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HE MANNER in which foreign materials are eliminated from T the lungs has long been oi interest. Robertson has summarized 
previous investigations. In  general, it has b2en shown that particles 
inhaled into the lungs may be eliminated in two ways. In  both 
mechanisms the particles are engulfed by phagocytes. Following this, 
some particles, such as silica, are carried into the lymphatic system 
of the lung by p!.ragocytes migrating through tile alveolar lining.' 
Concerning the other mechanism of elimination it is postulated that 
particles are transported as far as the ciliated epithelium of tile respiratory 
bronchioles, where they are swept out by ciliary action. The cells 
responsible for transporting them to the respiratory bronchioles have 
been identified as dust or septal cells. Fried8 'expressed the belief 
that they are mesenchymal in origin. 

McCutcheon's' studies of chemotaxis have shown that the phzgo- 
cytes of the lung are specialized with respect to the kind of particle which 
they will engulf. He listed polymorphonucear cells as being positively 
chemotactic to collodion particles, bacteria, and tissue proteins, negatively 
chemotactic to aluminum silicate and indifferent to carbon particies. 
I n  this respect they are in contrast to dust or septal cells, which 
phagocytose carbon. Dust cells and monocytes do not display positive 
chemotaxis but accomplish their work by means of random locomotion. 

This work was performed under Ccntrac: W-740j-cng-48A of the University 
of California under the Unitcd States Atomic Diergy Cornmissicm. 

From the Divisions of Radiology and Medicine, University of California 
Medical School, San Francisco, and the Division of Medical Pliysics and Crocker 
Laboratory, University of California, Eerkeley, Calif. 

1. Robertson, 0. H.:  Physio!. Rev. 21:112, 1941. 
2. Cole, L. G., and Cole, W. G :  Pneumoconiosis (.Silicosis) : The Story of 

Dusty Lungs; a Preliminary Report, New York, John B. Pierce Foundation, 1940. 
3. Fried, E. M.: Arch. Path. 17:76, 1934. 
4. McCutcheon. M.: Arch. Path. 34:167. 1942. 



i 

2 I 

t 
4 
i 

32 

- 

ARCHIVES OF PATHOLOGY 
b The hazards of \-arious industrial materials in the lungs have been of 

concern for many years. Pulmonary elimination and/or absorption 
of materials became a matter of even greater concern with the release 
of nuclear energy and tile attendant possibility of the accidental release of 
the products of nuclear fission. However, the production of fission 
products and fissionable materials had its compensations as far as 
radiation hazards were concerned, in that the materials which were 
possible sources of danger because of their radioactivity were by the 
same token useful tools in the study of the function of the lungs. 

Of the several technics available ior studying the transport of 
radioactive materials in the body two were used in these studies. One 
was the quantitative determination of the behavior of the radioactive 
materials administered bx observing the fate of a known amount of 
active material introduced into the lungs. This was done by measuring 
the radioactivity of the animal tissues and excreta with a Geiger- 
Miiller counter in the detection of beta and gamma radiation and the 
parallel plate linear amplifier combination in that of alpha particles. 
The second was the deterniinatioii of the esact location of the particles 
in lung tissue. This can be done through the use of tlie technic of 
radioautography. Radioautographs were taken oi lung sections at 
several per ids  of tinie after the lungs had been esposed.to the radioactive 
aerosols used in these studies. 

The inforiliation gained from these two methods places the investi- 
gation on a quantitative basis. Since the materials can always be 
followed bccause oi their radioactivity, it is possible to determine 
the various fractions following any particular route as well as the time 
it takes for translocation to occur. 

The elements used were administered as smokes and sprays. The 
smokes and sprays were composed of particles oi plutonium, uranium 
and the fission products of both of these materials. The mixture of 
radioactive fission products contained principally strontium (Sr)  , yttrium 
( Y )  , zirconium (Zr) , columbium (Cb) , ruthenium (Ru) , barium (Ba) ; 
lanthanum (La), cerium (Ce), cesium (Cs), praseodymium (Pr) ,  
neodyniium (Xd) and element 61 at tlie time of the assay of radioactivity 
in organs, liver, and escreta. Zirconium and protoactinium (Pa) were 
studied separately as well. 

METHODS OF STUDY 

The manner in which radioactive material is assayed when present in biologic 
tissues has been adequately described elsewhere5 

5. (a) Hamilton, J. G.: The hletabolisrn of Carrier-Free Fission Products 
in the Rat, MDDC 1275. June 1946. Technical Information Division, U. S. 
Atomic Energy Commission, Oak Ridge, Tennessee. ( b )  Scott, K. G.; Axel- 
r o d  D. J.: Crowley, J.; Lanz. H.. and Hamilton. J. G.: Studies on the Inhalation 
of Fissionable Materials and Fission Products and Their Subsequent Fate in Rats 
and Man. MDDC 1276. October 1946. (c) Hamilton, J. G.: Radiology 49:325 
and 343, 1917. 
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The methods which were used to deposit radioactive aerosols in the lungs 
of rats are as follows: With the exception of the one study of a human subject, 
young rats weighing between 200 and 300 Gm were used in all experiments. The 
rats were prepared for exposure with an intraperitoneal injection of pentobarbital 
sodium. The dose was 40 mg. per kilogram of bcdy weight for male rats and 30 
mg. per kilogram for female rats. After the rat was anesthetized, the whiskers 
on the nose were closely clipped. The lips were fastened together with a three- 
cornered stitch between the lower lip and the two halves of the u p m  lip. The 
mouth w a s  further sealed up with celloidin (a  concentrated pyroxylin), and a t  
the same time the glass nose piece was cemented in place (fig. 1). This procedure 
completely scaled off the openings of the mouth and directed the rat's respiration 
through the nasopharynx. In order to complete the exposure, the glass nose piece 
of the rat was plugged into the aerosol chamber with gum rubber tubing (figs. 2 
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Fig. 1.-A rat prepared for exposure to aerosol, with nose piece in place and 

mouth sealed with celloidin. 

and 3). After being exposed to the aerosol under study, the rats were placed in 
metabolism cages so that fecal and urinary excretions could be collected separately. 
The animals were killed at varying times after exposure, and their tissues, urine 
and feces were assayed for thc element being studied. 

The animals used in these studies were given the following materials as 
aerosols. 

1. Plutonium oxide (PuO,) produced by burning both the metal and the salts 
of plutonium. 

2. Plutonium nitrate (PuOz(NO,),) as a spray. 
3. Fission products combined with their parental elements, plutonium and 

uranium, which had been previously exposed to intense and prolonged neutron 

I 
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k d i a t i o n  Both the plutonium and the uranium were burned in the metallic 
state, thus producing aerosols of their oxides and the oxides of most of the fission 
products. 

4. Carrier-free fission products, free of uranium and phtonium and containing 
very small amounts of inactive isotopic elements. They are described as being 
carrier free because of the fact that they were prepared without inclusion of their 
stable isotopes during their chemical separation from uranium and plutonium. 
Most of these also were primarily in the form of their oxides 

5. Aerosols of carrier-free zirconium or zirconium oxide (ZrOt). 
6. Aerosols of protoactinium as protoactinium oxide (P~LOS). 

Adjustable 
corbon r a d  hcfder 

Gasket  +ea 

Fig. 2.-The exposure chamber used to produce aerosols by burning the radio- 
element, deposited on graphite electrodes, in an electric arc. This was done in an 
atmosphere of pure oxygen in order to prevent the formation of poisonous amounts 
of carbon monoxide. The bakelite leads were connected to the rat's nose piece 
with gum rubber tubing. The exposure was made by striking an electric arc 
between the two electrodes. The exposure time was about 30 seconds. 

The specific aerosols used in these studies were prepared as follows: 
1. Plutonium nitrate as PuOl(NO,), is soluble in ethyl ether. Advantage 

w a s  taken of this property by introducing the plutonium nitrate into the exposure 
chamber as a spray. Verx small particles free from e'her were produced by iorcmg 
the ether-plutonium solution through a gold jet after it had becn allowed to come 
into equilibrium with carbon dioxide at  a pressure of 760 pounds per square inch 
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GasArt rraf 

tainfess s t e a l  
S u d d  with 

[ithary c c r m d  

--- 

Platinum nrcdfe vaf 

'thick go(d washer 

2mm.pyrrx gfoss capt.llary . 
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pmduct contotner 

Fig. 3.-Diagrammatic sketch of the equipment used to produce aerosols of 
plutonium nitrate ( P u O ~ [ N O ~ ] ~ ) .  The plutonium nitrate dissolved in ether, with 
carbon dioxide in the lower chamber, is forced through the gold jet a t  760 pounds of 
pressure into the upper evposure chamber. As the ether evaporates in the warm 
chamber, the plutonium nitrate aerosol is suspended. Its droplet size is further 
reduced by the extreme effervescence of the carbon dioxide in the ether a t  
atmospheric pressure. 

The drawings in figures 2 and 3 were made by Mr. Gaines Heim. 
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(53 Kg. per square centimeter). An effervescent ether-plutonium solution was 
produced when the jet was directed into the warm exposure chamber, the tanper- 
ature causing the ether to waporate. The plutoniuni yielded to the rat was about 
10 per cent of the total plutonium used in the spray. The latter amounted to about 
300 micrograms of plutonium per exposure. The exposure time was 3 to 4 
minutes. The equipment deriscd to produce the plutonium nitrate aerosols is 
shown in figure 3. 

2. Aerosols of plutonium in the plus four state as plutonium oxide (PuO,) 
were produced by burning the plutonium salts and the plutonium metal itself. 
In the former instance, the solution was evaporated on graphite electrodes, and 
in the latter the metal was embedded in holes drilled in the centers of the 1/16 
inch graphite rods. In both cases the electrodes plus the plutonium were burned 
in an atmosphere of oxygen in an electric a r c  Two hundred micrograms of 
plutonium were burned for each exposure. The amounts yielded to the rats varied 
from 4 to 7 per cent of the material burned. The exposure consumed 30 to 60 
seconds. One type of equipment used is shown in figure 4. 

3. Aerosols of fission products occluded in uranium as uranium oxide (USOS) 
and plutonium as plutonium oxide (PuO,) were produced in a similar manner. 
At the time of exposure the radiations from the fission products predominated. The 
ratio of fission product disintegrations ta the alpha particles arising from the 
uranium was about 20,000 to 1. The age of the fission products was 2 to 3 months. 
About 80 mg. of uranium metal was burned at each exposure of 30 seconds' duration. 
The yield to the rats was about 1 per cent. 

4. Carrier-free fission products were also prepared as an aerosol by eiaporating 
the uranium-free solution on graphite rods and burning these. The solution of 
fission products used was 6 months to 1 year old Owing to this fact, the fission 
products with short half-lives had decayed away. The fission element< remaining 
then were composed primarily of Sr 89 and Sr 90, Y 91, Zr 95, Cb O 5 ,  Ru106 and - 5. Zra9 was used in a study of a human subject (one of us). The short half-life 
of this material, as well as the absence of long-lived radioisotopes, precluded an): 
danger of excessive amounts of radiation to  the subject The active material was 
suspended as an aerosol in argon as follows: The Zrsg solution was eiaporated 
on two concave gold buttons 1 cm. in diameter. It was then dispersed in argon by 
passing 15,OOO volts between two electrodes which were placed 5 mm. apart. A 
0.01 microfared condenser was connected across the high voltaee line. Oxygen w a s  
avoided in the chamber because cf the production of undesirable amounts of ozone. 
Approximately I microcurie of Zr89 was inhaled by placing in the left nostril 
a short rubber tube which was also connected to the generatcr. The inhaled Zr 
was exhaled through the mouth into a glass wool filter, followed by several breaths 
of inactive air, so that the percentage of material exhaled could be calculated. 
6. Carrier-free protoactinium, which has a 30 day half-life, was prepared as an 

aerosol by sparking evaporated Pa233 solution on a gold electrode in a high 
voltage electric discharge. This was administered to rats in the same manner 
as Zra9. 

Except in the Zr *B and protoactinium studies, the size of the particles produced 
by the aerosol generators was determined by collecting representative samples on 
amyl acetate films. The particle size was estimated with the aid of an electron 
microscope. 

The lungs, kidneys, liver, spleen, skeleton, gastrointestinal tract, head, skin 
and the balance of the rat, as well as the separated excreta, were assayed for 
the radioactive material which was administered either as an aerosol or included 

; 

Ru 10*, Cs 135, Ce 1.4, and element 61 7 
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with the aerosol. These assays were performed on groups of 3 to 7 rats at 
periods as long as 256 days aiter exposure. A detailed report of the amounts 
of the active material deposited in various tissues of the rat as well as the metab- 
olism of these elements is presented elsewheres Only values obtained for the 
head, lung and skeletal deposition, the daily rate of excretion, the partide size 
and the radioautographic studies are included in this report- 

Fig. 4.-Photograph showing the complete aerosol exposure system. The . anesthetized rat is breathing oxygen, a t  a rate illustrated by the flowmeter, along 
with the active aerosol produced in the electric a r c  

in the animals by injecting 80 per cent alcohol (pa approximately 8 )  into them 
through the trachea. Zenker-formaldehyde solution could not be used as a 
furative, because it was found to cause fogging of the x-ray film. Formaldehyde 
solution U. S. P. could not be used, because it leached plutonium from the tissues. 
After 24 hours' fixation. the lungs were dehydrated in dioxane and embedded in 
parafiin. Sections 10 microns m thickness were cut and mounted on microscopic 
slides. . The paraffin was removed with xylene. A thin protective covering of 
celloidin was used on the section. Each slide w a s  placed in contact with a 

r .  
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piece of 310 scrcen" x-ray film and wrapped in black paper to exclude light. 
Lead weights were u x d  to press the film and the tissue together. The details of 
the procedure used have been reviewed elsewhere by Axelrod and Hamiltone 
After the films were exposed and developed, the lung sections were stained with 
hematoxylin and eosin Photomicrographs of representative slides and their 
radioautographs are presented in this report. 

RESULTS 

The aerosols studied here were, in general, deposited in the same respiratory 
areas of the rats despite their rather different origin and physical and chemical 
properties. Immediately alter exposure the major proportion of them were found to 
be distniuted from the nasopharyngeal region down through the bronchia tree and 
into the alveoli of the lungs The rate at which this general region functioned in 
the remcval of.the aerosols was composed of two very different time intuvals. 
The presence of ciliated epithelial cells allowed almost complete removal of the 
active particles in a matter of hours. This relatively rapid removal of material 
deposited on the ciliated epithelium agrees with the ciliary removal rates reported 
by Proetz.7 In the regions of the lungs, such as the ductus alveolaris and the alveoli, 
the removal of any large percentage of an aerosol consumed a range of time of the 
order of many months. The route of remolal was primarily via the bronchial t r e t  
Since plutonium and the majority of the fission products given are not absorbed in 
the gastrointestinal tract to any extent, the material excreted via the bronchial tree 
could be detected in the fecal fraction of the urcreta.5~~ e However, the products 
of fission which are comparatively recent contain appreciable amounts of Bax'O. 
which has a half-life of 12.5 days. In addition, all the solutions contained Sr *e 
and Sreo, which have 55 day and 25 year half-lives, respectively. As shown by 
Hamilton,se these two elements would have bern absorbed to some extent through 
the lungs had they bcen in solution, since they are absorbed from the intestinal tract 
when administered orally. The absorbed portion amounted to from 5 to 60 per cent 
of the total amount given Of the absorbed portion, 65 per cent was found deposited 
in bone It follows, then, that a low bone deposition of these fission products suggests 
that they were locked in insoluble particles when administered as aerosols. In these 
studies the insoluble particles could have been carbon, plutonium or uranium in 
Combination with their oxides. 

Plutonium Nitrofe (PwOl[NOs],)  Spoys.-Table 1 shows the fate of plutonium 
nitrate when administered to rats as a spray, the plutonium being in the plus six state. 
At 10 minutes after exposure the lungs and the head, the latter including the region 
above the trachea, contained approximately the same amount of aerosol I t  can be 
seen that the pIutonium was removed from the head quickly and was found in the 
fecal faction. After one day the lungs continued to lose plutonium. but at a rate 
much more slonIy than the head. The plutonium which was transported across 
the capillary barrier of the alveoli by whatever means eventually found its way to  * 

bonc This transport was not a great factor in the elimination of the pulmonary 
plutonium, since the highest value obtained was 12 per cent of the total 64 days after 
administration The total fraction of plutonium absorbed from the lungs was 
probably of the order of 20 per cent of the amount retained in the respiratory tract, 
since 60 to 70 per cent of plutonium absorbed after intramuscular injection is 
deposited in bone. 

6. Axelrod, D. J., and Hamilton, J. G.: 

7. Proetz. k W.: J. Laryng. & Otol. 49557, 1934. 

The Radioautographic Technique, 
U. S. Nav. M. Bull., (Supplement) March-April 1948, p. 122. 
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In addition, the absorption of plutonium occurred promptly, since there w a s  little 
additional plutonium deposited in bone after the fourth day. The aerosols were 
removed from the head and the lungs by being passed up the bronchial tree, since 
they were detected primarily in the feces. This iccludes tlie fraction that was 
initially deposited on the ciliated epithelium of the upper respiratory tract and w a s  
rapidly swept out, as well as that retained and slowly eliminated from the alveoli. 

Radioautographic studies were made at  10 minutes and 16 days after exposure 
At the 10 minute interval the ciliated passages of the lungs, as well as the alveoli, 
contain deposits of plutonium (fig. 5 A). At 16 days, however, deposition appears 
to be primarily in areas included in the ductus alveoiaris and its primary lobules 
(fig. 5 B). The data shown in table 1 demonstrate a reduction of plutonium for 
all areas of the lung. 

PfIctonium O d e  Aerosols Prcpa-ed franc Plutonium Metal and Salts of 
Plutonium.-Plutonium oxide particles were produced by burning plutonium with 
graphite in an electric arc in an atmosphere of oxygen In  this cax plutonium was 
presented to the rats in the plus 4 state and probably as some plutonium metal. 
Its chemistry in the plus 4 state is somewhat similar to the lanthanide series of rare 
earths. This is in contrast to the plus 6 state of plutonium resulting when the 
plutonium nitrate sprays were used. The latter compound, PuOr(hT01)., is more 

TABLE 1.-Fate of Plrrtonircm Inhaled as Plutonirrm Nitrate Spray 

Percentage of Total per Organ a t  Glven T h e  
After Erpoaure of Rats 

1OYLn. 1Dny 4DaS8 16DasS (WDays 
Lung0 ................................ rs_ SB 98 91 9 
Head- ................................ 31 4 12 os 0.1 
Bone .................................. s a 11 1 .Q 12 
Dally rate of ellminatton ........... t3 S OS 0.s 

similar in chemical characteristics to uranyl salts of uranium. The particle sizes 
produced by the electric arc varied from 0.06 to 38 microns. Their average size 
was 0.49 micron (fig. 6). 

Tables 2, 3 and 4 summarize the results obtained with p!utoniun oxide 
aerosols. It can be seen that the results are similar to those obtained with the 
plutonium nitrate sprays with the excepticn that relatively little of the aerosol w a s  
absorbed into the blood stream, as evidenced by minimal deposits in the bones. 
Consequently, less was found in the organ of primary deposition, bone. Plutonium 
oxide aerosols are gradually removed from the nonciliated areas via the bronchial 
tree. This removal takes a much longer time than that of the aerosols deposited 
in the portions of the respiratory tract abovz the trachea, which are included in 
the head fraction, as well as those deposited on the ciliated epithelium of the 
bronchial tree. The plutonium oxide aerosols are eliininated in the same manner 
and a t  comparable rates whether they are produced by the burning of plutonium 
salts or by the burning of the metal. 

The actual amount of plutonium administered to the rats used in these studies 
varied from 1 to 3 micrograms per animal. This amount would have given the 
lungs of the rats about 2 roentgens ( r )  per day. In this case the electron 
microscope pictures suggest that some of the aerosol existed as the metal. Further- 
more, it is worthy of attention that the aerosol particles appear to follow the same 
path whether they are detected by following the alpha activity of the plutonium or 
the beta and gamma radiations of the fission products incorporated in the plutonium 
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Fig. 5 A.-Radioautograph (lower) and lung section (upper) showing Dul- 
monary dcposition of plutonium oxide aerosol obtained by burning plutonium chloride 
and plutonium nitrate The rat was killed ten minutes after exposure. Plutonium 
is heavily deposited on ciliated bronchial surfaces and in alveoli. 
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Fig. 5 B.-Radiograph (lower) and lung section (upper) showing pulmonary 
deposition of plutoniunl oxide aerosol obtained by burning plutonium chloride and 
plutonium nitrate. The rat was killed sisteen days atte: exposure. Plutonium has 
been almost completely cleared oE of the ciliated surfaces and is located in alveolar 
structures. ( x 10.) 
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particles. These results are in agreement with our view that the particles them- 
selves were being followed rather than any one element or group of elements, 
since the handling of fission products of this age would have been different from 
that of plutonium (also the carrier-free fission products mentioned on an earlier 
pages). Less than 2 per cent of the total material administwed as plutonium was 
absorbed through the lungs to enter the blood stream and be deposited in the 
skeleton With respect to the fission products, the amount thus absorbed mas 
about 7 per cent. 

Radioautographic studies suggest that the alveoli were the major area of 
retention of the inhaled plutonium fission product aerosols after the material laid 
down on the ciliated passages of the lungs had been expelled (figs. 7 A, B, C and D). 
At the time of exposure 10 fission product disintegrations were occurring for each 
alpha particle emitted from the plutonium. The plutonium was prepared by placing 
plutonium metal in graphite electrodes. These were placed in the deuterium 
oxide pile at the Argonne National Laboratories. At the time of the production 
of the aerosols the fission products had an average age of 2 months. \Ve estimate 
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Fig. 6.-Electron micrographs of plutonium oxide aerosols produced by burning 
plutonium metal on graphite electrodes in an electric arc. ( x 8,000.) 

that 2-5 per cent of the film darkening was due to alpha particles and 75 per cent 
to fission product particles. 

Aerosols Composed of Uraniiim Oxide Con faixing Fission Prod1tcts.-Aerosols 
similar to those composed of the plutonium oxide fission product particles just 
discussed were produced by burning uranium wire in an electric arc. Smoke 
particles produced in this manner would be quite comparable to those which 
might arise from accidental destruction of a uranium pile. The uranium wire 
had been previously placed in the Clinton pile at Oak Ridge, Tenn, and the fission 
products were produced by prolonged neutron irradiation. About 60 days elapsed 
between the time of their removal from the pile and the production of aerosols for 
inhalation. Although the partide sizes produced on burning ranged from 0.06 
to 9.4 microns, the average particle was larger than those produced froin plutonium 
by about a factor of 2, being 0.97 micron in size (fig. S). This increase in 
particle size is apparently reflected in the relatively greater entrapment in the 
respiratory structures of the head. This greater deposition observed in the head 
as compared with the lungs agrees with the observations of Barclay and co-workers,* 

Am. J. Roentgenol. 8. Barclay, A. E.; Franklin. K., and MacBeth, R G.: 
SS:673. 1938. 
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who showed that bismuth carbonate dust particles 2 to 12 microns in size were 
not deposited past the respiratory bronchioles and with those of Policard,Q who 
showed that silica and coal particles larger than 10 to 12 microns were not found 
in the alveoli of miners. Table 5 summarizes the results obtained by exposing 

TAIPLE 2.-Fate of Plutonium Inhaled as Plutaiakwt Oxide Aerosols Made by 
Rurni?ag Plicfottiirnr Metal Embedded in Graphite 

.e the major area .of 
after the material laid 
figs. 7 A, B, C and D). 
ere occurring for each 
as prepared by placing 
ced in the deuterium 
.ime of the producticn 
months. !$'e estimate 

Percentage of Total Adrninktercd per Organ a t  
Given Time After Exposure of Rats 

10Xh. lDay 4Days 16Days 6lDays . 
Lunm ....................... .......... n .. 42 20 11 
Head .................................. 60.2 .. s 09 0.1 
Bone'................................ 1 .. 0.5 0.4 0.4 

Dally rate of elimination ........... 23.7 01 0.4 <O.OO'l 

f 

The relatirely hlgher ralun obtained for hone 10 miantea after exposure are not considered 
to be slgnitlcant. since there I$ a possibility that the mimab were contaminated with the 
aerosol deposited on the nose and face. 

i 
TABLE 3.-Fate of Plidoniirm Inlided as a Ptntmritcm Oxide Aerosol Prefiared by 

Burning Plutoniicm Metal Embedded in Graphite I 

Pnecntage of Total Administered per Organ at 
Glren Time After.Expowre of Rats 

'1OYin. ]Day 4Dayh 16Dass &Days ?.-%Days' 
Lunrr .................................. 34 95 ¶7 m 12 4.8 
Head ................................... 69 . 13 O S  02 0.5 0.01 

0.8 L5 02 Bone. 1 9 1 ................................. 
Dally rate o! excretion .............. 185 6.4 1 0.2 0.01 

* The values obtained for the skeleton could hare been bigb because of outslde contamina- 
tlon of the skeleton occurring when the rats were dissected at  10 minutes. 1 das and 4 dam 
after exposure. 

f 

Produced by burning 
x 8,ouO.) 

TABLE 4.-Comparatiz~e Fate of Plutonium Oxide Aerosols Containing Products 
Created by Fission of Pldoniitm Metal in u Derifen~un: O d e  Pile :icles and 75 per cent 

J Prodrrcts.-Aerosois 
mduct  particles just 
electric arc. Smoke 
able to those which 

The uranium wire 
Tmn. and the fission 
*bout (%) days elapsed 
w i o n  of aerosols for 
1L w g e d  from 0.06 
iuccd irom plutonium 
). T5.i~ increase in 
r c":r,prnent in the 
rJJsWr.ed in the h a d  
clay and co-workers,a 

A m  J. RctntgenoI. 

Fcmntara o! Total Admlnistered per Organ at 
Giren T h e  After_Exposure of Rats 

10 ?in. 1 Day 4 Days 

An Pu A8F.P. As PU As F.P.  As Pu As F.P. 
rl " 

.................................. 56 Lungs 41 (3 .. .. 61 
Head ................................... 33 40 .. .. 2.4 2 4  
Bone. ................................. 9: 8 .. .. 2 1 
Dally rate o! excretlon .............. 19 23 0.6 4 

16 Days 64 Days . 128 Daya ., -c-h--\ 
As PU As F.P. As Pn As F. P. As Pu As F. P. 

1 

i 

Lnnga .................................. 16 17 8 a 15 9 
Read ................................... 03 OS 0.2 0.1 0.1 0.9 
Bone. ................................. 2 9: 0.01 03 0.01 0.4 

Dally rate of excret!on .............. 0.3 0.9 02 0 9  0.5 0.1 

The values obtained for the ekeleton could hare been hlgh kcausc of outslde contarnlaa- 
tlon of the skeleton occurring during dlsscction oi tbs rats a t  10 mlnuta, 1 day and 4 days. 
.Iter exposure. i 

i 
9. Policard, A.: Bull. d'hist. appliq. i la physiol. 7:337, 1930; 8:190, 1930. 
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rats to uranium aerosols. It can be seen that thedimination of the aerosol is via 
the bronchial tree and that the rate of elimination is comparable to that of plutonium 
aerosols. Relatively small amounts of fission products were absorbed and deposited 
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FiZ. 7 A.-Radioautograph. (lower) and lung section (upper) showing pul- 
monary deposition of plutonium oxide aerosol obtained by burning plutonium 
metal. The rat was killed ten minutes after exwsure. The material is deposited, 
on ciliated surfaces and alveoli. ( X  6.8.) 
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Fig. 7 B.-Radioautograph and lung section (superimposed) showing pulmonary 
deposition of plutonium oxide aerosol obtained by burning plrrtonium metal. The 
rat was killed ten minutes after exposure. The tissue section was mounted directly 
on alpha particle plates. The photomicrograph shows the alpha tracks from plu- 
tonium deposited on the walls oi two bronchi and on the alveolar epithelium 
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1 . .  * -  

Fig. 7C.-Radioautograph (lower) and lung section (upper) from rat killed 
one day after inhalation of plutonium oxide aerosol obtained by burning plutonium 
metal. No plutonium remains on the surfaces of the bronchial tree, but it is 
arranged in spots throughout all of the alveolar structure. ( X  7.5.) 
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in the skeleton. These results are in contrast with those obtained when solutions 
of fission products are admitted to the lungs by intubation About 0.1 mg. oi uranium 
was deposited in the rats along with the fission products inhaled as an aerosol. 

. -. . -  - - .  

c 

! 

? 
Fig. 7 D.-Radioautograph (lower) and lung section (upper) from rat killed 

sixty-four days after inhalation of plutonium aerosol obtained by burning plutonium 
metal. A considerable amount of plutonium remains in the lung scattered through- 
out the alveolar structure. 

This amount of uranium produced no apparent toxic effect ; the amount of radiation 
arising from the fission products was below the accepted tolerance level of 0.1 r per 

( x 8.) 
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day. In this case the percentage of fission products deposited in bone w a s  much 
g r a t e r  4, 16 and 64 days after administraticn, as can be seen from an examination 
of table 5. 

This suggests that the uranium oxide partides occluded the fission products and 
that detection of the fission products was in reality detection of uranium oxide par- 
ticles. 

The radioautographic studies shown in figures 9 A  and 9 B  demonstrate the 
areas of pulmonary deposition at 10 minutes and at  1 day after exposure to 
aerosol of uranium oxide containing fission products. The areas of deposition 
are the same as those previously noted, primarily the alveoli after removal oi 
material deposited on ciliary epithelium. 

The aerosols mentioned previously have been composed primarily of the 
oxides of plutonium, the oxides of uranium, fission products and plutonium nitrate. 
Additional studies were performed in which the active particles were fission pro- 
ducts in the carrier-free state; thus they contained relatively little mass and no 
plutonium or uranium10 Since they were burned with graphite electrodes, the 
only particulate matter incorporated with the fission products w a s  carbon. The 
actual number of radioxtive atoms which were traced was relatively sma!l, less 

: f .  , 

L 

I 

Fig. I.-Electron micrographs of fission product aerosols prepared by burning 
uranium metal plus fission products in graphite electrodes in an atmosphere oi 
oxygen. ( x 8,oOo.) 

than 10 la atoms to each r a t  With respect to plutonium, 1 to 3 micrograms was 
deposited in the lungs of rats during the exposure About 0.1 mg. of uranium was 
administered with the fission product uranium oxide aerosols studied. Since the 
major part of the fission products produce insoluble oxides on burning, they probably 
remained incorporated with the carbon particles themselves, although this is not 
certain; they were not disposed of by the lungs in the same manner as fission 
products admitted to the lungs by the tracheal intubation previously cited. The 
data obtained on the deposition and the fate of aerosols of this nature are sum- 
marized in table 7. 

Relatively small amounts of fission products were absorbed into the body and 
deposited in bone. This statement of course must be qualified with respect to the 
age of the fission products used. In this case the fission products were 2 to 3 
months old when incorporated with plutonium and uranium aerosols. The fission 
products used in the carrier-free state were from 6 months to 1 y ~ a r  old. For 

10. The carrier-free fission products were prepared at the Clinton Engineering 
Works, Oak Ridg+ Tenn 
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this reason of age, the most abundant fission products which were present when 
the radioactive assays were made included strontium, yttrium, zirconium, columbium, 
ruthenium, cesium, cerium and element 61. Ruthenium and cesium were found to 
be rapidly eliminated and not retained by the skeleton. The major portion of the 
material was eliminated via the bronchial tree. The average size of the particles 
was found to be 0.63 micron and representative pictures are presented in 
figure 10. 

TABLE S.-Distn'bution of Carrier-Free Fission Prahc t s  Administered a~ a 
Chloride Solution by Pulmonary Inticbation 

Percentage Remalnlng in Whole Organ 6t Given 
N u m k  of Days n_tter Adminntr6tion 

4 Days l6 Dam 6L D a n  
Lnngs ............................ 40 
Trachea... ....................... 8 
Bone.. ........................... 55 

2l 

61 
01 

7 
0.4 

74 

TABLE 6.-Fate of Uraniwm O d e  Aerosol in Rats WIaert the Uranium O d e  
Pmticles Arc Followed by the Detertwination of Radiocrctizdy of the Included 

F i s J i a  Products 

Rrcentage of Total Admlnktered per Organ at 
Given Time After Exposure 

lOMin. 1D.y (Day8 16Days GDaOl'' 
Lungs ................................. 12 10 5 7 4 .................................. 0.09 Head 82 7 -3.01 <om 
b l l b  .................................. 0.5 L4 19 w 1.0 
Daily rata of a u e U o n  ............. 12 3 6 01 

TABLE 7.-Fate of Aerosols Composed of Grapltitc and Carrier-Free Fission 
Products lYltpn Brmed in an Electric Arc in an Atwwsphero of 

Oxygen wad Idlaled by Rats 

Pemntage of Total Aerosol Administered per 
Organ at Given T F e  After Exposure 

U ) h .  IDay 4Days 1 6 6 y s  &Days 
Lnnga ................................. 65 .. .. 25 6 < 0.01 c0.m Head .................................. X61) .. .. 
Bone .................................. id .. .. 7.0 7 
D a b  rate of excretion ............. so 4 os O S  

In  addition to the studies described to this point, a series of rats was exposed 
to protoactinium. This radioelement, Pa 233, in the carrier-free state, was adminis- 
tered to rats as an aerosol by driving it off of gold electrodes in an electric arc in 
;m atmosphere of argon and, of course, eliminating the carbon in the aerosol. 
Less than 0.001 microgram of protoactinium was administered to these rats, and 
it w a s  presumably in the form of protoactinium oxide (PaOc). However, this 
material could have combined with particulate material and/or bacteria, the presence 
of which has been demonstrated in the lung by Jones.1: At any rate, protoactinium, 
even though in small amount, is not absorbed into the blood stream from the lung 

11. Jones, F. S.: J. Exper. Med. 36:317, 1922. 
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to any great extent The results obtained on protoactinium are summarized in 
table 8. 

As with the aerosols discussed earlier, protoactinium aerosols produced in the 
manner described in the foregoing paragraph are not absorbed into the body from 

.. - . . A  

Fig. 9 A,-Radioautograph (lower) and tissue section (upper) showing the 
pulmonary deposition oi fission product aerosol obtained by burning uranium metal 
plus fission products. The rat was killed ten minutes after exposure. The fission 
product mixture was deposited on aliated surfaces and throughout the alveolar 
structure. ( x 6.8.) 

the lungs but are eliminated rapidly from the head and more slawly from the 
lungs via the bronchial tree. 

L .~ - 
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Fig. 9 B.-Radioautograph (lower) and tissue section (upper) shonjng pul- 
monary deposition one day after exposure to fission products from burning uranium 
metal plus fission products. The material is almost completely cleared irom ciliated 
surfaces and is scattered throughout the alveotar structure. ( X  s.) 
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It i s  of interest to know how much of an aerosol is retained during one 
inspiration and how much is eliminated in the following expiration I t  is realized, 
of course, that the size of particles, the experimental subject used and the velocity 
of the pulmonary air currents will also modify the results. Some information was 
obtained from rats exposed under the experimental conditions noted in the section 

, 

- - -- I 
Fig. lO.-Eiectron micrographs of aerosols of carrier-iree fission products 

evaporated on graphite rods and burned in an electric arc. ( X  8,000.) 

TABLE %.-Fate of PfotoaCtmiU?n Aerosols When Produced by High Voltage 
Electric Discharge Betdeen Gold Electrodes in an Atmosphere of 

Argon and Inhaled by Rats 

Parentage of Total Aerosol Adrnlnietersd per 
Organ at Qivm T 9 e  After Expoarne . _-. -*- . . -c  

-. . - 10m. IDW 4 ~ a y s  iem~r ( W D ~ Y ~  
Lunm ................................. 42 -. 46 89 7 
Head .................................. s .. O S  0.4 0.4 
Bone .................................. 03 .. 8.1 oa u 
DaOy r.ta of cxcrstfon. ............ m 2 46 O S  

under "Methods of Study" by constructing a valve system which allowed the 
material exhaled by the rat to be collected separately from that inhaled. When 
plutonium oxide particles were used, 63.4, 87.6 and 66.5 per cent oi the total aerosol 
inhaled was initially retained in the animal. The particles exhaled were 0.5 to 1.0 
micron in diameter, and representative electron micrographs are  presented in 
figure 10. 
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Similar studies were done on rats and on m e  of us, carrier-free Zr 89 with a 
half-life of 78 hours being used. The Zrag was dispersed as an aerosol, probably 

, as ZrU, by the use of the electric discharge in argon described earlier in the pro- 
toactinium ucperiments. Although the material was carrier free, it was not entirely 
free of foreign particles. These traces of foreign material were introduced while 
Zr69 was being chemically separated from the target materia1 used, which was 
deuteron-bombarded yttrium oxide. In the single human study done all but 2 2  
per cent of the activity inhaled was retained. Thirty-two per cent was removed 
Y& the bronchial tree in 71 hours. This left 66.7 per cent of the activity estimated 
to have been given remaining in the lungs, presumably m the alveoli. 

The parallel experiments in rats showed that 24 per cent of the zirconium 
aerosol was deposited in the lungs and 40.9 per cent in the head; 28.8 per cent 
was uhaled and not retained. After 3 days, the lungs contained 18.9 per cent 
and the head 2.5 per cent, and 60.6 per cent had been eliminated via the bronchial 
tree, while 3.3 per cent of the Zr 89 apparently had been absorbed and deposited 
in the skeleton. 

COMMENT 

The preceding experiments demonstrate that particulate material 
1 micron in size and smaller, composed of plutonium or uranium 
and/or their fission products, which include a large series of elements 
in the central region of the periodic table, as well as protoactinium, 
are deposited in the alveolar structures of the lung, as well as in the 
air-conditioning passages of the lungs containing ciliated epithelium. 
This fact is borne out by the radioautographic evidence presented, as 
well as by the different elimination rates of ciliated epithelium as 
compared with other structures of the lung, including the ductus alveolaris 
and beyond. Despite their different chemical and physical natures, 
the aerosols used in these studies were eliminated from the lung primarily 
via the bronchial tree at comparable rates. Although the mechanism 
by which these aerosols were eliminated from the lung was not the 
problem at hand in these studies, quantitative data were obtained demon- 
strating their removal and qualitative data indicating their areas of 
deposition. I t  would appear to us that the aerosols used, under the 
experimental conditions of these studies, are removed via the bronchial 
tree, which is one of the routes suggested by Carleton" and others." 

No evidence was obtained that any large percentage of the material 
used in these studies found its way to the lymphatic system of the 
lungs. In fact, this appears unlikely, since the particles inhaled were 
continuously removed via the bronchial tree as long as 8 months after 
exposure. This suggests that the particles remained on the air side of the 
alveolar structures. The mechanism of their removal appears to be 

- 

12. Carleton, M. H.: J. Hyg. 2!2:438, 1923-1924. 
13. Gardner, I.,. U.: Am. Rev. Tuberc. 4:734, 1920-1921. Lemon, S. W., and 

Higgins, G. M.: ibid. 28:470, 1933. Drinker, C. IC: J. Indust. Hyg. S:295, 1922. 
Pcnnar, H. H.: J. M. Research 42:9, 1920. 
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the same with respect to the aerosols studied here. This can be demon- 
strated by plotting all of the pulmonary elimination data on one curve. 
This is presented in figure 11. Any of the data presented in this report 
would fall on this curve despite the difference of the materials used in 
the production of the aerosols. 

SUMMARY 

The purpose of these experiments was to ascertain the possible 
hazard resulting from inhalation of fissionable materials and fission 
products. Aerosols of plutonium, uranium plus fission products, and 

.protoactinium were administered to rats. A Zr aerosol was adminis- 
tered to a human subject and to rats. Aerosols of the aforementioned 
elements were almost totally retained by the head and the lungs immedi- 

h- 

Fig. ll.-Ehination of inhaled radioactive aerosols. The graph represents 
the data obtained from rats which had inhaled aerosols containing plutonium (in the 
plus 4 and plus 6 state), uranium, plutonium fission products, uranium fission 
products and carrier-free fission products. 

ately after exposure. After four days the lungs contained the largest 
percentage of these elements. The elements deposited in the head and 
bronchial tree were quickly eliminated via the gastrointestinal tract. The 
same avenue of elimination was presumably used by the nonciliated 
portion of the lungs, but at a slower rate. The small percentage absorbed 
into the body was primarily deposited in the skeleton after conditions of 
equilibrium had been established. Radioautographic studies indicate that 
the pulmonary site of deposition of these materials is in the bronchial 
passages and the alveolar structures. The materials are rapidly removed 
from the bronchial tree, presumably by ciliary action, and are slowly 
released from the alveoli. No accumulation of any of the radioeIements 
was observed in either blood vessels or lymph nodes. 


