably
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caused by direct action of the contained fluoride, and transient kidney
changes related to toxic action of the absorbed uranium.

3.2 Chronic Exposure to Uranium Compounds. The previously
discussed reports of accidental exposures to uranium hexafluoride
are the only known instances of acute high-concentration exposures
to uranium compounds. T;xe most important problem, however, to the
medical group supervising such activities in the Manhattan District,

 was the possibility of the existence of a chronic toxicity to uranjum

compounds that might develop in workers in the important laboratories
and plants of the project. , '

After operations onthese possibly toxic substances had beencarried
out for several months, it was evident either that no toxic changes
hadoccurred or that their development was of such aninsidious nature
that the methods used for their detection were insufficiently sensitive
to show changes. Hence it was necessary to set up some plan of ex-
amination that could detect the presence of abnormalities as they
developed.

In the following section the problem will be stated, followed in turn
by discussion of the type of examination, method of analysis, and ex-
perimental observations.

The Problem. The selection of the tests used in the exposure of
workers in industry followed these criteria: (1) the test should use
the most sensitive index of injury tothe human organism; (2) it should
be of the highest reliability and applicable to all types of individuals;
(3) all known and specific types of damage known to be caused by
uranium compounds should be tested for; (4) the test should not alarm
the subject psychologically sothat he would suspect presence of dam-
age where none exists; (5) the test should be sufficiently simple to
be capable of being performed in a routine clinical laboratory.

A review of the available data indicated that at that time the only
definite damage known to be caused by uranium compounds was re-
stricted to the development of a toxic necrosis,with resultant damage
to kidney tubules in varying degrees depending, in so far as could be
determined, on the susceptibility of the animal species and the size of
the dose. Suitable tests for this type of damage had already been
known and consisted simply of tests onthe urine for excreted albumin
as well as evidences of the actual tubular damage in the form of ex-
creted cells and cellular debris either singly or in the composite
casts. Other tests such as urinary specific gravity were also of value
in predicting renal abnormalities. Therefore use of the common uri-
nary tests satisfied the foregoing conditions for the detection of any
kidney abnormality. Inasmuch as uranium, like other heavy radioac-
tive materials, was suspected of being deposited in excessive amounts
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in bone, it was possible that the small amount of radiation to which
the bone marrow would be exposed over an extended period of time
might resultin a depression of the red and white marrow coupled with
a production of abnorraal white-cell elements. Inasmuch as this pos-
sibility could exist, suitable tests were necessary in order to detect
this possible pathological development. As to the nature of these
events, the only evidence that could be used was the development of
changes in the cells of peripheral blood. For this reason, routine
analyses of the circulating blood elements, namely, red cells, hemo-
globin, and white cells, were necessary plus a differential examina-
tion of the white-cell elements. Serial examination of these should
indicate the development of any depressive state or abnormality that
might occur following radiation exposure fromthe deposit of uranium.

It was suspected also that some liver damage might occur, How-
ever, in the absence of suitable clinical tests it was decided that the
clinical evidence of liver disease should suffice as an index of the
development of this condition.

Hence the examination of personnel exposed to uranium compounds
resolved itself into serial examination of the blood and urine at spe-
cific intervals. Development of any unusual state or abnormality in
an individual was checked upon with additional, more specific tests
as will be outlined below.

Examination of Human Subjects. Before employment of an individ-
ual in any of the laboratories or industries using or engaging in the
production pf uranium compounds, a preliminary screening for obvious
physical abnormalities was carried out. This consisted of a complete
physical examination by a competent observer, X ray of the chest, a
Wasserman test, and special tests thought to be necessary for any
clinical purpose. In addition a laboratory examination of the blood and
urine was carried out. The blood examination consisted of a hemo-
globin test by the Sahli method, erythrocyte count, leukocyte count,
and a complete differential examination of the white-cell elements,
The urine examination consisted of the testing for specific gravity,
the reaction (acid or alkaline), the qualitative analysis for albumin
and sugar, and a microscopic examination of the centrifuged sediment
for cells and abnormal elements.

Inasmuch as the war emergency had caused marked diminution in
available labor throughout the entire country, it was necessary to
accept individuals for employment whose physical status would not
meet the requirements for peacetime industry. In addition, certain
individuals, particularly scientists, were of such value to the project
that their presence was necessary inspite of obvious physical defects.
Hence it was necessary to limit the refusal of possible employees to
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the minimum, and disqualification was made only in those showing
obvious kidney pathology, extreme cardiovascular disease, and various
pulmonary conditions, particularly chronic bronchial asthma. The
latter condition is well known in industry to result in considerable
difficulty, particularly when noxious materials and gases are present,.

Following the screening examination the individual was employed
and placed in the laboratory or industrial process where needed. At
intervals, urine and blood examinations were carried out for the de-
tection of changes. Although there was variation in the frequency of
these examinations at first, the following schedule was soon decided
upon: urines were examined once 2 month, and, inasmuch as blood
changes were presumed to develop relatively slowly, a 3-month in-
terval was used between blood tests,

Special examinations were later carried out after an individual had
been exposed to uranium compounds for an extended period of time,
One consisted of an analysis at suitable intervals of a 24-hr specimen
of urine by the fluorophotometric method for uranium content. It was
soon discovered that only the individuals exposed to high concentra-
tions of the soluble compounds showed anincreased urinary excretion.
Considerable difficulty was encountered in this type of examination
because of the instances of contamination of the urine from dust on
the clothing and skin. For this reason, accurate analyses of excreted
uranium were limited largely to those individuals showing only high
exposure over an extended period of time. Where possible, analyses
of teeth and also of bone samples for deposited uranium were made.
The latter study, although very limited, tended to show that little de-
position was occurring in the processing plants where the instituted
precautionary measures had been followed. This observation agreed
with the presence of low uranium excretion in these individuals.

All individuals in the laboratories and plants were examined ac-
cording to the following schedule whether exposed or unexposed (o
uranium compounds. The exposed personnel might be regarded as an
experimental group and, as detailed below, were subdivided according
to the degree and type of exposure. The unexposed personnel corres-

ponded to a control group representative of the population in the lo- -

cality. The studied control’Eroup of one locality was not compared
with the experimental or control groups from another locality. ’
Method of Analysis. The data on both physical examinations and
the laboratory studies were submitted to a central office for study.
The physical examinations were first reviewed Jor obviox_xsﬂabnor-
malities. The serial laboratory data were printed in such a form 4

to facilitate comparison and were subjected to a final screening fur £
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detectionof gross errors. Any markedly abnormal finding inthe labo-
ratory study was checked back with the laboratory where the finding
originated in order that any possible pathological cause for this vari-
ation would be eliminated. At times it was necessary to repeat physi-
cal examinations and related studies to solve the .problems. Final
data were grouped in such a form as to facilitate statistical evalua-
tion. The data were punched on cards and analyzed according to the
methods given in Chap. 3 on Statistics.

Experimental Observations. The program described above was
carried out in all the laboratories and processing plants working on
hazardous uranium compounds. Inasmuch as these sites were ex-
tremely varied in type and purpose it would be difficult to submit the
findings collectively. Hence a subdivision of the various types of work
has been made with a representative example of each group selected
for exposition. The various types selected included (1) laboratories,
(2) small uranium-processing plants, (3) large ore- and uranium-
processing plants, and (4) large uranium-processing plants. A brief
description of each of these installations will be made including state-
ments as to the types of work, the physical status of the workers, the
types of exposure, and, finally, the results of the laboratory data ob-
tainedin a study of such a group. The expositionrelated to the process
itself must be rather general, inasmuch as both the processes and
specific materials used in them must be kept secret for purposes of
security.

(1) Laboratories. Type of Work. The laboratory selected for ex-
tensive study was one in which several hundred people were engaged
in the study of various uranium compounds.

Physical Status of Workers. Employed in this installation was a
large group of professional and academic scientists either directing
large groupsor acting asleaders of smaller research sections. Under
them were routine laboratory workers engaged inthe actual operation
of the specific processes. In addition maintenance and housekeeping
workers were employed. -

Type of Exposure. The exposures were to uranium compounds both
wet and dry with resultant hazard by inhalation and skin absorption.
The amounts of material used were so small as to eliminate possible
toxicity by ingestion. The types of exposure may be classified in sev-
eral ways. Many workers were exposed to several, and others to only
single, compounds. Many had a relatively heavy exposure as gauged
by the many hours of work daily with these compounds. Others had
only moderate or casual exposures, the latter term being used to
indicate less than 1 hr daily. Still others had no exposure whatever
and were used as controls.
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The medical program was closely combined with a safety program
to ensure the use of all protective methods known for the prevention
of injury due to specific uranium compounds as well as those other
materials ordinarily used in large laboratory and industrial practice.

The Results of the Analyses. The serial analyses of data obtained
onthis group of individuals can best be described, because the amount
of data accumulated on these workers over a period of 2 years of
observation is so voluminous that it would be impossible to tabulate
sufficient data to illustrate the study even briefly. Although several
hundred individuals were employed at all times, serial examinations
on all individuals were obviously not possible owing to the continual
turnover of labor and transfer of personnel commonto all war instal-
lations. However, sufficient analyses were obtained covering an ex-
tended period of time to demonstrate conspicuously the fact that no

_ pathological abnormalities that were within the range of statistical

significance did occur. This finding is highly important, inasmuch as
it is obvious that statistical analysis of data on sufficiently large
groups of people may indicate changes that are not apparent on direct
examination of the data of a single individual. Urinary abnormalities
were not observed even after the heaviest exposure. Blood variations
that occurred were well within the normal range of individuals in the
studied locality. In conclusion it can be said that, within the limits of
the method employed, no detectable changes were observed following
chronic exposure of these individuals to uranium compounds.

(2) Small Uranium-processing Plants. Type of Work. The work
carried out in this installation involved the processing of chemically
pure uranium metal. The larger portion of the work is that classed
as heavy labor in a metallurgical plant and involves exposures to a
limited extent to the radiation from the metal itself as well as inhal-
ation and ingestion of insoluble uranium compounds.

Physical Status of Workers. Several professional chemical engi-
neers assisted by routine laborers engaged in the plant processing
were employed. The office staff in this installation was used as the
control group. A small number of individuals were working in an
analytical laboratory engaged in the analysis of the insoluble uranium
compounds. Much direct handling of the metal was encountered.

The Types of Exposure. The types of exposure encountered were

(1) the dust of insoluble compou/nds in a relatively limited locality and
(2) direct exposure to the uranium metal by skin contact. All the ma-
terial used was in a dry form and insoluble as well, so that the pos-
sibility of ingestion again was considerably reduced. The safety pro-
gram and medical program to all intents and purposes were identical
and were under the supervision of the plant chief,
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Analysis of Data. The statistical analysis of the laboratory data
obtained from these individuals again showed no conspicuous change
in either urine or blood. An additional study of theurines of this group
was carried out with the catalase method as discussed in a previous
section. Results of this study indicate that even to this very delicate
test little change is noted.

This installation was also subjected to another type of study not
mentioned previously. This is the study of changes in the contour of
the fingerprints as caused by the exposure to beta radiation from
handling of the uranium metal itself. Such changes were observed in
{ndividuals exposed to continuous radiation for long periods either
from X rays (particularly fluoroscopy) or the direct handling of radi-
um. These changes require months for development, but within the
period covered by this study they would form a positive index of this
type of exposure. The results of the fingerprint examination for the
detection of this type of skin injury were completely negative.

In conclusion this study indicates that, again within the limits of the
method, no detectable damage to any individual at this installation
could be demonstrated.

{3) The Large Ore- and Uranium-processing Plant. The Type of
Work. The type of work carried out at this installation consisted of
the extraction of uranium from uranium ore (pitchblende) containing
varying amounts of radium. The uranium was purified by a series of
processes employing both alkali and acids, resulting in the formation
of such compounds as uranyl nitrate (acid) and sodium diuranate salt
(alkaline) plus many intermediaries. The processes involved solution
of uranium compounds in many different ways with the precipitation,
extraction, and filtration of the collected salts. Hence the hazards
were not only from the dusty ore but also from the wet filter cakes
and final dried compounds. Both soluble and insoluble compounds
were included in the processing stages.

The Physical Status of the Workers. The physical status of the
workers, except for a few professional engineers working in a super-
visory capacity, was that consistently found in the group classed as
routine laborers. A small laboratory was maintained.

The Type of Exposure. The type of exposure was, as in the large
laboratory, a mixed one with expoSures to the ore and to a large
number of uranium compounds existing in both wet and dry states.
Much individual handling of the wet compounds took place, which made
possible exposure by ingestion and skin absorption in addition to in-
halation of the dried material suspended in the plant air. Exposures
to potentially dangerous acids (particularly hydrofluoric) and alkali
used {n the process also occurred. A full-time safety program was
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maintained at this installation. It cooperated in the enforcement of
specific handling methods for special uranium compounds and ore.
Monitoring schedules both for uranium and for radiation (largely for
radium and radon) were carried out for the over-all control of the
amount of hazardous material to which workers in each of the plant
localities were exposed. ’

Analysis of Data, Analysis of the data from these installations is
complicated by turnover of labor and shifting of personnel so that,
although several hundred individuals were employed at all times, a
consecutive record of laboratory data covering 2 years of study is
available on only a small percentage of this group. In spite of the fact
that a certain number of individuals were also exposed to radium
radiation (and possible deposition in bone) no significant abnormalities
in the examination of blood laboratory data could be attributed to the
exposure. Additional analyses were made on the urinary excretion of
uranium in selected individuals receiving heavy exposure. These re-
sults were not abnormal. Urinary-catalase-excretion studies were
also carried out and, as shown elsewhere, gave no positive results in
the absence of obviously chronic renal abnormalities from causes
unrelated to the exposure. These included chronic nephritis, cardio-
renal disease, and the like.

In conclusion it must be stated that, again within the limits of the
method, no demonstrable changes that could be attributed to the ura-
nium exposure were observed.

(4) Large Uranium-processing Plant. Type of Work. The type of
work carried on in these plants differed from that described previ-
ously inthat only one or two uranium compounds were used, and, more
important, the operating procedures were such that very little ma-
terial was allowed to escape into the factory air. Hence, although
many people were employed, actual moderate to heavy exposure oc-
curred in relatively few individuals. Such exposure was for the most
part accidental in type. In addition to the routine plant processing, a
research laboratory was maintained for the investigation of changes
in processing methods as well as-analyses of the product. This in-
volved problems somewhat similar to those already discussed in
Sec. 3.2 (1).

Physical Status of the Workers. The physical status of the workers
for the most part was that characteristic of any labor population re-
cruited from a large portion of the United States and brought with it
certain specific problems that would influence any analysis of lab-
oratory data. Such a problem was exemplified by the presence of
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hookworm disease in individuals recruited from the South, and the
effect of this parasitism inproducing abnormalities in the white-blood-
cell count. A high percentage of women was employed here also. This
{s somewhat different from the condition existing in the other smaller
installations.

Type of Exposure. The type of exposure was confined to inhalation
and skin absorption of a single compound, plus the exposure to certain
special compounds occurring as by-products. Certain special ma-
terials that in themselves are toxic and capable of producing kidney
abnormalities were developed for the processes. Combined engineer-
ing and special safety procedures reduced all hazards to 2 minimum.
Coupled with this was the high monetaryvalue of the purified uranium,
which made it imperative that all steps be taken against its loss in the
plant in any way and therefore reduced the secondary exposure of the
plant personnel.

Analysis of Data. The analysis of the data obtained on these thou-
sands of individuals has been carried out elsewhere. Results, however,
show that any existing abnormalities occurring in either blood or
urinary examination would be completely explainable on the basis of
extraneous causes and cannot be attributed to the uranium. No in-
stance has been found in this area of injury to an individual’s health
primarily due to specific uranium toxicity.

Elaborate monitoring procedures have been carried out. These
included the regular scheduled examination of air for concentration of
uranium'dust by the electrostatic precipitator or filter methods. An-
alyses of the 24-hr concentration of uranium in the urine have also
been carried out on possible high-exposure cases. Correlations be-
tween the degree of exposure by inhalation and the urinary uranium
content have been attempted. No consistent relationship has been
demonstrated in the studies carried out to date.

Inconclusion it is again evident that, within the limits of the method,
no demonstrable changes that could be attributed to the uranium ex-
posure were observed. -

4. SPECIAL EXAMINATIONS AND STUDIES

A series of studies of more extensive type have also been carried
outon groups of individuals employed inthe various processing plants
discussed inthe previous section. Some of these, the catalase studies,
have been described elsewhere in connection with the reports on the
animal experiments (Chap. 14). All such studies demonstrate that
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injury by uranium compounds to the normal kidney is almost non-
existent in the uranium-processing plants of the Manhattan District.
Two other studies that have not been mentioned were also carried

out. It was obvious that the routine laboratory studies carried out on -

- all personnel exposed to hazardous compounds would not include many
of the elaborate analytical procedures used by clinical medicine and
physiology to demonstrate minimal changes in the function of the
kidney, blood-forming organs, and liver. Studies of this type were
necessary. The general plan consisted of the selection of a group of
individuals who had received known heavy exposure to certain uranium
compounds over a known period of time, and the use of all the most
selective tests on them to determine whether any damage could be
demonstrated. Two such studies were carried out and will be dis-
cussed in detail.

4.1 Study 1. The purpose of this first study was to evaluate as
completely as possible the physiological status of 10 men who had been
"~ working for 5§ to 9 months in an industrial plant processing hexa-
fluoride. As has been discussed under the acute cases reported in
this chapter, this compound has hazardous properties, probably largely
caused by its hydrolysis products, uranium oxyfluoride and hydro-
fluoric acid. The number of men used in this study was small, but,
inasmuch as they held a variety of positions in the plant, they could
be considered to roughly represent what might be termed a small
cross section of the employees. The men were hospitalized for 2 days
and the following procedures carried out:

a. Medical histories
b. Physical examinations
1. Dental examinations
¢. X rays of chest
d. Electrocardiograms
e. Hematopoietic system evaluation
1. Hemoglobin
2. Erythrocyte count
3. Leucocyte count
4, Differential examination
5. Hematocrit
I. Liver-function evaluation
1. Electrophoretic study of serum protein
2. Prothrombin time
3. Bromsulfalein liver excretion test
4. Total plasma bilirubin
5. Fasting sugar
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g. Renal function

1. Blood metabolites
Nonprotein nitrogen
Urea nitrogen
Calcium
Phosphorus
Chlorides

2. Metabolites in urine
Urinary amino acid nitrogen
Urinary creatinine excretion

3. Routine urinary analysis

4. Renal-clearance tests
Chloride clearance
Urea clearance
Creatinine clearance

h. Special tests
1..Urinary catalase
2. Quantitative uranium content of urine excreted in a 24-hr
period
3. Quantitative fluoride content of urine excreted in 24-hr
period

An analysis of these studies showed no discernible serious toxic
effects that might have occurred as a result of exposure to the ura-
nium hexafluoride.

It might be of interest to mention that the concentration of uranium
in the urine ranged from 0.01 to 0.04 mg/liter per 24-hr period.
From these f'igures it seems very doubtful that these men incurred
high exposures to the uranium.

The urinary fluoride concentrationranged from 0.22to 0.44 mg/liter

per 24-hr period. This is well below the upper limit of the normal
range of fluoride in urine (1.5 mg/liter).

4.2 Study 2. This study concerned itself with the examination of
31 individuals who had been exposed to uranium trioxide, tetraoxide,
or tetrachloride in dust form for periods of more than 1 year. During
2 portion of this time all were exposed to concentrations of these

compounds in excess of the recommended 150 ug of uranium per cubic
meter of factory air.

The following studies were carried out:
a, Medical histories
b. Physical examinations
c. X rays of chest
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d. Hematopoietic system evaluation

1. Hemoglobin

2. Erythrocyte count

3. Differential examination

4. Leucocyte count

5. Sedimentation rate

‘e, Renal function

1. Blood metabolites
Nonprotein nitrogen
Urea nitrogen
Chlorides
Total protein

2. Routine urinary analyses

3. Renal-clearance tests
Chloride clearance
Urea clearance
Creatinine clearance

{. Icteric index
g. Special tests

1. Urinary catalase

2. Urinary uranium

An analysis of these studies revealed no abnormal findings that
could be considered to be due to chronic exposure of these workers
to uranium compounds.

Mention must also be made of the analyses of teeth and bone re-
moved from exposed workers for uranium content. These indicate
that the amount of uranium absorbed and stored by the human being
working in such industry is quite small. The hazard that mxght occur
from such storage is in all probability negligible.

5. CONCLUSION

In conclusion this study indicates that, within the limits of the
methods employed, no specific evidence of chronic injury to workers
employed in any phase of the uranium industry has occurred as the
result of the peculiar toxicity of uranium. It is of course possible
that changes may develop in some individuals at a later date, but the
experience already gained in animal observations indicates that this
is unlikely.

Hence the standards set for the industry on the basis of 150 ug of
uranium dust per cubic meter of factory air and the maintenance of
this by suitable engineering and safety procedures have resulted in
the protection of the industrial worker in the uranium industry as far
as can be determined by the most selective methods.
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by now become more or less accustomed to occasional routine blood
counts. In many plants it is easy to obtain urine samples, whendesired,
{rom cooperative employees. Thus, methods of detecting early changes
inthe blood or in the urine not only serve as criteriafor following the
acute and chronic toxic effects in exposed animals but also have a
special value as possible aids to the medical supervision of plant

employees.

4.7 Restriction of Survey Studies on Human Beings. The impor-
tance of good animal experimentation is emphasized by the fact that
experimental groups of human subjects are unavailable under any
circumstances. On several occasions when an especially promising
and delicate method for detecting early signs of uranium poisoning
was perfected inthe laboratory, volunteers from amongthe laboratory
workers would come forward asking that they be permitted to take
small amounts of uranium and apply these tests to themselves. Such
exposures were never allowed.

There is one group of human beings, the industrial personnel han-
dling the uranium compounds, in which there was a necessary and
unavoidable exposure. This exposure was always maintained at the
least possible level, and frequent medical checkups protected the health
of these workers. The medical findings were so consistently negative
that most of the basic information on the health practices for em-~
ployees in uranium plants would not be known if experimental animals
had not been used.

4.8 Prophylaxis. The practices of vaccination and immunization
against certain erstwhile dangerous infections have been so successful
that inevitably some reliable protection was sought against uranium
poisoning. The questions were: Is such protection possible? I so,
what is the mechanism by which the body achieves this degree of
resistance? Are there any practical methods that would improve the
safety of working conditions? Although to date these investigations
have not been fruitful in the prophylaxis of uranium poisoning, the
dilizence of inquiry is plainly visible in the following pages.

4.9 Treatment of Uranium Poisoning. Accidents do happen, and it
seemed inescapable that now and then some series of misfortunes
would provide a sufficient exposure to produce some evidence of
poisoning. Attempts were therefore made to find any agents that would
alleviate or improve the condition of animals either acutely poisoned
or undergoing a long-term chronic exposure. Studies of the mecha-
aism of poisoning shed-light on the methods by which treatment might
be instituted. A number of agents were examined and evaluated as to
the efficacy and danger of the antidote in comparison with the danger
of the poisoning. :
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Vol. VI-1, Ch. 16, pages 993-1017
National Nuclear Energy Series

"Studies on Human Exposures to Uranium Compounds' by Joe W. Howland

Report on cases of accidental exposures.
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From Vol. VI-3 (Fink) National Nuclear Energy Series (Biological Studies
with Polunium, Radium and Plutonium)
Chapter 4

1. Discusses radium poisoning in work with animal, human occupational
exposures, and human experimentation.

2. Single intravenous injection in man by Seil in 1915,

‘ 3. Series of patients given radium chloride orally on I.V. by Schlundt
. in early 1930's.

4, Group of 25 mental patients given radium chloride I.V. in 10 ug doses
weekly for 2 to 10 mo. by Schlundt in 1933,

5. One mg of radium injected in human - by Cameron and Viol (1915).




