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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability or re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

;

|

Availability of Reference Materials Cited in NRC Publications

Most documents cited in N RC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service. Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced docurr.ents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and ir.ternal NRC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books. journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non NRC conference
proceedings are available for purchase fro /n the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, U.S. Nuclear Regulatory Commission, Washington, DC
20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library,7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.

GPO Pnnted copy prece: 14.00 ,
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The problems addressed are the protection of uranium mill workers from occupational exposure
to uranium through routine bioassay programs and the assessment of accidental worker exposures.
Comparisons of chemical properties and the biological behavior of refined uranium ore (yellowcake)
are made to identify important properties that influence uranium distribution patterns among
organs. These studies will facilitate calculations of organ doses for specific exposures and
as'ocicted health risk estimates and will identify important bioassay procedures to improve
evaluations of human exposures.

A quantitative analytical method for yellowcake was developed based on the infrared absorption
of ammonium diuranate and U 0, mixtures in K8r. The ' method allows the fraction of ammonium3

diuranate in a mixture to be determined accurately within 75; the U 0 fraction is determined
38

within 135. The method was applied to yellowcake samples obtained from six operating mills. The
composition of yellowcake from the six mills ranged from nearly pure ammonium diuranate to nearly
pure U 0 . The composition of yellowcake samples taken from lots from the same all) was only30
somewhat less variable.

Because uranium mill workers might be exposed to yellowcake either by contamination of a wound
or by inhalation, a study of retention and translocation of uranium after subcutaneous implantation
in rats was done. The results showed that 49% of the imp. anted yellowcake cleared from the body

with a half-time (Tl/2) in the body of 0.3 days, and the remainder was cleared with a T1/2 'I
11 to 30 days. Contrary to results of previous yellowcake inhalation studies using rats, the
clearance from implanted rats was more rapid and could not be quantitatively related to yellowcake
composition. An additional Study of the offects of animal housing on response of rats to
yellowcake nephrotoxicity showed that for studies requiring excreta collections, a minimum of 21
days should be provided for acclimation to metabolism tages before exposure.

Exposures of Beagle dogs by nose-only inhalation to aerosols of commercial yellowcake were
completed. Twenty dogs exposed to a more soluble yellowcake form inhaled aerosols with
3.410.5 pm mass median aerodynamic diameter (MAD) (mean i 1 SE) and 1.5 i .04 geometric
standard deviation (650) producing estimated initial lung burdens of 130 t 9 og U/kg body
weight. Aerosols inhaled by dogs exposed to a less soluble yellowcake form averaged 3.0 t 0.3 -

um MAO, with 1.7 1 0.1 650; the estimated initial lung burden was 140 t 7 vg U/kg body
weight. Biochemical indicators of kidney dysfunction that appeared in blood and urine 4 to 8 days -
af ter exposure to the more soluble yellowcake showed significant changes in . dogs, but levels
returned to nonnel by 16 days after exposure. No biochemical evidence of kidney dysfunction was

,

observed in dogs exposed to the less soluble yellowcake form.

.
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EXECUTIVE SulOIARY

The purpose of this project is to provide scientific infcreation to the U. 5. Nuclear
Regulatory Commission for its consideration in determining radiation protection guides and
standards. This will ensure that the standards w111 protect adequately the health and welfare of
Gill workers and the public without placing unduly restrictive and expensive regulations on the |

c111 operators.

U. 5. Nuclear Regulatory Commission guides for worker protection in uranium mills are based on
information derived from accidental human inhalation exposures to single chemical forms of
uranium, suc5 as U0 ' U0, W or UF . This is especially true for requirements for

2 3g 4 6
bioassay programs at uranium mills (R. E. Alexander, ' ' Applications of Bioassay for Uranium,"
WASH-1251, 1974). Recommended procedures have since been revised to include more recent

1xformation, provided by this research program and others, that describes the composition of
yellowcake as variable mixtures of ammonium diuranate and U 0 , which very in their solubility3g
properties (U. 5. Nuclear Regulatory Commission, " Bioassay at Uranium Mills," Regulatory Guide
8.22, for comment,1978).

Much of the information used in the proposed procedures was derived from studies of yellewcake
dissolution conducted ja yj_t,tg using simulated biological fluids (D. R. Kalkwarf, NURE6/CR-0530,
1979; A. F. Eidson and J. A. Newhinney, Health Phys., M, 893, 1980; N. A. Dennis, H. M. Blauer
and J. E. Kent, Health Phys. 31, 469, 1982). There is inadequate information available from
accidental worker exposures to actual yellowcake materials to evaluate the proposed procedures.
It remains, then, to be shown how such information derived f rom experiments conducted ja y,1,ttg can
be used to predict the behavior of uranium inhaled by a mill worker.

The most important problem addressed in this project is the protection of uranium mill workers
from occupational exposure to uranium, specifically through bioassay programs to assess the
adequacy of worker protection. An additional consideration is the assessment of accidental
exposures of workers and use of results to re-evaluate and modify protection programs, if
necessary. 1

This report presents results of research conducted between April 1,1982, and March 31, 1983,
and includes individual papers prepared in several areas of research: (1) use of a quantitative
analytical method to measure the variability in ammonium diuranate and U0 contents of3g
yellowcake samples a worker might be exposed to; (2) the results of two short-term ' studies in
rats: one designed to relate the metabolism of yellowcake delivered via a simulated wound
contamination for comparison to results of earlier yellowcake inhalation studies, and the second
to investigate the effect of caging on the toxicity of implanted yellowcake; (3) the relationship
of the amount of ammonium diuranate in aerosols inhaled by Beagle dogs to biochemical indicators
of kidney toxicity..

i

This format reflects progress in the middle stage of a five-phase approach to the objectives |

of the project. First, limited sampling during milling operations was conducted to determine the
i

properties of aerosols that a worker might inhala. The results were related to specific packaging
|steps and led _to ' predictions of appreciable upper respiratory tract deposition rates for the

aerosols, if inhaled. Second, laboratory analysis of yellowcake by infrared spectroscopy was used
to quantify the range of composition variability of commercial yellowcake and to illustrate the
use of such results in interpreting the results of animal studies or human bioassay data,

|

|

..
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i- ' Third, short-term inhalation studies using laboratory rats exposed to selected yellowcake
powders were completed. A study designed to investigate the j.g yjv2 behavior of yellowcakea

- deposited in a wound has shown that 4g5 of the body burden was cleared with a half-time (T1/2I

of 0.3 days regardless of solubility. The remainder of the more soluble yellowcake cleared with a

T1/2 .= 11 days, and the less soluble form cleared with aT1/2 = 30 days. Both values were
,

more rapid than the half-times for clearance of inhaled yellowcake from lungs of rats -(T1/2j
1 - 130 days). The retention behavior of implanted yellowcake in rats could not be quantitatively
j related to yellowcake composition, as could the retention of inhaled yellowcake. An additional
j

| study on the effects of animal caging on the response of rats to nephrotaxicity showed that for

! studies requiring excreta collections, a minimum of 21 days should be provided for acc11mation to

! metabolism cages before exposure. This should ensure that water consumption and nephrotoxic
i
'

response will be similar to that of animals housed in polycarbonate cages.

j. A 2-year study of yellowcake aerosols from two uranium mills was continued. Aerosols were

i generated from a sample of yellowcake that was 1005 asusonium diuranate (a more soluble form) and

> 995 U0 (a less soluble form). Twenty dogs exposed to the more soluble yellowcake
3g

j received an estimated initial lung burden of 130 i g pgU/kg body weight. Twenty dogs received

j. an estimated initial lung burden of 140 1 7 vgU/kg of an aerosol of a less soluble
; yellowcake. Biochemical indicators of kidney dysfunction that appeared in blood and urine showed

| elevated levels that returned to normal within 16 days after exposure.
In the fourth phase, re,ults of the animal studies will be used in future dose estimates and

1

j hazard evaluations of milling effluents. Distribution, retention, and excretion data from the

! 2-year studies util be compared with the physical chemistry results to identify the important

} yellowcake physical properties related to biological behavior. Fif th, data from the 2-year animal
'

studies will be compared with available human data and incorporated into improved bloessay
: i

procedures as needed. ;
;

| Uranium allis are identified alphabetically in this project. Identifying letters were assigned
'

I to each alli (Mills A through F) in the order we obtained their products and do not relate to the
name of the mill, its location, or the parent company.

;
;
;

I
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1. INFRARED ANALYSIS OF REFINED URANIUM ORE

Abstract - n e variebt12ty in chealcal composition
a.1 solubility of connetcasi yelicencake products UnincirAL Envarr1Gattut
conplicates the intetytetation of bloessay data. A. F. Eldson
Quantitative intrated analysis was used to asesure

the telative percentaces of ammontaan diutanate and W o, in commercial yelicencake sasyles andy
to estiante the bounds et yellaancake composition variability. Analysis at standard alatutes
sheened that the annonisan diutanate in a statute could be estiaated within t 1% of the mistute
and U 0, could be estimated within 13%. solutions to analytical ditticulties such as3

ovetiappine spectral bands and sample vattabliity ato discussed. necomanndations for establishing
intrated analysis procedures at other laboratoties are given.

Uranium ore is refined into a commercial product known as yellowcake, which is packaged as a
dry powder for storage and shipment. Previous studies of airbone dust from yellowcake packaging
operations (Ref.1.1) have shown that, If inhaled, the majority of airborne yellowcake in uranium

~

allis is 11Lely to deposit in the nasopharyngeal region. Such particles, if insoluble, are
cleared rapidly and excreted via the gastrointestinal tract. Noterial deposited in the pulmonary
region is cleared by solubilization and escreted in urine, or retained in the lung, from which it
is slowly cleared. The two mejor uranium compounds in yellowcake are ammonium diuranate and
U 0,. Because ammonium diuranate is the more soluble of the two forms (Ref. 1.2), and is3

absorbed and escreted in urine, chemical toxicity to kidney and deposition in bone are possible.
However, the gradual accumulation of relatively insoluble U 0, in lug migM deHwr an3 ,

appreciable annual radiation dose to lung. Knowledge of the relative annonium diuranate and
U 0, content of yellowcake is required to predict the possible target organs and nature of3

potential health effects from inhaled yellowcake.

Routine bioassay procedures are used to ensure that workers who might be exposed during their
work do not accumulate undue amounts of internally deposited uranium. High variability has been
observed in dissolution rates for yellowcake samples from four mills, complicating the
interpretation of bioassay data (Ref.1.2). la yjlta dissolution studies (Refs.1.2-1.4) are
useful for studies of a few selected samples, such as a sample taken from a production let
involved in an accident, but they are impractical for use in a survey of yellowcake samples (Ref.
1.5). It is necessary to estimate the bounds of yellowcake variability to interpret bioassay
data, either as part of. routine monitoring er in evaluation of accidental esposures.

It has been shown that the more soluble percentage of a yelleucake sample can be estimated by
quantitative infrared analysis (Ref. 1.2). Yellowcake contains anonium diuranate as a aiutore of
a UO -NH -N ***" 'I *** ' * "$' ' **" * "3 8 ( 1' } O'0*I *"*3 3 2 '

residues from the milling process (Ref.1.3,1.4). Although ye11ewcake is not strictly a binary
misture, the two entde forms of uranium predominate. Figure 1.1 shows the infrared spectrum of a
consercial yellowcake sample before and af ter heating at 190*C for 16 h and illustrates the change
that takes place in the infrared spectrum of yellowcake as the anonium dieranate is converted to
U 0, upe heettg.3

the objectives of this study arJ to illustrate a mothed to determine the variability among
yelleucake lets, to define the assumptions involved, and to define the Ilmits of application. ' The I

approach used quantitative infrared analysis of known mistures of aementum dierenate and UA

8
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Figure 1.1 Infrared spectrum of yellowcake powder obtained from Mill 8 showing the appearance of
'

Uj +2 intensity upon heating at 150'c forU 0g band and the partfal reduction in the oa 3,

! 16 h. This illustrates the thermal conversion of the uv3 in ammonium diuranate to U 0s.3

!

I produced in the laboratory. The analysis of such standard mixtures was used to define the
accuracy and precision of the technique. Then it was applied to unknown commercial samples. Two
major difficulties wre encountered. First was variability in ammonium diuranate forms that are
produced in operating allis (and even from the same mill); and the second was overlapping ammonium
diuranate and U 0 infrared bands (Fig. 1.1). Solutions to these problems are discussed.3g

MATERIALS AND METH00_5

Amnonium diuranate was prepared in the laboratory by dropwise addition of 155 aqueous NH 0H
4

to an aqueous solution of U0 (#0 )2 with stirring at pH 7.0-1.5 at room temperature. The2 3
resulting yellow precipitate was stirred for 16 h, filtered, washed with cold water and acetone,

and air-dried at room temperature. Eleven known mixtures of this annonium diuranate and U 0,3
(National Lead Company, Cinntnati, OH) wre prepared, with 05 ammonium diuranate (pure U 0 )3g

through 1005 ammonium diuranate (no U 0, present) in 105 intervals. The mixtures were ground3
in an agate vial using a Wig 1-Bug shaker (Cresent Oental Manufacturing Company, Chicago, IL). A
grinding time of 10 min provided maximum infrared absorbance for each component. Weighed aliquets

; of the mixtures wre added to 1.0 g of desiccated spectral grade Ker to prepare mixtures that wre
0.35, 0.55, and 1.05 by wight. The ammonium diuranate + U 0, + m mixtures wn also ground3
for 1C min.i

pellets wre prepared by pressing 200 mg of the ground mixture at 2000 pst for 5 min using a
hydraulic press (Fred S. Carver, Inc., Sumett, NJ). Dupiteate pellets wre made for each
mixture, pellets of Ker alone wre made stellarly.

Yellowcake samples wre obtained from six commercial mills (designated Mill A - Mill F), and
pellet's that contained 0.35 sample in Ker wre prepared as above. There was no pretreatment of
yellowcake samples before grinding with Ker.

Nessurements were obtained from all E8r pellets using a perkin-Elmer Model 2038 infrared
spectrophetameter egulpped with a microprocesser-contre 11ed unit for quantitative analyses of
mixtures using the toer-Lambert law.

,

|

! 4 -
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Figure 1.2 shows superimposed spectra of pure amonium diuranate and pure U 0 on the same
38

axes. The wavelengths chosen for analysis were taken from literature values (Ref.1.6). The 925-
ciI lpeak and the 735-ci peak were assigned to annonium diuranate and U0'

I 38
respectively. The two baseline points (970 and 636 ci ) were chosen as the relative minima of
the pure semples. These relative minima were also appropriate for the unknown samples measured to
date. The 852-cm peak was chosen for the KBr absorption peak. An attempt was made to use the
cinimum value (noted by the crossover of the two spectra as the K8r absorbance). Although this
tight be preferred, the absorbance at the crossover point was occasionally less then the baseline

l l ldetermined by the 970-ci and 636-ci peaks. The 852-ci value was chosen so that the
errors caused would probably be overestimated.

One of the duplicate standard pellets of each known ammonium diuranate + U 0 mixture was
38

selected randomly. The absorbances of these pellets were used to obtain the absorbtivity matrix
a ,) (Eq. 1.1);g

A1,k = a ,) x C ,k xb (Eq. 1.1)g j

lwhere: Ai,k = absorbance at wavenumber 1 (ci ) of mixture k,
agg = absorptivity at wavenumber i of components j of mixture k,
C 'k - concentration (w%) of components j of mixture k in KBr,j

b = constant pellet thickness = 0.052 1 0.001 cm.

The remaining pellets of each pair were analyzed as unknowns. The process was then reversed
to provide an analysis of all standard pellets as if they were unknowns. The concentrations of
components in unknown yellowcake mixtures were then calculated using the absorbance spectrum and
the absorptivity matrix as derived above.

1

0.5

STANDARD MIXTURES IN KBr

0.4
B

-

0.3%
: 3 ADU '

' O o,3 0.3%-

v3 s0R ens

A'*
-

11
1

~ eaa 434
E 0.1 978 #

1 E %E
_

_ _ _ _ p

0 -C i i i I i
1000 950 900 850 000 750 700 850 800

~lCM

Figure 1.2 Superimposed infrared spectra of the 0.3% ammonium diuranate standard and 0.3%
U 0g standard.3
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RESULTS

Figure 1.3 shows the results of the known ammonium diuranate + U0 mixture analyses.38
Individual calculated values from repeated analyses are plotted versus known values relative to
the theoritical line shown. A point above the line indicates an overestimate of the percentage of
ammonium diuranate or U 0 in the mixture. The points at 0% ammonium diuranate on Graph A and

38
100% U 0 on Graph 8 represent analysis of the same pellets. Note that the method results in

38
an onderestimate for pure U 0 , and the value for pure ammonium diuranate is less precise.38
The accuracy and precision of the results were greatest for mixtures containing 10% to 90%
ammonium diuranate and 30% to 70% U 0 . Given the above accuracy and precision of results of

38
standard mixture analyses, results of unknown analyses showing s 20% ammonium diuranate or
U0 might indicate that the unknown mixture actually contained only ammonium diuranate or
3g

U0*38
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Figure 1.3 Standard ammonium diuranate + U038 mixtures were analyzed as if they were unknowns.
Total concentration of the mixtures in K8r was 0.3 wt %. Graph A shows amonium diuranate
results, graph 8 shows U 0g results.3
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Table 1.1 shows a sumary of analyses of the 11 standard mixtures where the total

; . concentration of uranium compounds in KBr was 0.3%, 0.55, and 1.05. The data are expressed as the
difference between the analyzed and known amounts, such that a perfectly accurate and reproducable
result would be 0.0 t 0,0. The accuracy of the results shows that amonium diuranate and
U0 were generally overestimated, but not significantly so, when compared with the precision38
of the estimates. The number of analyses (22) reflects the analysis of duplicate pellets from 11
mixtures. Standard errors expressed in this way include the relatively large errors seen for the
extremes of the concentration range (Fig.1.3). Analyses of 0.3% pellets were shown to be more
precise than those of 0.5% pellets. The precision of the 1.0% pellet analyses was comparable to
that of the 0.3% pellets; however, the 0.3% pellets gave more precise results in the middle of the
concentration range. This was assumed to be caused by decreased absorbance in the region of
spectral overlap.

Af ter the 0.3% pellets were chosen for routine use in the later analysis of unknowns, the
standards were rescanned and analyzed four times during subsequent work. The results of these
analyses were shown in Table 1.1 with n = 8. The standard error values were greater but more

reliable for routine work because they include possible instrumental error factors and possible
changes in the standard pellets with time. The results of these four seperate scans and the
analyses of the 0.3% pellets are shown in Fig. 1.3.

The spectrum shown in Fig. 1.4 illustrates a typical commercial unknown sample. Note the
broad annonium diuranate peak that overlaps considerably with the U0 peak. The initial38
analytical approach was to assume that any unknown sample was a mixture of amonium diuranate and

U0. If the results suggested the yellowcake might be a pure form of either annonium
38

diuranate or U0 and the spectrum appeared to be that of a pure form, the sample was
38

reanalyzed using a calibration curve based on the pellets that contained only 0.3%, 0.5% or 1.0%
ammonium diuranate or U0. Analyses of suspected pure samples were based cn peak areas38
rather than peak maximum absorbance. This was especially necessary in the case of pare ammonium
diuranate samples (Fig.1.5). The spectra shown in Fig.1.5 illustrate the variability possible
among grab samples f rom two drums f rom Lot #55 produced by Mill E. Note the absence of a U 0

3

band. The two spectral bands in the Drum #42 sample can be assigned to peaks from UO
2

(Ref. 1.6). These spectra illustrate the most extreme case of this type of variability found to
date. Clearly, analysis of this sample should use peak area rather than peak height methods.

Table 1.1
in KerAnalysis of Standard Mixtures of Anmonium Diuranate and U 03g

Deviation (Analyzed 5 - Known Wt 5 in Mixture)
Mean i SE fni

Wt 5 Mixture
in Kar Amonium 01uranate U 0s3

o.3 0.43 2 2.6 (22) 0.51 2 6.3 (22)
0.3 0.07 t 6.6 (e) -0.03 i 12.5 (e)
0.5 3.3 t 2.s (22) 1.3 t 4.6 (22)
1.0 0.1 2 3.2 (22) 0.2 t 3.e (22),

7
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Figure 1.4 Infrared spectrum of yellowcake sample obtained from Mill O.
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Figure 1.5 Infrared spectrwn of yellowcake samples taken from two drums from Lot #55 produced by
Mill E.

Table 1.2 sonsnartres analyses of samples taken f rom the allis studied to date. Mill A

samples, shown in Table 1,2, might be considered to be pure ansnonium diuranate and were reanalyzed
as described. The sample from Mill I was analyzed to contain > 100% ansnonium diuranate, an
unreasonable result. The calculated value for U 0 might be artifactual when compared to the38
error in the ansnonium 'dluranate result. Analysis as a pure anunonium diuranate sample indicated
this was the case. The Mill 3 sample also showed an unreasonable result for ansnonium diuranate
analysts. Analysis as a pure sample did not resolvs the question, and the sample was considered
to contain 86 1 55 anunonium diuranate, with the remainder U 0 . Analysts of the M111 C3g
sample suggested it might contain only pure U0! however, the spectrum showed a small3g

8
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ammonium diuranate abstrb:nce ' p;ak. Thus, r: analysis as a puro U0 sample was not3g
considered. No sample from any mill studied to date could be considered to be pure U 0 ; each

3g
! suspected pure sample contained a fraction of asunonium diuranate, showing that thermal conversion
| to U 0 a s not c # ete.3g

'? :

Table 1.2 i

Analysis of Yellowcake Samples of Unknown Composition

From Six Mills As Mixtures and Pure Components

Wt I (Mean i SE)
Hill M111 pre Analvsis Analvsis as Pure Connonent

a u 0, m u 0,a a
A 53110* 112 90 t 208

88 til i 4 1613 86 1 5
8C 17 2 1 5611 Not a pure spectrum

;

0 25 1 2 71 1 2
8 8E 129 i 5 2512 99 i 6

F 49 1 3 53 1 4

" Values are within the i 205 uncertainty for mixture analysis. Samples were reanalyzed
as pure components after inspection of the spectrum.

I

Note that samples such as that shown for Mill C, which indicate less than 1005 combined
ammonium diuranate + U 0 , might occur in practice. Other species from the milling process3g

might represent up to 65 of the final product (Ref.1.3,1.4), and residual water and NH3 **"
also be present. A sample that might be incomeletely dried or refined and not meet production
requirements might still be inhaled by a worker and require analysis.

Table 1.3 summarites the range in ammonium diuranate content of different lots from one mill.
It is clear that there is variability among products from a single all) (Fig 1.5) just as there'is I

among products from different mills. The greatest variability was observed in Mill 0 yellowcake;
the most constant annonium diuranate percentage was in Mill F yellowcake.

!

Table 1.3
Analysis of Unknown Samples Obtained From Different Lots From Each Mill

Wt E A00 (Mean i SE1

-Bill Rin 811
8 77 1 5 100 1 10

|.
C 111 17 1'I

O 411 55 t 3
E 6316 100 t 10
F 4613 64 1 4

blKuSSIGN

i

These results 111ustrate the use of infrared analysis to accurately analyze ammonium diuranate

in the presence of U 0, to wMhin 1 75 standaN error of the mean. SinHarIy, the U 0,3 3

s

9
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content can be analyzed accurately to within t 13%. These accuracy and precision values are

well within the variability in yellowcake composition observed for lots produced by different
mills and for lots produced within the same mill at dif ferent times.

The following actions are recommended for those wishing to apply this technique to yellowcake

analysis:

1. Standard and unknown pellets should be scanned at the same time or without turning of f
the instrument, and the instrument should be thoroughly warmed up.

2. A dried but unheated sample of yellowcake precipitate f rom each facility should be used
as the pure ammonium diuranate standard.

3. If experience shows that spectra of successive lots from one mill are especially variable
(see Fig. 1.5), standard mixtures of U 0 and each ammonium diuranate form should be38
considered.

4. A collection of such standard mixtures and analytical results should be maintained to
determine the overall variability in the composition of yellowcake from the facility.

PEFERENCES

1.1 A. F. Eidson and E. G. Damon. " Predicted Deposition Rates of Uranium Yellowcake Aerosols
*Sampled in Uranium Mills," Health Physics (in press).

1.2 A. F. Eidson and J. A. Mewhinney, 'M Vitro Solubility of Yellowcake Samples From Four
Uranium Mills ind the Implications for Bioassay Interpretation,' Health Physics 39, 893-902
(1980).

1.3 D. R. Kalkwarf, " Solubility Classification of Airborne Products From Uranium Ores and
Tallings P11es,' NUREG/CR-0530, PNL-2870, 1979.

1.4 N. A. Dennis, H. M. Blauer, and J. E. Kent, ' Dissolution Fractions and Half-Times of Single
Source Yellowcake in Simulated Lung Fluids ' Health Physics 42, 469-477 (1982).

1.5 A. F. Eidson and W. C. Griffith, Jr., ' Techniques for Yellowcake Dissolution Studies M y.1,tfr_q
and Their Use in Bioassay Interpretation,' Health Physics (in press).

1.6 A. M. Deane, 'The Infra-red Spectra and Structure of Some Hydrated Uranium Trioxides and
Amonium Diuranates,' Journal of Inoraanic and Nuclear Chemistry 21, 238 (1961).

10



_ .. . .
.. .

.

2. RETENTION OF URANIUM FROM SIMULATED WOUNDS CONTAMINATED BY YELLOWCAKE

Abstract ~ The translocation and tetention of uranium

from two different yellowcake sanples subcutaneously FAINCIPAl. INVESTICAm es

1splanted in tats to slaulate contamination of wounds E. C. Damon

was assessed. Forty-five tats, anesthetised with A. F. Eidson

halothane, were subcutaneously Laplanted with powdets
of each of the two yellowcake sanpfes at a dose of to ag F/kg. Aats were sectificed in groups of

5 at intervals through 32 days af ter laplantation. Selected tissues and excreta sanples wete

assayed by fluotometty to deletaine theit utentum content. Two-component negative exponential

functions were fitted to the utanjus body burdens expressed as percentages of the initially

2nplanted utanlun body burdens. For both yellowcake sanples, 45% of the initial body burden (133)
cleated with T of 0.2 days. The teneining $5% of the tas cleated with T ,, of 10 days form g

the first yellowcake sanple and 2e days for the second sanple, nesults of priot studies of lung

cientance of utanium from Inhaled aerosols of the two yellowcake sanples showed an early clearance

(T ,3 = 1 day) that cottelated with the ADV percentage and a late Clearance conponentconponent
3

(T ,g la0 days), which costesponded to the UO p m ent e co p sition of & MaMa
g 3g

yellowcake. Thus utankun clearance fran subcutaneous 1y taplanted yellowcake was note tapid than

uranium clearance from yellowcake deposited in lung.

Uranium mill workers may be exposed to uranium compounds by inhalation, ingestion, wound
contamination, or by absorption from the eyes or mucous membranes. An earlier work described the
lung retention and translocation of uranium from inhaled yellowcake aerosols (Ref. 2.1). This
report presents results of studies of whole-body retention and translocation of uranium af ter
subcutaneous implantation of yellowcake powder in rats to simulate contamination of wounds.

Although toxicologic studies on dermal application of urantum compounds have been conducted
(Ref. 2.2), absorption of yellowcake powder or uranium compounds f roe contaminated wounds has not
been investigated. The objective of the study was to determine the rate of absorption and the
patterns of retention, translocation, and excretion in rats exposed to one of two samples of
yellowcake powder implanted subcutaneous 1y. The two yellowcake samples differed widely in M
ylt.tg solubility (Ref. 2.3). This report presents data on the pattern of whole-body retention of
uranium as related to the composition of the implanted yellowcake powder. Data on retention of
uranium at the site of implantation and translocation of uranium to kidneys and bone and the
pattern of urinary excretton of uranium are also presented.

MATERIALS AND METH00$

Yellowtake Powders

Two yellowcake powders with known solubility properties were selected for thes* studies. One
powder obtained from Mill A contained ~42% of its total uranium in a soluble form, ammonium
diuranate (AOU), and ~185 U0, a relatively insoluble compound. The second powder, from3g

Mill 0, was composed of ~255 A00 and 155 U 0 . These powders were chosen to provide data3g
for comparison with the results of in 1111 studies using rats esposed by inhalation to aerosols of
the same two meterials (Ref. 2.1).

11
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Animals
v

Fif ty male F-344, specific pathogen-free, laboratory reared rats,10-12 weeks of age, were
initially selected for each yellowcake sample used. The mean t 1 S.E.M. of the body weights was
260 1 4 g. Rats were fed Lab Blox (Allied Mills, Chicago, IL) and watered gg libitum. Water
bottles were changed two times a week. Rats were housed individually in polycarbonate cages (45 x
25 x 20 cm) containing a bedding of wood chips or aspen wood shavings ( American Excelsior,
Oshkosh, WI). All cages were changed weekly. Four rats implanted with each material were

individually housed in stainless steel wire-mesh-bottom cages (18 x 18 x 25 cm, Wahman's
Manufacturing Co., Timonium, M0) during the time excreta were collected. After excreta
collection, the rats were individually housed in polycarbonate cages. Animal rooms were
maintained on a 12-h light cycle (6 a.m. to 6 p.m.) at temperatures of 20-23'c and a relative
humidity of 30 to 50%.

Yellowcake Imolantations

Anesthesia was induced in rats with a 55 mixture of halothane (Halocarbon Laboratories, Inc.,
Hackensack NJ) vaporized in 9510 at a flow rate of 0.6 L/ min and maintained with 2% halothane

2
administered by a face mask. The hair was clipped f rom the dorsal thoracic area and an incision I
cm long was made on the dorsal midline between the scapulae. The dorsal midline was chosen for

the implant to prevent the rat from removing the sutures during grooming. Yellowcake (10 mg U/kg
of body weight) was implanted subcutaneously, and the skin was sutured with VETAFIL BENGEN e ($,
Jackson, Inc., Washington, OC). The incision was then sprayed with Aeroplast * spray-on plastic
dressing (Parke-Davis and Co., Greenwood, SC). Selection of the dose was based on the following
assumptions:

(1) Absorption of a subcutaneous implant of a soluble uranium powder was expected to be no
greater than that of an intraperitonest injection of an aqueous uranium solution. Haven and Hodge
(Ref. 2.4) reported an LD50 value of 86 mg U/kg af ter 48 h in 200-300 g male Wistar rats after an
intraperitoneal injection of a 10% aqueous solution of uranyl nitrate. The dose used in our study
was selected to be approximately one-tenth of the LD

50/48 h'
(2) The materials used in these studies were expected to release uranium more slowly than an

intraperitoneal injection of solution.
Implantations of either material at a dose of 10 mg U/kg were made in 45 rats. Five rats were

surgically sham-implanted and retained as controls. Because rats housed in metabolism cages died
after implantation with the more soluble yellowcake (Ref. 2.5), rats dying as a result of
nephrotoxicity were replaced with rats implanted at the same dose level or at reduced dose levels
($ or 3 og U/kg ). An additional 15 rats (in groups of 5) were also implanted with Mill A
yellowcake at reduced doses of 3 or 1 mg U/kg and were housed in polycarbonate cages. Uranium
retention curves for these rats were compared to those for rats implanted with the same yellowcake
at a dose of 10 mg U/kg to assess of fects of dose on retention of the Mill A yellowcake.

Excreta Collection Schedule

Urine, feces, and cage-wash samples were collected from two of the rats la each of the 16- and
32-day sacrifice groups. These samples were collected daily for four days af ter implantation.
Three-day composite collections wre then made wekly until sacrifice. Excreta samples from two
of the control rats were collected on the same schedule as that of the 32-day sacrifice group.

12
.

. _. ._



$ 'E,
,

s =
g

{
'

,,

Sacrifice Schedule - =
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{ At intervals of 2 h,1, 2. 3, 4, 8.16, and 32 days af ter implantation, rats were sacrificed
- '

in groups of five Ly means of an intraperitoneal injection of 1 al (50 mg) of sodium pentobarbital.
- followed by exsanguination by heart puncture. Rats housed in polycarbonate cages and implanted 2

y with Mill A yellowcake at reduced dose levels (1 or 3 mg U/kg) were sacrificed at 8 or 16 days
after implantation. s

,

Rats were weighed before sacrifice, and the organs were weighed at necropsy. Fluorometric
-

assay for urantum (Ref. 2.1) was conducted on the folloWng tissues from each rat: m
'

1. Blood samples collected by heart puncture at cact.fice.
2. Lung

3. Kidney

4. Section of sof t tissue surrounding the site of the ' implantation (2 x 2 cm excised to theg

depth of *he vertebral colurn)
5. Liver ,

6. Both femurs ' a
'

_ 7. Remaining carcass and skin. *' *

- A central section cut longitudinally frca one of the kidneys was preserved in 105 neutral
buffered formalin for histopathological studies.

is

'
. Analysis of Retention Data '-

1
I The uranium contents of the ttst.,es were expressed as' percentages of the urantum implanted

initially, i.e., the initial body burden (188).
Two-component negative exponential functions (Eq.1) were fitted to the whole-body retention,

data by a nonlinear least squares technique (Ref. 2.6):

W
3 5 IBB(t) = A e-0.693(t)/i1 ,-fl.693( t)/T2, (j)'

g

\
where A and A are early and late ret,ntion components in percent, t is time af ter exposure

..

- j 2
in days, and T and T are the clearance half-times for components A and A'

C

i 2 j 2
respectively. Similar functions (Eq.1) we e also fitted to the urantum retention data for ther ._

* .

Soft tissue surrounding the site where the yellowcate was implanted (wound-site). Single-component
h negative exponential functions (Eq. 2,I were fitted to retention data for rats housed in
"

polycarbonate cages and sacrtf tced at 8 or 16 days af ter implantation with Mill A yellowcabe at f
_ reduced dote levels (1 or 3 mg U/kg).

_

.

5 IBB(t) = Ae-0.693(t)/T

Notention functions for the two groups espo\ u
i

t td to Mill A and Mill 0 ye11owcake were compared
-

to determine ef fects of composition' of the implantrd yellowcake powder on uranium retention.

Levels of significance of differences between uranium retention curves for the different groups
were determined by F-Tests (Ref. 2.6).

-_

Uranium content of kidneys, bone (femur). and t'gs. urinary excretion of uranium for ratsr-

g implanted with tlV two materials were compards by sMiytes of variance and significance of
differences between groups was udtermined by F-Tests (Ref. 2.6).a
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RESULTS

The 10 mg U/kg dose was considered low enough that no acute biological effects were expected
but high enough that the concentration of uranium in the tissues of sacrificed rats at times up to
32 days af ter exposure could be measured by fluoror.at.ric procedu.*es. Mcwever, rats exposed to the
Mill A yellowcake - the initial four rats housed in metabolism cages - died 8 days after )
implantation. Gross observations at necropsy revealed signs of uranium toxicity to the kidneys |

(Ref. 2.5). Kidneys appeared pale, with mottled reddish coloration and yellowish speckling. None
of the rats exposed to the Mill A yellowcake and housed in polycarbonate cages showed any acute
effects f rom the treatment. No acute effects were observed in rats exposed to the Mill D

yellowcake or in the sham-implanted control rats. The gross appearance of kidneys from the
surviving rats was normal when the rats were sacrificed 16 and 32 days af ter exposure. An

experiment to investigate the effects of differences in types of caging on the response of rats to
uranium is described in the next paper in this report.

Whole-Body Retention of Uranium

Figure 2.1 shows the whole-body uranium retention curves for the two yellowcake samples, and
the parameters for the retention functions are listed in Table 2.1. For both materials, 45% IBB

cleared with a half-time of < 1 day, the remaining 55% IBB cleared with T of 10 days for
l/2

the Mill A yellowake and 28 days for Mill D. Whole-body retention functions for the two

yellowcake samples were significantly different (P < 0.005).
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Figure 2.1, Whole-body uranium retention curve: for rats receiving subcutaneous implants of
yellowcake from Mill A (lower curve, data as triangles) or Mill D' (upper curve. data as circles).

Table 2.2 shows the distribution of uranium between the implantation site (wound) and other
tissues (primarily kidney and bone) in rats sacrificed 1, 8, or 32 days after implantation.

Figures 2.2-2.3 show comparisons of the uranium contents of kidneys and femurs of rats
sacrificed after implantation with the two yellowcake materials. Results of analysis of variance

| of all of the kidney and femur data for rats sacrificed from 1 to 32 days after implantation with
|
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. Table 2.1

Uranium Retention in the Whole Body or at the Wound

Site of Rats Implanted Subcutaneous 1y with Yellowcake

a
! Retention Parameters

#
1 1 2 2

Yellowcake Sample (%) (days) (%) (days)

Mill A:

Whole Body 45 1 3 0.2 1 0.1 55 1 3 10 1 1
Wound site 55 1 3 0.2 1 0.1 45 1 3 81 1

bLung 70 1 6 1.0 1 0.3 30 1 6 68130

Mill D:

Whole Body 45 1 4 0.2 1 0.1 551 4 28 1 3
Wound site 55 t 3 0.2 1 0.1 45 1 3 30 1 3

bLung 15 13 1.0 1 0.3 85113 68130

-0.693(t)/Ti -0.693(t)/T2,% 188(t) = A e +A 'j 2

b8ased on data from Ref. 2.1.
Retention functions for the two yellowcake tamples are significantly different for both
the whole body and the implant site (P < 0.005). Retention functions for lung were
significantly different from those for implant site (p < 0.005).

Table 2.2
Uranium Distribution After Subcutaneous Implantation of Yellowcake

Days After Uranium Content. Percent of Imolanted Uranium
Exposure Imolant Site Other Tissues

MILL A MILL 0 MILL A , PILL D

1 4213 4815 12 1 2 6 t 0.5
8 2513 38 1 3 1212 2 1 0.7<

32 3 1 0.4 20 1 2 4 1 0.5 3 1 0.2
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Figure 2.2. Uranium content of kidneys of rats reciving implants of Mill A (dashed itne data as
triangles) or Mill D yellowcake (solid line, data as circles). Data points are mean values and
error bars indicate i 1 S.E.M.
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Figure 2.3. Uranium content of femurs in rats implanted with Mill A (dashed line, data as
triangles) or Mill D yellowcake (solid line, data as circles). Data points are mean values and
error bars indicate i 1 S.E.M.
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yellowcake are listed in Table 2.3. The mean uranium content of both kidneys and femurs was
j significantly higher in rats implanted with the Mill A yellowcake than in those implanted with the

Mill D material during the 32 days of the study (p < 0.01 for kidneys and p < 0.0001 for
femurs).

| Table 2.3
'

Uranium Content of Kidneys Femur, and Daily Urinary
Excretion of Uranium in Rats Receiving Yellowcake Implants

Uranium Content

Percent
of

. Number Implanted Concentration,
! Yellowcake of Urantum pg U/g

Sample Samples (Mean + S.E.M.1 (Mean + S.E.M.)
Mill A:

8 8Kidney 21 3.2 1 0.5 34 15
b bFemur 20 0.90 1 0.07 9.7 0.84
CUrine 41 2.1610.40

Mill 0:
Kidney 21 1.4 1 0.2 14 13
Femur 24 0.25 1 0.02 2.110.16
Urine 25 0.6510.15

asignificantly different from Mill D value (p < 0.005).
) bSlgnificantly different from Mill D value (p < 0.0001).

"Significantly different from Mill D value (p = 0.01).

.

Figure 2.4 presents a comparison of the clearance of uranium from the implant site to
clearance of uranium from the lungs of rats during the first 35 days after inhalation exposure to
the same two yellowcake samples (Ref. 2.1) Uranium clearance from the Wund site was more rapid
than from lung for both yellowcake meterials. Estention functions for the curves are listed in
Table 2.1.

Figure 2.5 comparet retention curves (Eq. 2) fitted to whole-body retention data for rats
housed in polycarbonate cages and sacrificed at times from 8 to 16 days af ter implantation ~with
Mill A yellowcake at a dose of 10 mg U/kg with rats implanted at 1 or 3 mg U/kg. Whole-body
retention functions for rats implanted with Mill A yellowcake at reduced dose levels (1 or 3 mg
U/kg) were not significantly different (p = 0.3) from those for. rats implanted with Mill A
yellowcake at a dose of 10 mg U/kg. Thus, reduction in uranium dose did not significantly alter
uranium clearance rates.

DISCUSSION

Both whole-body and wund-site uranium clearance half-times were significantly shorter for
rats implanted with Mill. A yellowcake than for thosa implanted with Mill D yellowcake

1

I
i

17

. _ - - - - - - _ _ _ _ _ _ - _ .



IMPLANT SITE LUNG

1000-7 z
-

E
< a la

IE
D a) i og ,

" *O z *W 100 a mn a

f s'z > . -,

< a J *
. .,

kg $$'a' 'g' - - - 9- - - ~ ~ - -. .o o .
0Os z a g~ ,s

a = s * .

O 10- s( $
- *

$ 1
\ Hs

m 's z
o 's w
m 't O
w E
Q. W

' 8- ' ' ' ' ' ' ' '

t.0 ' ' ' ' ' '

O 12 24 36 0 12 24 36

DAYS AFTER IMPLANTATION DAYS AFTER
OF YELLOWCAKE INHALATION EXPOSURE

Figure 2.4. Comparison of clearance of uranium from the implant-site of rats receiving
subcutaneous implants of yellowcake to uranium clearance from lung in rats exposed to yellowcake
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(p < 0.005). However, the differences between the retention functions for the two materials
were due entirely to the tecond components (Table 2.1). Retention half-times for the first
components of the retention functions were not significantly different for the two materials.

Eycretion of uranium in urine and translocation of uranium to kidney and bone was
significantly greater (p<0.01) in rats implanted with Mill A yellowcake than in those implanted
with Mill D material. Hence, retention and translocation of the implanted uranium depended upon
the chemical composition and thus the solubility of the implanted material. However, the

clearance rates could not be quantitatively predicted from the chemical composition of the two
t. yellowcake samples. Lung clearance of uranium in rats exposed to aerosols of the two yellowcake

samples used in this study were both quantitatively and qualitatively related to the chemical
composition and h vj_tm solubility of the yellowcake samples in an earlier work (Ref. 2.1).
Uranium clearance from the wound site of rats implanted with either yellowcake sample was more
rapid than the lung clearance rates for rats exposed to thest yellowcake aerosols by inhalation.

The difference between clearance of uranium from wounds and from lung may be related to the
clearance mechanisms involved. Clearance from a wound occurs mechanically by drainage and
phagocytosis and nonmechanically by dissolution and translocation. Clearance from the respiratory
tract occurs mechanically (mucociliary action and phagocytosis by pulmonary macrophages) and by
dissolution. The level of phagocytic activity - clearing material from a wound may or may not be
greater in the rat than the activity of pulmonary macrophages clearing material from a healthy rat
lung. It is not known whether the rate of dissolution of uranium de.nosited in muscle tissue
differs greatly from the rate of dissolution of uranium in lung.

Data presented above indicate that there is a qualitative correlation between the amount of
uranium retained at the wound site and the content of insoluble U0 in the implanted38
yellowcake. However, the key question is whether the internal uptake and retention of uranium
reflect the chemical composition and relative solubility of the implanted yellowcake. Results
reported here indicate there was greater translocat!on of uranium to kidney and bone in rats
implanted with the more soluble yellowcake sample. However, data on the clearance of uranium from
the wound site could not be quantitatively related to the ADU and U 0 composition of the

38
implanted yellowcake or the h vitro dissolution data from the same yellowcake samples. Perhaps
mechanical clearance rates frce the wound site may have overwhelmed the effects of the differences
in chemical composition and relative solub111 ties of the two meterials.

Animal data presented in this paper indicate that wounds contaminated with yellowcake may
represent a significant route of entry of uranium into the body. Those responsible for the
protection of the health and safety of uranium mill workers should be aware of this potential risk.
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" 3. EFIECT OF ANIMAL CAGING ON NEPHROT0XIC RESPONSE OF RATS TO URANIUM

Abstract - Urantua mill workets ady be exposed to
natanium compounds by inhalation, ingestion, wound PRINCIPAL ZhvE.sTECAT0AS

contamination, or by absorption from eyes or aucous E. C. Damon
membranes. Rats are cuttently being used in stu- A. F. Eidson

dies of the translocation and retention of uranium T. C. Marshall

from wounds contaminated with yellowcake (see pa- F. F. Hahn
get no. 2, this report) . Dose-response studies

were conducted to assess the etfects of two types of cages on the nephrotoxic response of rats to

implanted yellowcake. The w $n,y days was 6 ag/kg (95% C.L. = 3-8 ag/kg) for tats houted in

metabolism cages beginning on the day of implantation (naive tats). However, tats housed in

metabolism cages for 21 days before laplantation (acclimated tats) had an w$nm days of 360
mg/kg (95% C.L. = 220-650 mg/kg), which was the same value obtained for tats housed continuously
in polycarbonate cages. This significant difference (p<0.01) in response of * naive * rats

compared to response of * acclimated" rats was related to a significantly lower water consuaption
by the naive tats.

Rats are being used as an animal model to study the translocation and retention of uranium
from wounds contaminated with yellowcake (see paper no. 2, this report). Rats are usually housed
in two types of cages during such studies. All rats are reared and housed in polycarbonate cages,
but selected rats are placed in stainless steel metabolism cages with wire-mesh bottoms when
excreta are collected. Response of rats to uranium toxicity may be affected by environmental
factors related to the type of animal caging used. For example, as noted in paper no. 2 of this
report, Fischer-344 rats reared in polycarbonate cages, then housed in metabolism cages
immediately af ter subcutaneous implantation of yellowcake (10 mg/kg body weight) consisting of
~82% amonium diuranate (ADU) and ~18% U0, died from uranium toxicity. Identically38
exposed rats maintained in polycarbonate cages showed no overt toxic effects. This paper presents
results of studies of the effects of two types of animal caging on the acute toxic response of
rats to uranium from implanted yellowcake. The purpose of the study is to evaluate environmental
factors that may affect the toxicological response of laboratory animals to uranium. Such factors
may play a role in determining the toxic response of man to uranium.

The study reported here presents a comparison of the uranium toxicity af ter implantation
with yellowcake in rats housed only in polycarbonate cages (Poly Group), in metabolism cages
during a 21-day period of acclimation to these cages prior to implantation with yellowcake
(Acclimated Group), or housed in metabolism cages imediately after implantation with yellowcake
(Naive Group). Responses of the three groups of rats to urarglum toxicity are assessed for
correlation with data on food and water consumption, changes in body weight, temperature within;

the two cage types, and volume of urinary output before and af ter implantation with yellowcake.

MATERIALS AND METHODS

h]lgwcake Powders

Two yellowcake powders containing the soluble compound ammonium diuranate (ADU) as the major
component were used in these studies. one powder obtained from Mill A contained ~82% ADU and

~18% U 03 8 (Ref. 3.1). The second powder, from Mill B, was composed of ~100% ADU.
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Animals

One hundred twenty-two male F-344, specific pathogen-f ree, laboratory-raised rats, 10-12
w"ts of age, with initial body weights of 26014g (mean i SEM) were used. Rats were weighed
twice weekly from 3 weeks before implantation until death or sacrifice 21 days after
implantation. Rats were fed Lab Blox (Allied Mills, Chicago, IL) and water was provided ad
libitum. Water bottles were changed two times a week.

All rats were initially housed individually in polycarbonate cages (45 x 25 x 20 .m)
containing a bedding of aspen wood shavings (American Excelsior, Oshkosh, WI). Cage bedding was
changed and cages were washed weekly. Animal rooms were maintained on a 12-h light cycle at
temperatures of 20-22' C and a relative humidity of 40 to 60%. For details of the animal care,
see Ref 3.2.

Experimental Desian

Before implantation with yellowcake, rats were divided into three groups (Table 3.1). Group

#1 (47 rats) were housed individually in polycarbonate cages throughout the study. Group #2 (30
rats) were housed individually in metabolism cages (18 x 18 x 25 cm, Wehman's Manufacturing Co.,
Timonium, MD) beginning on the day of implantation and until death or sacrifice 21 days af ter
implantation. Group #3 (45 rats) were housed individually in metabolism cages from 21 days before
implantation until death or sacrifice 21 days after implantation.

Water and Food Consumption. Body Weicht. Volume of Urinary Output

Water and food consumption were measured daily for 10 untreated rats in each cage type
during a 21-day period of acclimation. Body weights for these rats were measured twice per week

| during this period. After 21 days of acc11mation, the 10 rats in each cage type were divided into
three subgroups as follows: Four rats in each cage type were exposed to yellowcake (10 mg/kg) by
subcutaneous implantation, two rats in each cage type were sham-implanted as described below, and
four rats in each cage type were retained as cage controls untti 34 days of acc11mation, at which
time they were implanted with yellowcake at a dose of 20 mg/kg. Then, four naive rats were
implanted with yellowcake at a dose of 10 mg/kg, and 4 naive controls were sham-implanted. Water
consumption and volume of urinary output (measured for the rats in metabolism cages, Groups #2 &
#3) were measured daily for rats in these subgroups from the day of implantation until death or
sacrifice 21 days af ter implantation.

Room and Caae Temperature Measurements

The temperature in the animal room end in two cages of each type was continuously measured
by thermistors (#4404, Omega Engineering Inc., Stanford, CT) and recorded with a five-channel
strip-chart recorder (Tigraph 100, Texas Instruments, Lubbock, TX).

Yellowcake Imolantations

Rats were subcutaneously implanted with Mill A or Mill B yellowcake powder at doses listed
in Table 3.1 or were surgically sham-implanted. These sham-implanted controls were subjected to
the anesthesia and surgical procedures, but no yellowcake was implanted. Anesthesia was induced

~ in rats with a 4% mixture of halothane (Halocarbon Laboratories, Inc., Hackensack, NJ) vaporized

22
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Table 3.1.
Effects of Cage Type on Nephrotoxic Respoise of Rats to Implanted Yellowcake

Group #1

47 Rats in Polycarbonate Cages:

Yellowcake Powder Mortality

Dose, mg Yellowcake No. Dead / Per- Time to

Source per ka Body Weicht No. Imolanted cent Death

Controls None 0/2 0%

MILL A 10 0/4 0%

14 0/1 0%

20 0/3 0%

MILL 8 36 0/1 0%

46 0/1 05

55 0/1 0%

65 0/1 0%

75 1/4 25% 11 days

85 0/1 05

89 0/1 0%

101 0/4 0%

120 0/4 0%

180 0/1 0%

270 0/1 0%

411 2/5 40% 18, 20 days

622 4/4 1005 4 - 15 days

760 4/4 1005 5 days

876 2/2 100% ! - 7 days !

1.349 1/1 100% 5 days )
Group #2 <

30 Rats Placed in Metabolism Cages the day of Implantation

Controls None 0/2 05

MILL A- 3 0/4 05

5 2/3 67% 7 days..

10 10/11 91% 7 - 8 days :

MILL 8 10 5/7 71% 8 - 12 days

29 -1/1 1005 8 days

98 :1/1 1005 7 days .|

413 1/1 1005 6 days -
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Table 3.1. (Continued)

Group #3

45 Rats Housed in Metabolism Cages More Than 21 Days Before Implantation

'fellowcake Powder Mortality
Dose, mg Yellowcake no. Dead / Per- Time to

Source per ka Body Weicht No. Implanted gin. .L Death
Controls None 0/2 0%

MILL A 10 0/4 0%

20 0/4 0%

MILL 8 25 0/4 0%

28 1/4 25% 13 days
46 0/1 0%

52 1/4 25% 10 days
66 0/1 0%

75 0/1 0%

121 0/1 01

411 0/1 22% 11 - 14 days
620 2/9 50% 5 - 7 days
760 4/4 100% 6 - 11 days
881 1/1 100% 6 days

1,350 1/1 100% 4 days

in 95% 0 at a flow rate of 0.6 L/ min and then maintained with 2% halothane via a face mask.2

The hair was clipped from the dorsal thoracic area and a 1-tm long incision was made on the dorsal
midline between the scapulae. The dorsal midline was chosen for the implant to prevent the rat
from removing the sutures during grooming. The yellowcake dose was subcutaneously implanted, and
the skin was sutured with VETAFIL BENGEN* (S. Jackson, Inc., Washington, DC). The incision was
sprayed with Aeroplast* spray-on plastic dressing (Parke-Davis and Co., Greenwood, SC).

Rats were observed daily for morbidity or mortality through 21 days af ter implantation.
Surviving rats were sacrificed by an intraperitoneal injecticn of 1 al of euthanasia solution
(T-61 National Laboratories Corp., Somerville, NJ) administered 21 days af ter implantation.
Necropsies were performed on all rats, thoracic and abdominal viscera were examined grossly, and
photographs were taken of the kidneys. Kidneys were assayed for uranium centent by fluorometric
procedures (Ref. 3.3). A section of kidney from each rat was fixed in 105, neutral-buffered

j formalin, embedded in paraffin, sectioned at 6pe, stained with hematoxylin and eosin, and
examined by light microscope for histopathological alterations.

Analvsis of Data

Dose-response data for the three groups of rats (Table 3.1) were analyzed by probit analysis
of the lethality data (Ref. 3.4). The following probit equation was used for analysis of the
mortality data:

|

y = a + b log x , (1)
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| where y = mortality at 21 days expressed in probit units, a = the intercept constant, b = the
slope constant, and x = the implanted dose of yellowcake (mg yellowcake/kg of body weight). The |

| 50/21 days and associated 955 confidence limits (CL) were derived from the probit regressionsLD

,and 95% fiducials (Ref. 3.4).

Food consumption, water consumption, and changes in body weight of rats in the three groups
(Table. 3.1) were compared by acalyses of variance, and significance of differences between groups
was determined by F-tests or by the Student's 1-test (Ref. 3.5). Differences were considered to
be significant if p<0.05.

RESULTS

Mortality

Table 3.1 presents mortality data for rats in polycarbonate cages (Group #1), naive rats in
metabolism cages (Group #2), or acc11 mated rats in metabolism cages (Group #3). The LD50/21
days (6 mg/kg with 95% CL of 3-8 mg/kg) for naive rats housed in metabolism cages was
significantly lower than for rats housed in polycarbonate cages (LD50-342 mg/kg with 955 CL of
192-635 mg/kg) or for acc11 mated rats housed in metabolism cages (LD ~0=444 mg/kg with 955 CL of$
199-2047 mg/kg). The LD days value for rats housed in polycarbonate cages was not50/21
significantly dif ferent l' rom the LD days for acc11 mated rats housed in metabolism cages.50/21
Therefore, data for these two groups of rats were combined to obtain the dose response curve
labeled "acc11 mated rats' for comparison to the curve for "nalve rats" shown in Figure 3.1.
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Figure 3.1 Dose-response curves for rats housed in metabolism cages beginning on the day of
yellowcake implantation (Naive Rats) or for rats housed in polycarbonate cages or in metabolism
cages beginning 21 days before yellowcake implantation (Acclimated Pats). - LD50 values (and 95%
confidence limits) are for 21-day sortality.
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Body WeichtI Wate'ri and Food ConsumptionJ'
;

I Figure 3.2 sunnarizes the body weight data for untreated rats housed in metabolism * ages
compared to those housed in polycarbonate cages. The figure shows changes in mean body weight for
10 rats in each group through 21 days af ter the rats were first placed in metabolism cages. At

the end of 21 days, six, rats from each group were removed from this phase of the study for use in;.
initiation of the dose-response phase of the study. Body weight data shown in the fi p re for days'

i 21-34 are for four rats in each group. Rats placed in metabolism cages initially lost weight, and
the ultimate gain in body weight for these rats was significantly lower than for those housed in'

polycarbonate cages throughout the period of observations,;

i Figure 3.3 shows water consumption for the two groups of untreated rats. Rats in metabolism

f cages drank significantly less water than those housed in polycarbonate cages throughout the
observations. Because of the increasing difference in body weight for the two groups of rats
(Figure 3.2), water consumption was normalized to body weight. When this was done, the normalized.

; water cons.umption of the two groups was not significantly different af ter day 5. f
,

i

.

Food consumption for rats housed in metabolism cages initially was less than that of rats
housed in polycarbonate cages, but by day 3 food consumption for the two groups was not*

.

significantly different. However, even though food consumption was equal for the two groups of
rats f rom day 3 throughout ~ the period of observations, rats in metabolism cages did not gain

:

weight as fast as those -housed in polycarbonate cages. Figure 3.4 shows food consumption

]
normalized to body weight (g of food /kg of body weight) for the two groups of rats.

Figure 3.5 summarizes the water consumption data for four rats in each group through 21 days
af ter implantation with yellowcake at a dose of 10 mg/kg. The naive rats housed in metabolism
cages drank significantly less water than acclimated rats or rats housed in polycarbonate cages
until day 8 af ter implantation. .Two of these four rats died with signs of uranium nephrotoxicity

| 8 or 10 days af ter implantation. Data beyond day 10 in this group are for the two surviving
rats. None of the rats in the other two groups implanted at this dose level (10 mg/kg) died. All
three groups of rats drank more water af ter implantation with yellowcake. Water consumption in

;

i the surviving rats reached a peak at about. day 8 or g af ter implantation.

} Figure 3.6 shows the volume of urine excreted by surviving rats during the 21-day period
j after implantation for four naive rats, and four acclimated rats implanted with 10-ag of

yellowcake/kg and their sham-implanted controls. This figure also shows the . volume of urinary
output for fbur acclimated rats implanted with 20 mg of yellowcake/kg. Urinary output by all of

;
the treated rats increased ~ significantly (P<0.001) above that of the sham-implanted controls
during the. first 2 weeks af ter implantation. Urinary output by' acclimated rats implanted with

I yellnwcake at a dose of 10 mg.kc was significantly greater than that of naive rats implanted at

f this same dose level. . However, the volume of urine excreted by naive rats surviving longer than 8
' days rose above that of the acclimated rats during the 10- to 18-day period af ter implant'ation.'

Urinary outpat of acclimated rats implanted with yellowcake at a dose of .' 20 mg/kg was not '
significantly different from that of rats implanted at a dose of 10 mg/kg.

Reduced tolerance to uranium toxicity exhibited by naive rats housed in metabolism cages was
related to reduced water consumption by these rats (Figure 3.5) during the first. 4 days after
yellowcake implantation, coincident with the- peak = nephrotoxic effect of the implanted uranium.
Rats ' housed in . polycarbonate . cages or rats acclimated to metabolism cages- for .21 days before,

!~ yellowcake ; implantation consumed significantly more water- during this time than the naive rats
j -(Figure 3.5).' *
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Figure 3.2 Mean body weight of rats housed in metabolism cages (triangles) or in polycarbonate
cages (circles). Error bars represent i 1 SEM.
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F 400-
I
E e Poly
W A Metab3 a Naive300>
a ..) | ,. .

O '{ - Q ,

~
--

G3 ..

( 200
-a

'

. .

>

100- .

-

,

, w< .

7 '3 ' ' ' ' '0
-2 0 4 8 12 16 20 24

E
DAYS AFTER YELLOWCAKE IMPLANTATION

Figure 3.5 Mean water consumption by rats implanted with 10 mg yellowcake/kg body weight. The
line with data points as squares is for naive rats housed in metabolism cages, the line with data
points as triangles is for rats ' acclimated" to metabolism cages, and the line with points as
circles is for rats housed in polycarbonate cages. Error bars represent i i SEM.

28



. ... . _ _, . . . . _ _.. . . ... ._ . . _.,

40-

<

30 -

Acci 20 m;,/kg

>
<C
O

Acci 10 mg/kgy
z 20 -

iIt
3

E
Nalv 10 mg/kg

,

10 -
ai..

"" " *
,2 Acci Ctris

''^ T i ' '
O
-2 0 2 6 10 14 18 22

DAYS AFTER IMPLANTATION

Figure 3.6 Volume of urinary output by rats af ter subcutaneous implantation with yellowcake.

Uranium Concentration in Kidney

The concentration of uranium in the kidneys (72118 pg/g) of four naive rats that died 8
days af ter implantation with yellowcake at a dose of 10 mg/kg was significantly higher than that
of five surviving rats (1614 pg/g) housed t .: polycarbonate cages and sacrificed 8 days after
implantation with yellowcake at this same dose level (the latter were rats in the wound retention
study described in paper no. 2 of this report).

Animal Room Temperature and Caae Temocrature

The mean room temperature (during 24 days) and mean temperature in tach of two metabolism

cages and two polycarbonate cages are plotted at 4-h intervals through a 24-h cycle in Figure
3.7. Temperature in the polycarbonate cages was significantly lower than the temperature in
metabolism cages throughout the 24-h cycle.

Histopathological Observations

Kidneys of naive rats that died 8 days after implantation with yellowcake at a dose of 10
mg/kg appeared pale, with mottled reddish coloration and yellowish speckling (Figure 2.8).
Widespread massive necrosis of tubular optheltal cells was present, and it involved essentially
all tubules and the proximal and distal portion of each individual tubule. Nearly all tubular
epithaltal cells were necrotic and sloughed. Massive casts of necrotic cells calcified debris,
and protein filled the tubules. The glomeruli were relatively spared. Rats in the wound
retention study (See paper no. 2 in this report) that were killed at 16 days af ter implantation

.
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(10 mg/kg) also had tubular necrosis but of a less widespread, severe nature. In addition, many
tubules were lined by small flattened basophilic immature epithelial cells. It appeared that
these rats had undergone a period of acute tubular necrosis, and repair of tubules had begun. The
histopathological changes noted above were generally similar to those reported by Barnett and

| Metcalf in Voegtlin and Hodge (Ref. 3.6) in their description of the pathological anatomy of the
I

L kidney following uranium poisoning.
!

DISCUSSION

The histopathological observations noted for rats in these studies that died eight days
af ter implantation with yellowcake were generally similar to those reported by others for rats
af ter oral or parenteral administration of uranyl nitrate (Refs. 3.6 - 3.12). In earlier studies
of toxicity from parenteral administration of soluble uranium compounds to animals, rats were
usually housed in wire cages in groups of five or fewer (Refs. 3.6, 3.13). Haven and Hodge
reported LD hr or LD days values of 86 mg/kg or 2.5 mg/kg, respectively, for male50/a8 50/21
Wistar rats housed in wire cages af ter a single intraperitoneal injection of uranyl nitrate

;

hexahydrate (Ref. 3.13). The LD days value (6 ag/kg with 955 confidence limits of 3-850/21
mg/kg) reported here for naive F-344 rats housed in metabolism cages af ter implantation with
yellowcake powder was not significantly different from the 21-day LD value cited above.50

Orcutt reported an LD value of I g/kg for aqueous solutions of UO F 'I50 223UO (NO )2 applied to the shaved skin of rats (Ref. 3.14). This is about 10 times the2 3
LD for a single intraperitoneal injection of uranyl nitrate solution and an equal amount above50
the LD value reported here for naive rats housed in metabolism cages af ter subcutaneous50
implantation of dry yellowcake with aassonium diuranate as the major ingredient.

Results presented here indicate that rats housed in metabolism cages beginning insnediately
af ter subcutaneous implantation with yellowcake were more susceptible to uranium toulcity than
rats housed in polycarbonate cages or rats acc11 mated in metabolism cages for 21 days before
yellowcake implantation. Gifference in response of the two groups of rats was related to
dif ferences in water consumption during the first 8 days af ter yellowcake implantation.

One might expect the water consumption by rats housed in metabolism cages where the
temperatures were higher to be grteter than for those housed in polycarbonate cages where the
temperatures were lower. However, water consumption by naive rats placed in metabolism cages was
initially lower than that of rats continually housed in polycarbonate cages, even though the
temperature within the metabolism cages was higher than the temperature within the polycarbonate
cages.

The greater tolerance to uranium toxicity exhibited by rats housed in polycarbonate cages
compared to naive rats housed in metabolism cages was related to the lower concentration of
uranium in the kidneys of these rats than in the naive rats housed in metabolism cages. The
difference in uranium concentration.in kidney of the two groups of rats was related to differences

,

in water consumption by rats in these two groups. Water consumption by rats acclimated to - '

metabolism cages was equal to that of rats housed in polycarbonate cages, and the response of
these two groups of rats to uranium toxicity was similar. These findings are similar to those
reported by Ryan 31 31 (Ref. 3.7) that increase in ~ fluid intake and urinary output by
saline-loaded rats was correlated with reduction in uranyl nitrate-induced acute renal failure.
These investigators reported that saline loading (provisten of 15 saline as the sole source of

' drinking water) afforded protection in rats against the development of acute renal failure induced
by uranyl nitrate (Ref. 3.1). Saline-loaded rats exhibited greater; fluid intake and urinary
output than rats drinking water at 24 or 48 hrs af ter intravenous injection with urany1'nttrate l
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solution at a dose of 10 mg/kg. Saline loading ameliorated the *,rotemia but not the renal tubular
necrosis or tubular dysfunction that are characteristic of uranium nephrotoxicity,(Refs. 3.7 -

3.9). However Avasthi 3.131. (Ref. 3.10) reported that saline loading protected rats against
alterations in both renal function and endothelial cell morphology (as assessed by electron

microscopy), wherees sodium depletion in rats af ter administraticn of ursnyt nitrate (15 mg/kg)
resulted in development of a marked reduction in the glomerular filtration rate and significant

alterations in endothelial cell morphology, in saline loaded rats, a lower concentration of

uranyl nitrate as a result of increased fluid intake and urinary output may have prevented the
cellular injury.

We conclude that rats housed in polycarbonate cages or in metabolism cages af ter a 21-day
period of acclimation exhibited a significantly Icwer nephrotoxic response to uranium from
implanted yellowcake than did naive rats housed in metabolism cages. Greater toxic response of
the naive rats to implanted yellowcake was related to reduction in water consumption by these rats
compared to those housed in polycarbonate cages or rats housed in metabolism cages after
acclimation to this cage type. Difference in water consumption of tne two groups of rats may be
due to differences in the behavior patterns between the naive rats and those housed in

polycarbonate cages. The differences in water consumption could not be related to differences in
temperature within the two types of cages.

It has generally been recognized that a period of acc11mation must be provided for

laboratory animals placed in a new environment before undertaking toxicity studies. However, the
time period required for acc11mation of rats to metabolism cages has not been determined

previously. Data presented here indicate that minimum periods of 3 days or 5 days are required
for acc11mation in terms of food consumption or water consumption, respectively. However, rate of
;hange of body weight for rats housed in metabolism cages was less than that of rats housed in
polycarbonate cages throughout a 34-day period of observation. Therefore, further studies of
acclimation of rats to metabolism cages are required to determine the minimum period of

acc11mation needed for studies involving measurements in changes of body weight of rats housed in
these two cage types.

Figure 3.3 shows that water consumption of rats housed in metabolism cages was less than for
rats housed in polycarbonate cages until 16 days of acc11mation (although the dif forence was not
statistically significant beyond day 5). Therefore, we reconenend that in future studies requiring
excreta collections, a minimum 21-day acc11mation to metabolism cages should be provided before
exposure of rats to nephrotoxic test substances. This should provide a measure of assurance that
water consumption and nephrotoxic responses of rats in the two cage types will be siellar.
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4. TWO-YEAR DOSE PATTERN STUDIES OF IWALED YELLOWCAKE IN THE BEAGLE DOG

Abstract - Forty-four Beagle dogs were exposed

to aerosols generated from yellowcake saspies ob- PRINCEPAL INVESTICAMtS

tained from two uranium allis. The two materials A. F. Eidson

teptesented two extremes in yellowcake composition E. C. Damon
that occut in industry: one was 100% annonium di-

uranate; the other was > 99% VO. The aerosols of the 100% ananonium diutanate form inhaled3y

by 20 dogs averaged 3.4 t 0.5 alcrons (mean t i SE) mass median aerodynaalc diameter (NNAD),
and 1.5 t 0.04 geometric standard deviation (CSD). The average estimated inittai lung burden

was 130 t 9 pg Ulkg body weight. Exposure aerosols of the > 99% 00, fMa inhaled by3
the second group of 20 dogs averaged 3.0 t 0.3 ya NNAD and 1.7 t 0.1 CSD. The estianted

initial lung burden for the second group was 140 t 7 vg U/kg body weight. Sacrifices are

conpleted through 64 days af ter exposure for both experiments, and analysis of tissue and excreta
samples for uranium content is in progress.

Investigation of the short-term patterns of retention and excretion of inhaled uranium in rats
exposed to yellowcake aerosols from two uranium mills has shown that clearance of inhaled
yellowcake from the lung depends, in part, on the yellowcake solubility in body fluids (Ref. 4.1).
The translocation to other tissues (e.g., bone) and excretion through the kidney also appears to
be solubility related.

Experiments were designed to provide data on the long-tern pattern of clearance of uranium in
beagle dogs exposed by inhalation of two types of yellowcake, a more soluble form and a less sol-
uble form. Aerosols of the two yellowcake forms obtained from operating allis were generated
directly f rom powders for nose-only inhalation exposures. The results of this study in dogs will

be compared with the available data on human exposure to U 0 , UO ' and to UO3 (Ref. 4.2, 4.3).38 2
The objectives of this study are:

(1) to , assess the patterns of retention and excretion in dogs of two chemical forms of ura-
nium comonly present in yellowcake aerosols;

(2) to relate the above metabolism of uranium from inhaled yellowcake aerosols to their phy-
sical and chemical properties; and

(3) to relate the observed behavior of yellowcake to humans and suggest possible bioassay
schemes.

MATERIALS AND METH005

Two samples of yellowcake were chosen, based on infrared analysis to represent the extremes of
composition observed at uranium allis: one material was 1005 ammonium diuranate (a wre soluble
form); the other was < 15 amonium diuranate and > 99% U0 (a relatively insoluble form;38
see Paper 1 of this report).

Forty-four beagle dogs, including an equal number of males and females, 2 to 6 years of age
were selected. Twenty dogs were exposed to each material, and four were retained as unexposed
controls to be used as quality controls for the uranium fluorometry analyses. Exposure aerosols
were generated from the dry yellowcake powders using a DeV11biss Model 125 powder generator (Ref.
4.4).
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Aerosol concentration was monitored during exposure by a Model RAM-S nephelometer (GCA Corp.,

Bedford, MA) calibrated with aerosols generated from the same yellowcake powder. Calibration
aerosols were generated using constant air flow rates and were sampled simultaneously using the
nephelometer and memorane filters. The uranium deposited on the membrane filters was determined
by reflectance fluorometry (Ref. 4.5), and the aerosol concentration was calculated using the flow
rate through the filter and the sampling duration.

The nephelometer was used to monitor the exposure aerosol concentration continuously during
each exposure and to allow a more accurate estimate of the amount inhaled by the dog. The breath-
ing frequency and tidal volume of the dog were monitored during exposure using a whole-body j

plethysmograph (Ref. 4.6). Estimates of the initial lung burden were made using the cumulative
volume of air inhaled, the average aerosol concentration, and deposition efficiency of 20% for the j

pulmonary compartment of the lung. The aerosol particle size distribution was determined by anal-
ysis of the yellowcaka deposited on each stage of cascade impactors and fitting a lognormal
distribution function to the data. 1

Because renal toxicity might be caused by inhalation of uranium, blood and urine samples were
collected to monitor renal function. Blood and urine samples were also collected from all dogs

before exposure and at sacrifice. Additional samples were collected at 8 and 16 days after

exposure and at 90-day intervals thereaf ter. Blood serum was analyzed for blood urea nitrogen,
creatinine, total protein, albumin, calcium, and inorganic phosphate content using a Multistat III
microcentrifugal analyzer (Instrumentation Laboratories Co., Lexington, MA). Whole blood was
analyzed for hematocrit, hemoglobin, red and white cell counts, and mean cell volume using a

Coulter Model 281 Counter (Coulter Electronics Co., Hialeah, FL) and a Coulter hemoglobinoneter.
Comparative differential cell counts and platelet estimation tests were included. Standard

.

chemical analyses of urino include: protein, glucose, ketones, urobilinogen, bilirubin, blood and
hemoglobin content, specific gravity, and pH. Sediments were analyzed microscopically for cells,
casts, and crystals.

Urine, feces, and cage wash water were collected daily from 2 days before exposure until 16
days af ter exposure, then three daily collections per week were made for 2 weeks. Subsequently,
three daily collections per month were made every other month untti 180 days after exposure.

Af ter 180 days, three consecutive daily collection, of excreta were made at 3-month intervals

until sacrifice.

| Dogs are scheduled for sacrifice at 0.08, 2, 4, 8, 32, 64, and 180 days and at 1,1.5, and

2 years af ter exposure. Four exposed dogs in each study were not assigned to specific sacrifice
groups, but are reserved as replacements in case of deaths during the term of the study. One of
the control dogs in each study was sacrificed at 2 days and one will be sacrificed at 2 years to
provide quality control data on fluorometric analyses during the study. Selected tissues taken at
necropsy for uranium analysis include: blood, skull, turbinates, trachea, lung, kidney,

gastrointestinal tract (including esophagus and stomach), liver, spleen, tracheobronchial lymph
nodes, femur, and lumbar vertebrae. Tissues taken for histopathological examination include

samples of kidney, femur, liver, spleen, lymph' nodes, lung, and any lesions observed. Tissues and
excreta are analyzed for uranium content by reflectance fluorometry.

RESULTS AND DISCUSSION

Scheduled sacrifices are complete through one year after exposure; all other dogs are alive.
Results describing the exposure aerosol characteristics and estiested achieved initial lung burden
for the animals that inhaled one of the two yellowcake forms are shown in Tables ~4.1 and 4.2.

i
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Table 4.1.
Results of Beagle Dog Exposures to Aerosols of Yellowcake Powder Containing 100% Anunonium Diuranate

Mass Median

Aerodynamic Estimated Achieved Indication
Exposure Animal Diameter Geometric Standard Initial Lung Burden of Kidney

Number Number i SE fum) Deviation i SE fua U/kal Dysfunction

3120-01 1229A 3.6 1 0.01 1.34 1 0.03 130 No

3120-02 1176V 2.4 1 0.01 1.07 1 0.02 110 Yes

3241-03 11798 Control - - No

3242-04 1143U 3.4 1 0.2 1.55 2 0.07 95 No

3242-05 1182A 3.210.8 1.62 1 0.07 150 Yes

3242-06 1240T 3.3 1 0.1 1.56 t 0.04 160 No

3243-07 11828 3.9 i 0.2 1.54 1 0 35 250 Yes

3243-08 12415 2.7 t 0.2 1.16 t 0.03 150 Yes

3244-09 12138 3.3 1 0.2 1.38 1 0.07 130 Yes
3244-10 1242W 4.0 1 0.4 1.9 i 0.2 140 Yes
3245-11 12248 3.6 1 0.2 1.26 2 0.05 210 Yes
3245-12 1243S 3.0 1 0.1 1.5 1 0.03 140 Yes

3246-13 1226A 3.5 1 0.1 1.54 1 0.05 120 Yes
3246-14 1243U 3.3 i 0.2 1.59 1 0.07 100 No

3246-15 1226E 3.1 1 0.1 1.58 1 0.04 120 Yes
3246-16 1244S 3.2 1 0.1 1.66 1 0.06 130 Yes

3247-17 1244T Control - - No

3248-18 12270 3.4 1 0.2 1.63 1 0.06 140 No

3248-19 11818 3.8 1 0.2 1.41 1 0.06 100 No

3248-20 1245W 3.8 1 0.3 1.6 1 0.1 110 No

3248-21 12328 4.8 1 0.2 1.52 1 0.06 66 No

3249-22 1247S 2.9 1 0.2 1.5 1 0.1 80 No

Mean i SE (n = 20) 3.4 1 0.5 1.5010.04' 130 1 9
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Table 4.2.
Results of Beagle Dog Exposures to Aerosols of Yellowcake Powder Containing 99% U 038

Mess Median

,, Aerodynamic Estimated Achieved Indication
Exposure Animal Diameter Geometric Standard Initial Lung Burden of Kidney

Number Number i SE fum) Deviation t SE fuo U/ka) Dysfunction

3121-23 1145S 2.6 1 0.2 1.7 1 0.1 160 No

3121-24 1178G 3.110.1 1.5 1 0.1 130 No

3121-25 11485 Control - - No

3292-26 1181A 1.9 1 0.1 1.5 1 0.1 130 No

3292-27 1220C 1.5 1 0.1 1.5 1 0.1 190 No

3292-28 1174T 2.2 1 0.6 1.9 1 0.3 120 No

3292-29 1176T 2.7 1 0.1 1.4 1 0.1 110 No

3293-30 12218 2.7 1 0.1 1.7 2 0.1 110 No

3293-31 1240$ 3.0 1 0.1 1.5 t 0.04 160 No

3294-32 1242T 2.3 1 0.1 1.6 1 0.1 140 No

3294-33 12228 3.3 t 0.2 1.5 1 0.1 130 No

3294-34 12220 2.9 i 0.2 1.6 1 0.1 120 No

3294-35 1245T 2.9 1 0.3 1.7 1 0.1 150 No

3295-36 1247T 2.4 1 0.1 1.8 1 0.1 190 No

3295-37 1235A 2.7 1 0.2 1.8 1 0.1 160 No

3295-38 1236A 2.6 1 0.2 1.7 1 0.1 200 No

3295-39 12368 Control - - No

3295-40 12485 7.7 1 2.3 3.2 1 0.7 100 No
'

3296-41 1248T 3.2 1 0.1 1.6 i 0.04 110 No

3296-42 1223A 3.6 1 0.2 1.5 1 0.1 110 No

3297-43 1237A 3.2 1 0.2 1.6 1 0.1 120 No

3297-44 1250T 3.0 1 0.3 1.8 i C.1 180 No

Mean i SE (n - 20) 3.0 1 0.3 1.7 1 0.1 14017

s
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Use of filter sampling data to calibrate the nephelometer assumes that the particle size
distribution of the aerosol remains constant during sampling. This assumption might not be

warranted in some cases. However, the nephelometer was used to monitor the exposure aerosol
concentration and overcome a major limitation of filter sampling, the time required to determine
the amount of uranium on the filter by reflectance fluorometry (a minimum of 24 h).

Initial lung burdens estimated using breathing parameters and aerosol concentrations measured
during exposure were approximately 65% of the desired value and approximately 7% of the LD /30

50

day dose for dogs given a single injection of UO (NO )2 s lution (Ref. 4.7). More refined
2 3

estimates of the initial lung burden for each animal will also be made when the results of tissue
and excreta analyses for uranium content become available for individual animals. The low j

intensity of gamma radiation from natural uranium precludes the use of external whole-body
counting in this study.

Eleven dogs exposed to the more soluble yellowcake (containing 100% amonium diuranate) have
shown changes in biochemical indicators of renal dysfunction (Table 4.1). No such biochemical
changes have been observed for dogs exposed to the less soluble form (containing > 99% U 0 '38
Table 4.2). Dog 12l38 (Table 4.1), sacrificed on schedule at 4 days af ter exposure, had elevated
glJCCse levels and albumin in urine above pre-exposure values. Dog 1241S had elevated glucose
levels and albumin in urine at 8 days af ter exposure. Dogs identified as having possible kidney
dysfunction had elevated glucose levels (250-3000 mg/dl) and protein (100-1000 mg/dl) in urine at

,

8 days af ter exposure. Control animals had normal levels of 0-0.25 mg/dl for these indicators. I

In addition, elevated levels of 30-50 mg% (control value = 15 mg5) blood urea nitrogen ano 2.2-4.3
mg5 creatinine (control value = 0.8-1.1 mg%) were measured at 8 days af ter exposure. These
elevated levels returned to normal at 16 days after exposure. Histopathological examination of
kidney tissues from dogs that had biochemical evidence of kidney dysfunction is in progress;
however, the djsfunction was possibly caused by acute tubular necrosis in the proximal tubules
(Ref. 4.1) that was repaired by approximately 16 days after exposure.

These results show clearly that only the dogs exposed to the more soluble yellowcake form
showed evidence of kidney toxicity, indicating that the content of ammonium diuranate in

yellowcake aerosols is important for health protection purposes.
The occurrence of kidney dysfunction cannot be quantitatively related to the estimated initial

lung burden .70w. The dogs that experienced kidney dysfunction (Table 4.1) had estimated initial
lung burdens of 150 t 13 9g U/kg body weight (mean i SE), and dogs with normal kidney
function had estimated initial lung burdens of 106 t 11 pg U/kg. These values are not
significantly different at the 95% confidence level. A more quantitative treatment of the dose-
response relationships between inhaled yellowcake and kidney toxicity will be possible when
results of analyses for uranium content in tissues and excreta become available during the :oming
year.
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