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The Wyoming Mining Association (WMA) is an industry association comprised of mining companies,
suppliers, vendors, contractors, consultants and others located in Wyoming. Among the Association's
mining company members are several uranium recovery licensees including an operating in-situ
uranium recovery licensee, an in-situ uranium recovery licensee in the process of final restoration, the
last remaining conventional uranium mill in Wyoming, and several licensees engaged in final
reclamation of their sites. - '

The petition for rulemaking files by James Salsman is of concemn to the Association since it directly

addresses the regulatory limits for uranium exposure. James Salsman states in his petition that “the
regulations were designed to address only the radiological hazard of uranium, and not the heavy metal
toxicity, which is known to be about six orders of magnitude worse."” In addition he states that "the
explicit limit to 10 mg/day of soluble uranium compounds (or about half a gram per year) in 10 CFR
20.1201 (e) seems likely to allow substantial kidney damage and certain reproductive toxicity”. James
Salsman requests "that the NRC revise its regulations in 10 CFR part 20 that specify limits for ingestion
and inhalation occupational values, effluent concentrations, and releases to sewers, for all heavy metal
radionuclides with nonradiological chemical toxicity hazards exceeding that of their radiological
hazards so that those limits properly reflect the hazards associated with reproductive toxicity, danger to
organs, and all other known nonradiological aspects of heavy metal toxicity".

The Association requests that this Petition for Rulemaking be denied for the following reasons:

1. Current regulations are designed to adequately address both the radiological and heavy metal
toxicity of uranium and specifically acknowledge that uranium toxicity to the kidney, as a heavy
metal, is greater than its radiotoxicity. 10 CFR 20.1201 Occupational dose limits for adults states:
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(e) In addition to the annual dose limits, the licensee shall limit the soluble uranium intake by an
individual to 10 milligrams in a week in consideration of chemical toxicity (see footnote 3 of
appendix B to part 20).

Clearly current regulations account for the chemical toxicity of uranium.

. The National Institute of Occupational Safety and Health (NIOSH) recently concluded a study of
uranium mill workers. The study entitled Mortality among a cohort of uranium mill workers: an
update (accepted for publication on March 27, 2003 - Occup Environ Med 2004; 61:57-64) is
included in Appendix 1. This study states:

Mortality from all causes was less than expected, which is largely accounted for by fewer deaths
Jrom heart disease than expected. Mortality firom all malignant neoplasms was also less than
expected.

Clearly if the chemical toxicity of uranium was "about six orders of magnitude worse" than its
radiotoxicity as James Salsman suggests, then increased mortality would have been evident among
the cohort of uranium millers.

. The petitioner also discusses reproductive effects in his Petition for Rulemaking stating:

"...NRC revise its regulations in 10 CFR part 20 that specify limits for ingestion and inhalation
occupational values, effluent concentrations, and releases to sewers, for all heavy metal
radionuclides with nonradiological chemical toxicity hazards exceeding that of their radiological
hazards so that those limits properly reflect the hazards associated with reproductive toxicity..."

The petitioner cites in the following posting on the Intemnet:

http://www.vanderbilt.edwradsafe/0412/msg00270.html

a paper entitled, 4 review of the effects of uranium and depleted uranium exposure on
reproduction and fetal development (Toxicology and Industrial Health 2001; 17: 180£191). This
paper discusses reproductive effects from uranium exposure in rats and is included in Appendix 2.
While this paper discusses the toxicological effects of exposure to uranyl nitrate hexahydrate on rats,
it clearly states:

Fifty male/female pairs were fed diets of Purina Fox Chow containing 2% uranyl nitrate
hexahydrate [UO2 (NO3 )2 ] for seven months and were then placed on control diets of Purina Fox
Chow for an additional five months.

A diet containing two- (2) percent uranyl nitrate represents a huge uranium intake. At this huge dose
the paper concluded:

1t was concluded that under the given conditions, uranium exposure had an adverse effect on rat
reproductive functions in the absence of inanition.

This effect was only observed in a diet that consisted of two- (2) percent uranyl nitrate hexahydrate,
which is far in excess of any dose allowed by current regulation. This paper in no way challenges the
current uranium dose limits (radiological or chemical).



4. A paper entitled Uranium Deposition and Retention in a USTUR Whole Body Case is included in
Appendix 3. This paper discusses the autopsy of "a whole body donation fiom a person with a
documented occupational intake of uranium”. Specifically this individual was "an adult male who
died from an acute cerebellar infarct at the age of 83". The individual "Worked as a power operator,
utility operator, and metal operator for 28 years in a facility that processed and handled radioactive
materials”. The individual "submitted numerous urine samples for uranium, plutonium, and fission
product analysis".

The paper concludes by stating, "The relative amount of uranium in the various organs of this case
were lung > skeleton>spleen > liver> kidney, which is in agreement with other reported
observations from the literature..." It also states, "Autopsy results disclosed findings not uncommon
in the aged with no indication of pathology possibly attributable solely to exposure to uranium."
Clearly based upon this paper, uranium concentration in the reproductive organs is not a major issue.

At best the reproductive organs would rank sixth and in fact the testis rank seventh in order of

uranium concentration in Table 3 of the paper.

5. The Association also is including in Appendix 4 a discussion prepared by Dr. Nancy Standler MD,
Ph.D. (a pathologist with a doctorate from the Department of Radiation Biology and Biophysics of
the University of Rochester) in further support of its request to deny the Petition for Rulemaking.

The Association appreciates the opportunity to comment on this Petition for Rulemaking. If you have
any questions please do not hesitate to contact me.

Sincerely yours,
% P ﬁm"ﬂ
Marion Loomis

Executive Director

cc: Katie Sweeney - National Mining Association (NMA)
salsman_comments.doc
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Mortality among a cohort of uranium mill workers: an
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Aims: To evaluate the morlality experience of 1484 men employed in seven uranium mills in the Colorado
Plateau for at least one year on or after 1 January 1940.
Methods: Vital status was updated through 1998, and life table analyses were conducted.
Results: Mortality from all causes and all cancers was less than expected based on US mortality rates. A
statistically significant increase in non-malignant respiratory disease mortality and non-significant
increases in mortality from lymphatic and haematopoiefic malignancies other than levkaemia, lung
cancer, and chronic renal disease were observed. The excess in lymphatic and haematopoietic concer
mortality was due to an increase in morlality from lymphosarcoma and reticulosarcoma and Hodgkin's
disease. Within the category of non-malignant respiratory disease, mortality from emphysema and
pneumoconioses and other respiratory jisecse was increased. Mortdlity from lung cancer and
emphysema was higher among workers hired prior to 1955 when exposures to uranium, silica, and
\éonodium were presumably higher, Mortality from these causes of death cﬁcc; not increase with employment
uralion.
Conclusions: Although the observed excesses were consistent with our a priori hypotheses, positive trends
with employment duration were not observed. Limitations included the small cohort size and limited power
to detect a moderately increased risk for some outcomes of interest, the inability to estimate individual
exposures, and the lack of smoking data. Because of these limitations, firm conclusions about the relation
of the observed excesses in mortality and mill exposures are not possible.

recover uranium for nuclear weapons began during World

War II to support the Manhattan Project. Uranium bearing
ores had been mined previously on a small scale, but mainly
for the recovery of vanadium. Continued development and
expansion of the industry after the war was promoted by a
domestic uranium concentrate procurement programme that
was established by the Atomic Encrgy Commission in 1947.!
As early as 1949, health officials became concerned about the
potential health risks associated with uranium mining and
milling?

The health risks associated with uranium mining have
been extensively studied. Uranium miners have been found
to have a substantially increased risk of death from lung
cancer, which is associated with cumulative exposure to
radon decay products.>* Excess mortality from non-malig-
nant respiratory discases has also been found.* However,
existing data concerning the health effects of uranium
milling are limited. Waxweiler and colleagues reported a
significantly increased risk of “other non-malignant respira-
tory disease” (standardised mortality ratio (SMR) = 2.50;
observed (obs) = 39) among 2002 workers at seven uranium
mills in the Colorado Plateau.” This category included
emphysema, fibrosis, silicosis, and chronic obstructive
pulmonary disease. Non-significant excesses were observed
for lymphatic and haematopoietic malignancies other than
leukaemia after 20 years latency (SMR = 2.3; obs =6) and
chronic renal disease (SMR = 1.67; obs = 6). In an earlier
overlapping study of 662 uranium mill workers, Archer and
collcagues observed an excess risk of mortality from
lymphatic and haematopoietic malignancies other than
leukaemia (SMR = 3.92; obs =4).* Limited data from mor-
bidity studies suggest that uranium millers may have an
increased risk of pulmonary fibrosis* and renal tubular
injury.®

I n the United States, mining and milling of uranium ores to

The primary exposures of intcrest in uranium mills are
uranium, silica, and vanadium containing dusts. Inhalation
of uranium dust may pose an internal radiation hazard as
well as the potential for chemical toxicity. High concentra-
tions of radon and radon decay products, similar to the levels
found in underground uranium mines, are not expected in
the mills.

Because of continuing concern about the health effects of
uranium milling, we extended the follow up of the cohort
described by Waxweiler and colleagues.” The present report
describes the mortality experience of the cohort through 21
additional years of observation. In addition, the risk of end
stage renal disease was evaluated among the cohort.

Uranium milling process

The primary function of uranium mills is to extract and
concentrate uranium from uranium containing ore to
produce a semi-refined product known as yellowcake.
Yellowcake is a chemically complex mixture of diuranates,
basic uranyl sulphate, and hydrated uranium oxides that
contains 80-96% uranium as U,0yz UO;, and/or ammonium
diuranate.” Yellowcake is used commercially to manufacture
nuclear fuel for nuclear power and national defence
purposes.

Conventional mills process uranium bearing ores from
underground or open-pit mines. Until the mid-1970s, all
yellowcake in the United States was produced at conven-
tional uranium mills." The main stages of the process in
conventional mills involved: (1) ore handling and prepara-
tion; (2) extraction; (3) concentration and purification; and
(4) precipitation, drying, and packaging. So-called “upgra-
der” facilities processed virgin ore that was initially too low in
uranium content to process economically in a uranium mill.
At an upgrader, a series ol crushing, grinding, and chemical
separation steps were employed to “upgrade” the percent
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uranium contained in the final product, which was sent to a
uranium mill for further processing. Unlike conventional
uranium mills, upgrader facilities did not carry out concen-
tration and purification of the uranium, and precipitation,
drying, and packaging of yellowcake. In this paper, the term
“mill” will be used in reference to both conventional
uranium mills and upgrader facilities.

METHODS

Cohort description

The cohort was assembled from the personnel records
obtained from the companies operating seven uranium mills
(five conventional uranium mills and two upgraders). The
original cohort described by Waxweiler and colleagues, which
is referred to hercafter as the Waxweiler cohort, included
2002 men who had worked for at least one day after
1 January 1940, worked for at least onc year in uranium
mills, and never worked in underground uranium mines.’
Because some of the work histories in the Waxweiler cohort
were found to be coded inaccurately, we recaded all work
histories. We also reviewed documentation from the original
study to identify men who met the original cohort criteria,
but had been omitted. Personnel records were obtained and
work histories updated for cohort members who were still
employed in 1971 when the personnel records were originally
microfilmed. After re-coding the work histories, we limited
the cohort to men who met the original cohort criteria, had
never worked in an above-ground or underground uranium
mine, and had worked for at lcast one year in the seven
uranium mills before the personnel records were originally
microfilmed in 1971 while the mills were operating to recover
uranium and/or vanadium concentrates. The final cohort
included 1485 men, 1438 {96.8%) of whom were in the
Waxweiler cohort. Of the 564 workers not included in the
current study, 103 (18.3%) worked in uranium mines, 318
(56.4%) never worked in one of the seven mills comprising
the study, 141 {25.0%) worked for less than one year in the
seven mills when they were operating, and one (0.2%) was
excluded because the work history was incomplete. One

www,occenvmed.com

Pinkerton, Bloom, Hein, et al

woman whose gender was coded incorrectly in the Waxweiler
cohort was also excluded.

Follow up
The vital status of all persons in the cohort was determined
until 31 December 1998. Follow up included inquiry through
the Social Security Administration, Internal Revenue Service,
US Postal Service, National Death Index (NDI), and state
bureaus of motor vehicles. Death certificates were obtained
from state vital records offices for some deceased members of
the cohort and coded by a trained nosologist according to the
revision of the International Classification of Diseases in
effect at the time of death. The causes of death for other
deceased members of the cohort were obtained from the NDI.
To identify cohort members with treated end stage renal
disease, the cohort was linked with the End Stage Renal
Disease (ESRD) Program Management and Medical
Information System (PMMIS) by name, social security
number, and date of birth. The ESRD PMMIS is maintained
by the Health Care Financing Administration (HCFA) and
includes all individuals who received Medicare covered renal
replacement therapy (dialysis or transplant) in 1977 or later.
Approximately 93% of ESRD patients in the United States are
included in the ESRD PMMIS."

Analysis

The mortality experience of the cohort was analysed with the
usc of the National Institute for Occupational Safety and
Health (NIOSH) modified life table analysis system
(LTAS).” ™ Each cohort member accumulated person-years
at risk (PYAR) for each year of life after 1 January 1940 or
completion of the one year eligibility period, whichever was
later, until the date of death for deceased cohort members,
the date last observed for persons lost to follow up, or the
ending date of the study (31 December 1998) for cohort
members known to be alive. Cohort members known to be
alive after 1 January 1979 (the date that the NDI began) and
not identified as deceased were assumed to be alive as of
31 December 1998. The PYAR were stratilied into five year
intervals by age and calendar time and were then multiplied
by the appropriate US gender, race, and cause specific
mortality rates to calculate the expected number of deaths
for that stratum. The resulting expected numbers vere
summed across strata to obtain cause specific and total
expected number of deaths. The ratio of observed to expected
number of deaths was expressed as the standardised
mortality ratio (SMR). Ninety five per cent confidence
intervals (Cl) were computed for the SMRs assuming a
Poisson distribution for observed deaths. The mortality
analysis was rcpeated using Colorado, New Mexico,
Arizona, and Utah state mortality rates to gencrate expected
numbers of deaths. In addition to analyses of underlying
cause of death, all causes listed on the death certificate werc
analysed using multiple cause mortality methods described
by Steenland and colleagues." Multiple cause analyses are
particularly important for diseases that may be prevalent at
death but that are not the underlying cause of death.” In
analyses using state or multiple cause mortality rates, person-
ycars at risk started to accumulate on 1 January 1960, when
the rates were [irst available, or completion of the one ycar
eligibility period, whichever was later.

The end stage renal disease experience of the cohort was
analysed using methods described by Calvert and collea-
gues." Briefly, the modified life table analysis system was
used to calculate PYAR, expected number of individuals
developing ESRD, and standardised incidence ratios (SIRs)
for ESRD. Since the ESRD PMMIS is considered incomplete
prior to 1977, cohort members who died before this date werc
excluded from the ESRD analysis. PYAR [or cohort members
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who were alive on 1 January 1977 began to accumulate on
this date. Cohort members accumulated PYAR until the first
service date for those with ESRD, the date of death for
deccased cohort members, the date last observed for those
lost to follow up, or the ending date of the study for those
known to be «alive. The first service date for ESRD, which
generally represents the date on which renal replacement
therapy began, was used as a surrogate for the date of onset
of ESRD. After the PYAR 1wvere stratified into five year
intervals by age and calendar time, the PYAR were multiplied
by the appropriate US ESRD incidence rates to calculate the
expected number of cases for that stratum. The US incidence
rates were developed by NIOSH from the HCFA PMMIS data
and US census data as described elsewhere.’ The expected
number of treated ESRD cases in all strata were summed to
yield the total expected number. The ratio of the observed to
expected number of treated ESRD cases was expressed as the
standardised incidence ratio (SIR). The SIR for four major
categories of ESRD (systemic, non-systemic, other, and
unknown) were also calculated.

We stratified SMRs and SIRs by duration of employment
(1-2, 3-9, 10+ years), time since first employment (latency)
(0-9, 10-19, 20+ years), and year of first employment
(<1955, 1955+). In general, the cut points for duration of
employment and time since first employment were retained
from the original study; however, we lowered the cut point
between the lowest and middle duration of employment
categories so that the number of deaths in each category
would be more similar. The cut point for year first employed
was selected a priori based on the assumption that exposures
in the earlier years (when there was little emphasis on dust
control) would be higher than in later years. Duration of
employment was based on employment in the seven cohort
mills while they were operating to produce uranium and/or
vanadium concentrates and included employment that
occurred prior to the start of the follow up period. The
analyses were repeated restricting the cohort to those who
had worked in a conventional mill and to those who had
worked in a conventional mill that produced both vanadium
and uranium concentrates. Because of the potential impact of
exposures encountered during other employment in the
uranium industry, SMRs and SIRs were also conducted
restricting the cohort to those without such employment. All
analyses were done using the PC version of the LTASY (http://
wivw.cde.gov/niosh/litindex.html). Testing for heterogeneity
and trend in the SMRs used the methods of Breslow and
Day."

Based on previous studies and the known toxic effects of
uranium and silica, the a priori outcomes of interest in this
study included non-malignant respiratory disease, chronic
renal disease, lung cancer, and lymphatic and haematopoictic
cancer other than leukaemia. Within the major category of
non-malignant respiratory disease, the minor category
“pneumoconiosis and other respiratory diseases” was of a
priori interest.

RESULTS

A total of 1484 men contributing 49 925 person-years-were
included in the study. Table 1 presents the distribution of the
cohort by vital status, plant type (conventional mill,
upgrader), duration of employment, time since first employ-
ment, and first year of employment. Race was unknown for
642 (43.3%) members of the cohort. Because all workers of
known race were white, workers of unknown race were
classified as white in the analysis. In the total cohort, 656
(44.2%) men were alive, 810 (54.6%) were deceased, and 18
(1.2%) were lost to follow up. Causes of death were obtained
from death certificates or the NDI for 794 (98.0%) of the
individuals known to be deceased. Deaths with missing
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Table 1 Characteristics of the study population

No. of workers 1485
Excluded from analysis* 1
Person-years of risk 49925
Mmill N
Conventional m||| only 1412 {95.1%)
rader only ¢ 44 (3.0%)
e - 28 (1.9%)
Vital stotus as of 31 Dec 1998 .
' Dead 810 (54.6%)
Unknown C ey -
Year of birth 1921 medion
- . ) 1872—1951 range
2 Year of first employmentt - o
"~ Priorto 1955 ‘.799 {53. 8%)
1955 or later 685(46.2%) -
Durcmon of employmenrt R
S 1=2years 634 {42.7%)
- 39 yeors 547 (36.9%)
" 10+years - 303 {20.4%)
_Time since first employmenrf ) T
, <10years - 76(5.0%)
10-19 years - - 128 (8.6%)
20+ years : . 1289 (86.3%) .
- 'Mlssmg dae of birth,

o tEmployment in the seven mills whxle operohng b produce vranium ond/
or voriadium concentrates. )

causes of death were included in the other and unknown
causes category. The duration of employment of the cohort is
relatively short with a median of 3.6 (range 1-36.3) years.
Over half of the cohort was first employed prior to 1955. The
median time since first employment, based on employment
in the seven mills while they were operating, is 37 years.

Almost all of the workers and person-years were from
conventional uranium mills. Of the 1440 men who were
employed at conventional mills, 1263 (§7.7%) were employed
at mills that recovered vanadium, 145 (10.1%) were
employed at mills that did not recover vanadium, and 32
{2.2%) were employed both at mills that recovered vanadium
and mills that did not recover vanadium. Among the entire
cohort, 83 (5.6%) men had also been employed in other
aspects of the uranium industry according to their employ-
ment application or other employment records.

Table 2 shows the results of the analysis for all causes of
death. Mortality from all causes was less than expected,
which is largely accounted for by fewer deaths from heart
disease than expected. Mortality from all malignant neo-
plasms was also less than expected. Among the outcomes of a
priori interest, a statistically significant increase in mortality
from non-malignant respiratory disease (SMR = 1.43; 95% Cl
1.16 to 1.73; obs =100) and non-significant increases in
mortality from trachea, bronchus, and lung cancer
(SMR = 1.13; 95% C1 0.89 to 1.41; obs = 78), lymphatic and
haematopoietic malignancies other than leukaemia
(SMR=1.44; 95% CI 0.83 to 2.35; obs =16), and chronic
renal disease (SMR = 1.35; 95% C1 0.58 10 2.67; obs = 8) were
observed. The excess in mortality from lymphatic and
haematopoietic malignancies was due to an excess in
mortality from lymphosarcoma and reticulosarcoma
(SMR = 1.74; 95% CI 0.48 to 4.46; obs =4) and Hodgkin's
disease (SMR =3.30; 95% CI 0.90 to 8.43; obs =4). Within
the major category of non-malignant respiratory disease,
mortality from emphysema (SMR = 1.96; 95% CI 1.21 to 2.99;
obs = 21) and pneumoconioses and other respiratory discase
(SMR = 1.68; 95% CI 1.26 to 2.21; obs = 52) was significantly
increased. Among outcomes other than those of a priori
interest, non-significant increases in mortality from other
and unspecified cancers (SMR = 1.59; 95% CI 0.98 to 2.43;
obs = 21) and accidents (SMR = 1.26; 95% CI 0.93 to 1.68;

vasrw . oocenvmed com



60

Pinkerton, Bloom, Hein, et af

Table 2 Uranium mill workers’ mortalnfy (smce 1940,US referenl roles) updcle of cohort to 1998

.'Undedymg :uuse “of decth (ICD9 code)' 'Obs ) ‘,‘:)Exp_ o = 3 _-ff SMR RO 95%Cl . R
All causes 810 . 877.66 . 0.92¢ 0.86 t0 0.99
All concers (140-208) 184 204.12 - 0.90 0.78 10 1.04
Buccal and pharyngeal CA (140-149) 2 5.06 0.40 0.0510 1.43
All Jgeshve CA [150-159) 33 53.18 0.62§ 0.43100.87

Oesophogus (150) 1 5.06 0.20 0.0111.10
Colon {152-153) 12 18.96 0.63 03310 1.1)
Rectal {154) 2 477 0.42 '0.05to 1.51
Liver and biliary {155-156) 4 5.04 0.79 0.22102.03
Pancreas (157) ] 10.30 0.58 02110 1.27
All respxmtory CA {160-165) 78 72.29 1.08 0.85101.35
Trochea, bronchus, and lung (162) - 78 48.93 o113 0.89 to 1.41
Mdle gemk:l CA {185-187} 15 1967 - 076 0.43101.26
All urinary CA (188-189) 5 11.03 045 . - 0151106 -
Kidney (189.0-189.2) . 4 496 -0.22102.06 - -

- Llevkaemia/alevkaemia (204-208) - . -5 . 762 70210053 0 - ¢

Lymphatic and haematopoietic CA other than leukaemia (200—203) B I 11.08 08310235
lym osdrcoma and reticulosarcoma {200} T4 229 © 04810446 ..
kin‘s disease (201) . 4 1.21 . 090100843 .

) Other lymphatic and haematopoietic CA {202-203) 8 7.57 . K . -0.4610208 -
Other/unspecified CA (194-1 99) 21 13.20 . - 159 09810243
Tuberculosis (001-008} : CL 2 3.88 .. 052 0.06t01.86; .
Dicbetes mellitus {250) 00 14.60 " 068 - 0.33151.26
Heort disease (390-398, 402, 404 410-414, 420—429) 293 - © 349.10 ' 0845 T 0751 0.94

Ischemic heart disease {410-414) - .23 28007. 70845 - - 07410096 -
Other circulotory disease (401, 403, 405, 415-417, 430—459) e 8306 - 0,651 1.05 - -
Non-malignont respiratory dnseose (460-51 9) : " 100 7016 .- ~116101.73" -

Pneumonia {480-486) - .25 2376 - - . 0.681t01.55".

Chronic and unspec:fled bronchlhs (490—491) 2. . . 220 .:011103.28 -

Emphysema (492} - <2 - 1072 12180299

" Pneumoconioses ond orher respnrofory disease (470—478 494-5]9) 82 . .3087 - 126221 .
Non-malignant digesfive disease (520-579) 23 - 3691 - 7.03910094 ¢ .
Non-malignant genitourinary disease (580—629) 13T .. 1303 053171 o

Acute rendl disease (580-581, 584) 1 116 ... ‘00210479 -

Chronic renal disease {582-583, 585-587) 8 591 0.58 10 2.67
It defined conditions {780-796, 793—799) 4 8.01. 01410 1.28
Accidents (EBOO-E949) 47 : 37.23 - . 0.93151.48
Viclence {E950-E978) - 18 17.73 . 0.60 10 1.60

Suicide (E950-E959) . 15 1419 - 05910174

Hommde (E960-E978) 3 3.54 01810 2.48
Other ond unknown couses .27t 1404 . - 12710280
“Internationol GQSSIFICQfIOﬂ of Disease codes, 9th revision,
tincludes 16 observed deaths with missin decfh certificates.
$95% confidence interval excludes the nu|? value {1.0). -

599% confidence interval excludes the null value (1.0).”

obs = 47) were observed. The observed other and unspecified
cancers were mctastatic cancers ol unknown primary site.
Mortality from all digestive cancers was significantly less
than expected (SMR = 0.62; 95% CI 0.43 to 0.87; obs = 33).
An analysis was also conducted (not shown} using US rate
files for 1960 to 1999 which have 99 causes of death instead
of 92 because these rate files include more detailed categories
of non-malignant respiratory diseasc and slightly different
categories of malignancies of the lymphatic and haemato-
poietic system. Of the 1484 cohort members, 89 {6.0%) were
not included in this analysis because they had either died or
were lost to follow up before 1960. Only one death from
silicosis (SMR =5.93; 95% CI 0.15 to 32.94) and two dcaths
from pneumoconioses other than silicosis and asbestosis
(SMR=229; 95% CI 0.28 to 8.25) were observed. The
remainder of the excess in non-malignant respiratory disease
mortality was due to a significant excess in mortality from
emphyscma (SMR = 1.83; 95% CI 1.10 to 2.86) and other
respiratory diseases (SMR = 1.62; 95% CI 1.19 to 2.15). Most
of the observed deaths from other respiratory diseases were
due to chronic obstructive lung disease. In the category of
malignancies of the lymphatic and hacmatopoietic system
other than leukacmia, mortality was significantly increased
for Nodgkin's disease (SMR=4.01; 95% CI 1.09 to 10.25,
obs = 4) and non-signilicantly increased for non-Hodgkin’s
lymphoma (SMR = 1.25; 95% C1 0.54 to 2.46; obs = §).

vavew.occenvmed.com

In order to evaluate whether regional variations in
mortality rates could explain the findings, analyses were
conducted using state rates as the comparison population
(table 3). State rates are not available before 1960 so men
who had either died or were lost to follow up before 1960
were also excluded from this analysis. The excess in mortality
from cancer of the trachea, bronchus, and lung (SMR = 1.51;

5% CI 1.19 to 1.89) based on state rates was statistically
significant and greater than the excess based on US rates
since 1960 {SMR = 1.13; 95% CI 0.89 to 1.42). In contrast, the
excess in mortality from emphysema (SMR= 1.25; 95% CI
0.75 to 1.95) and other respiratory diseases (SMR = 1.35; 95%
CI 0.99 10 1.79) was less than the excess based on US rates.
Mortality from chronic renal disease was not increased based
on state rates {(SMR = 1.02; 95% CI 0.33 to 2.39; obs = 5) and
was similar to that based on US rates since 1960
(SMR = 1.00; 95% CI 0.32 to 2.35). This is in contrast to
the excess in mortality from chronic renal disease observed
based on US rates since 1940.

Tables 4 and 5 show mortality according to duration of
employment and time since first employment for selected
causes of death based on US rates. Overall mortality was
highest among those with the shortest duration of employ-
ment and lowest among those with the longest duration of
employment. Similar trends with duration of employment
were abserved for mortality from lung cancer, non-malignant
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Table 3 Uranium mill workers” mortality {since 1960) from selected causes of death (slcfe referent rates): update of cohort to

Underlying codse of decth iCO code)s -

All respiratory CA (160-165)
Trachea, bronchus, ond lung {162)
Levkaemia/alevkaemia (204-208)
lymp atic and haematopoietic CA other thon levkaemia (200-203)
Non-Hodgkin’s lymphoma (200, 202)
kin's disease (201}
Myeloma {203)
Other/unspecified CA (187, 194-199)
Non-malignant respiratory diseases {460-519}
Chronic and unspecified bronchitis (490—491)
Emphysema (492}
Asbestosis (501)
Silicosis {502)
Other preumocenioses (500, 503, 505) -
Other respiratory diseases (470-478, 494-499, 504, 506—5!9]
Non-malignont genitourinary disease {580-629) .
© Acute renal disease (580-581, 584) - .
Chronic renal disease (582—583 585-587)

:Infémoiioricl Clossification of Disease codes, Sth revision.
195% confidence interval excludes the null value (1.0).
$99% confidence interval excludes the null value {1.0).

61
S Obs - Exp: 5 AUSMR <l gsmel
75 51.98 1.448 1.1310 1.81
75 49.73 1.51% 11910 1.89
5 6.51 077 0.25% 1.80
15 9.58 1.57 0.88 10 2.58
8 - 571 1.40 0.6010 2.76
4 . 094 4.24¢ 1.1510 10.84
3 293 1.02 "0.21 10 3.00
22 11.93 1848 11615279
94 79.32 1.19 0.96 1o 1.45
1 274 0.3 . 0011203
19 15227 . 125 0.751 1.95
0 012 000 000103062, -
o 045 . 222 ... 00661236
-2 040, 504 .. 061101819
47 3485 135 7 09910179
10 - 108 095 i 04610175 .
C 079 126 © | 00310699
5 489 1.02 03310239

respiratory disease, and emphysema, A positive trend
betwveen mortality and duration of employment was not
observed for any of the selected causes of death except other
and unspecified cancers. The excess in mortality from
Hodgkin’s disease was confined to 20 years or more since
first employment. Mortality from Hodgkin’s disease was
significantly increased over sevenfold among this group, but
the confidence interval around the point estimate was wide
(95% CI 1.96 to 18.40).

Mortality was also examined (not shown) by date of hire
(pre-1955 versus 1955 or later). There appeared to be a
relation between an earlier date of hire and increased
mortality from trachea, bronchus, and lung cancer (prior to
1955: SMR=1.34, 95% CI 1.02 to 1.74; 1955 or later:
SMR = 0.79, 95% C1 0.49 to 1.21). Mortality from emphysema
was also higher among men hired prior to 1955 (SMR = 2.22;
95% CI 1.29 to 3.56; obs = 17) than among men hired in 1955
or later (SMR=1.30; 95% CI 0.36 to 3.33; obs=4), but
mortality from pneumoconiosis and other respiratory discase
was similar among men hired prior to 1955 (SMR = 1.69;
95% CI 1.17 to 2.36) and men hired in 1955 or later
(SMR = 1.68; 95% CI 0.99 10 2.65).

Analyses of multiple causes of death and end stage renal
disease incidence were conducted to further evaluate the risk
of renal discase among the cohort. The risk of chronic renal
discase mortality was not increased (SMR =1.05; 95% CI
0.69 to 154, obs =26) in thc multiple causes of death
analysis. The risk of treated end stage renal diseasc was less
than expected overall (SIR=0.71; 95% CI 0.26 to 1.55,
obs = 6). The risk of treated end stage renal disease of
unknown actiology was increased (SIR = 2.73; 95% CI 0.56 to
7.98, obs = 3). This finding was based on three observed cascs
and the confidence interval was wide. The primary cause of
renal failure was missing in the ESRD PMMIS for two of the
three observed cases, raising the possibility that these cases
were misclassified. Death certificates were available for
these cases; renal discase was mentioned on the death
certificate for both, but not a specific type or actiology of
renal disease.

Similar results were obtained when the cohort was
restricted to men who were employed in conventional mills
and when the cohort was restricted to men who were
employed in conventional mills that produced both uranium
and vanadium concentrates. Results were also similar when

Table 4 Uranium mill workers’ mortality (smce 1940) From selected causes of deolh by durafion of employmenl {US referent

rc!es] updc:le of cohort to 1998

B {8

L e “3-9 i TV sl

Underlying cause of death =~ ; 'SMR fobs) " USMR fobs) [ -

All deaths 1.01 (352} 0.91 {295) 0.80 {163)t 1

All concers 0.94 [75) 0.91 (48) 0.83 (41)

Trocheq, bronchus, ond king CA 1.35(3¢4) 1.27 {32} 0.58 {10} b4

Lymphatic and hoemctoponehc CA other thon leukaemia 1.38 (8) 1.22(5) 1.90{5)
Lymphosarcoma and reficulosarcoma 2.15(2) 115{1) 2.03(1)
Hocf;hn s disease 1.91{1) 4252} 457 (1)
Other lymphotic ond haematopoietic CA 1.03(3) 0.73(2) 1.56 (3)

Other/unspecified CA 1.16 (6) 1.85(8) 2197

Non-molignant respiratory disease 1.99 (53)t 1.12(29) 1.02 (18} 1
Emphysema 269 (11} 1.72(7) 1.11 (3)
Pneumoconioses and other respiratory diseases 2.53 (29t 1.07(12) 1.35(1)

Chronic renal disease 1.27 (3} 1.33(3) 1.53(2)

*95% confidence interval excludes the null value {1.0).
199% confidence interval excludes the null value {1.0).
$Test for trend p value <0.05.
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Table 5 Uranium mill workers’ mortdlity (since 1940} from selected causes of death by length of fime since first employment

(US referent rates): update of cohort to 1998

_Under'ylng cuuse. of death _

Va2 10-19 L T
MRis

*95% confidence inferval excludes the nul value [1.0). o
**99% confidence interval excludes the null volue_(l 0. -

Al deaths 0.95 (48) 0.87 (125) 0.93(617)
All cancers 0.62(7) 0.88 (25) 0.92(152)
Tracheo, bronchus, ond lung CA 0.36 (1) 1.45(13) 1.12 {44)
Lymphtic and haematopoielic CA other than levkoemia 1.35(1) 0.00 (0) 1.72{15)

Lymphosarcoma and reficulosarcoma 3.33(1) 0.00 (0) 2.24 (3)

kin’s disease . 0.00{0) - 0.00 {0) 7.9 (4)

Other lymphatic and haematopoietic CA 0.00{0). 0.00 (0) 1.18 (8)
Other/unspecified CA - 0.00 (0) 1.21 (2) L7619y
Non-malignant respiratory disease 1.32(4) 1.48 (11} 1.42 (85)"

Emphysema ‘ ~239(1) 2.21 {4) 189 (16)*

Pneumoconioses and other respiratory diseases 373(3. 2.24 (4) 1,60 (48)
Chronic renal disease . 1 3.95(3) 1.23(1)

0.92(4) . -~

the cohort was restricted to men without known employment
in other aspects of the uranium industry.

DISCUSSION

Uranium exposure presents both chemical and radiological
hazard potentials. Both the chemical and radiological toxicity
are influenced by the biological solubility of a given uranium
compound. Poorly soluble uranium compounds are cleared
slowly from the lungs and posc a potential internal radiation
hazard. More soluble compounds are absorbed rapidly from
the lungs, decreasing the radiation hazard, but increasing the
potential for renal toxicity.” * In the ore handling and
preparation areas of the mills, the uranium in ore dusts
consists mostly of insoluble uranium oxides with a relatively
small fraction of the more soluble uranium compounds. The
potential for exposure to the long lived alpha emitters
(uranium-238, uranium-234, thorium-230, radium-226, and
lead-210) is greatest in these arcas of the mill. In the
yellowcake drying and packaging areas of the mill, the
uranium in yellowcake consists of a complex mixture of
uranium compounds of varying solubility. The composition
and solubility of the yellowcake product depends on
the drying temperature employed.” *' In mills that dry the
product at relatively low temperatures (100-150°C), the
yellowcake product is high in ammonium diuranate
[{NH,):U,0,} which is highly soluble in lung fluids; in mills
that dry the product at relatively high temperatures (370-
538°C), the yellowcake is high in uranium oxide (U;0;3)
which is mostly insoluble in lung fluids.*'** Based on
available data on drying temperatures and drying equipment,
four of the five conventional mills in this study used
relatively high drying temperatures. The f{ifth mill did not
prepare a dried yellowcake product; rather, it produced filer
press cake or a uranium product liquor, depending on the
year of operation. Accordingly, most mill workers in this
study worked in mills that probably produced yellowcake of
relatively low solubility.

Both human and animal data suggest that insoluble
uranium compounds and thorium accumulate in the
tracheobronchial lymph nodes.*** Because of this, it has
been suggested that studies of early uranium workers
evaluate the cffects on lymphatic tissues.®® In the previous
study of workers at the mills in this study, a significant
increase in mortality from lymphatic and haematopoietic
malignancies other than leukaemia was obscrved after 20
years latency, based on six deaths.” We also found an excess
in mortality from lymphatic and haematopoictic malignan-
cies other than leukaemia but the magnitude of the excess

was less than the excess observed in the previous study. The
observed cxcess was due to an excess in both Hodgkin’s
disease mortality and lymphosarcoma and reticulosarcoma
mortality based on four observed deaths each. The ability to
evaluate exposure response relations, using duration of
employment as a surrogate of exposure, was limited by the
small number of observed deaths from these cancers. Of the
eight observed deaths due to Hodgkin’s disease, lymphosar-
coma, and reticulosarcoma in this study, three were observed
in the previous study and one was observed in the study by
Archer and colleagues.®

Hodgkin’s discase and non-Hodgkin’s lymphoma, a group
of lymphomas which includes lymphosarcoma and reticulo-
sarcoma, have not been dearly linked to radiation.”” ** Data
on the risk of death from Hodgkin's disease and non-
‘Hodgkin’s lymphoma among uranium or thorium workers
are limited. An increased risk of Hodgkin’s disease mortality
and lymphosarcoma and reticulosarcoma mortality has been
observed among uranium processing workers at the Fernald
Feed Materials Production Center near Cincinnati, Ohio
(SMR =2.04, 95% CI 0.74 10 4.43, obs = 6; and SMR = 1.67,
95% CI 0.72 10 3.29, obs =8, respectively)® and thorium
processing workers (SMR=1.64, 95% CI 033 to 4.79,
obs =3; and SMR=1.14, 95% CI 0.23 to 3.34, obs=3,
respectively),’ but not among uranium processing workers at
the Y-12 plant at Oak Ridge, Tennessee® and Mallinckrodt
Chemical Works in St Louis, Missouri* or among a combined
cohort of uranium and other miners from 11 studies.”
Hodgkin's disease mortality and incidence and non-
Hodgkin’s lymphoma incidence was associated with cumu-
lative external radiation dose among workers at the
Springsfield uranium production facility; the effects of
internal exposures were not evaluated.* In general, these
studies, like the current study, are limited by the small
number of deaths from Hodgkin's disease and non-Hodgkin’s
lymphoma among exposed workers.

A new finding in this update not previously reported was a
small incrcase in mortality from cancer of the trachea,
bronchus, and lung, particularly relative to state rates. We
also observed an increased risk of mortality from non-
malignant respiratory discase. Mortality from lung cancer
was higher based on state rates than US rates, whereas
montality from non-malignant respiratory disease was lower
based on state rates than US rates. This is consistent with the
relatively low smoking attributable mortality and relatively
high chronic obstructive lung discase mortality in Arizona,
Colorado, and New Mexico compared to other states.”® The
reason for the discrepancy in smoking-attributable mortality
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and chronic obstructive lung disease mortality in many
inland western states is unknown. However, the results
suggest that regional differences in mortality may explain, in
part, the observed excess in non-malignant respiratory
disease mortality based on US rates.

The excess in both lung cancer mortality and emphysema
mortality was greater among workers hired prior to 1955,
when there was little emphasis on dust control and exposures
to uranium and silica containing dusts were presumably
higher. However, mortality from lung cancer and non-
malignant respiratory disease was inversely related to
duration of employment. We found no evidence that workers
who were hired prior to 1955 were more likely to be short
term workers. The inverse relation between lung cancer and
emphysema mortality and duration of employment in this
study may be a reflection of the healthy worker survivor
effect, in which individuals who remain in the workforce over
time tend to be healthier than those who leave.”® Duration of
employment may also be a poor surrogate of exposure in this
study since exposures are thought to have varied consider-
ably by mill area and over time.

Some data suggest that uranium workers other than
miners may be at increased risk of lung cancer® * and non-
malignant respiratory disease.”” Uranium ore dust has been
shown to induce pulmonary lesions in animals® * * and lung
cancer in rats.* Silica exposure has been reported to lead to
the development of silicosis, emphysema, obstructive airways
disease, and lymph node fibrosis.*' Although the carcinogeni-
city of silica continues to be debated in the scientific commu-
nity, several investigators have showed an increased risk of
lung cancer among workers exposed to silica.*** Vanadium
containing compounds have known acute respiratory
effects,® but it is less clear whether exposure to vanadium
can lead to chronic non-malignant respiratory disease.”® * In
this study, we only observed three deaths from silicosis and
unspecified pneumoconioses. The majority of the excess in
non-malignant respiratory disease mortality was due to
mortality from emphysema and other respiratory disease.

Other potential explanations also exist for the observed
excesses in mortality from lung cancer and non-malignant
respiratory disease mortality. Smoking data are not available
for this cohort, and differences in smoking habits between
the cohort and the general population may partially explain
the excesses observed. White men in the Colorado Plateau
uranium miners cohort were heavy smokers,** but it is
unknown whether the smoking habits of uranium mill
workers who never worked underground in uranium mines
would be similar to these miners. Even if the mill workers in
this study were more likely to smoke than the general
population, other investigators have shown that smoking is
unlikely to account for SMRs above 1.3 for lung cancer and
other smoking related diseases.*® Other potential factors that
may contribute to these excesses include unknown employ-
ment in underground uranium mines and employment in
other mines with increased levels of radon and radon decay
products. It is unlikely that the cohort included many mill
workers who also worked as uranium miners. Mill workers
who also worked in uranium mines were identified by
reviewing the work history records and by matching the
cohort to a NIOSH file of over 18 000 uranium miners. All
identified uranium miners were excluded from the final
cohort. However, members of the cohort may have been more
likely to work in other types of mines than the general
population.

We found a small non-significant excess in chronic renal
disease when using US rates as a comparison; this excess was
not apparent when only deaths between 1960 and 1998 were
analysed (both underlying cause and multiple cause). Renal
effects have been observed among silica exposed workers.
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Goldminers and industrial sand workers exposed to silica
have been found to be at excess risk of death from renal
disease and to have increased renal disease incidence.' **
Low level B, microglobulinuria and aminoaciduria has been
observed among uranium mill workers exposed to soluble
uranium compounds at a mill not in the current study,” but
little data on chronic renal disease mortality among uranium
workers exist. An increase in mortality from chronic nephritis
{SMR =1.88; 95% CI 0.75 to 3.81) was observed among
uranium processing workers at Mallinckrodt, based on six
observed deaths.”> An excess in chronic renal disease
mortality has been observed among uranium miners
(SMR = 1.6; 95% CI 0.7 to 3.0, obs =9), but the observed
excess was not related to duration of employment.*®

This study may have underestimated the risk of ESRD and
renal disease mortality associated with uranium milling. We
observed an excess in chronic renal disease mortality during
the follow up period 1940-59, but not during the follow up
period 1960-98. This- suggests that the exclusion of cohort
members who died or were lost to follow up prior to 1960
may have been a significant limitation in our ability to eva-
luate the risk of ESRD and chronic renal disease mortality
using multiple cause of death data. Because the cohort is
relatively old, approximately 22% of the cohort was excluded
from the analysis of ESRD because they died or were lost to
follow up before the ESRD PMMIS is first considered com-
plete, which also reduced the statistical power of the ESRD
analysis. In addition, the majority of the mill workers in this
study were probably exposed to relatively insoluble forms of
uranium. The risk of renal disease may be higher in mills
using relatively low drying temperatures where the potential
for exposure to soluble forms of uranium is greater. The study
evaluated chronic renal disease mortality and ESRD and was
not able to evaluate the risk of less severe renal effects.

In conclusion, we observed an excess in mortality from
haematopoietic and lymphatic malignancies other than
leukaemia, trachea, bronchus, and lung cancer, non-malig-
nant respiratory disease, and chronic renal disease. Some of
these excesses were based on a small number of deaths and
the confidence intervals around the point estimates were
wide. Limitations include the lack of smoking data, small
cohort size and limited power to detect a moderately
increased risk of some of the a priori outcomes of interest,
and the inability to evaluate exposure-response relations
using individual estimates of exposure to uranium, silica, and
vanadium. Because of these limitations and the lack of a
positive trend between the observed excesses and duration of
employment, firm conclusions about the relation of the
observed excesses and mill exposures are not possible.
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Depleted uranium (DU) is used in armor-penetrating munitions, military vehicle armor, and aircraft, ship and missile counterweighting ballasting, as
well as in a number of other military and commercial applications. Recent combat applications of DU alloy fi.e,, Persian Gulf War (PGW) and
Kosovo peacekeeping objective] resulied in human acute exposure to DU dust, vapor or aerosol, as well as chronic exposure from tissue
embedding of DU shrapnel fragments. DU alloy is 99.8% ¥ Uranium, and emits approximately 60% of the alpha. beta, and gamma radiation
found in natural uranium (4.05%10° 7 Ci/g DU alloy). DU is a heavy metal that is 160% more dense than lead and can remain within the body
for many years and slowly solubilize. High levels of urinary uranium have been measured in PGW vetcrans 10 ycars after exposure to DU
fragments and vapors. In rats, there is strong evidence of DU accumulation in tissues including testes, bone, kidneys, and brain. In vitro tests
indicate that DU alloy may be both genotoxic and mutagenic, whereas a recent in vivo study suggests that tissue-embedded DU alloy may be
carcinogenic in rats. There is limited available data for reproductive and teratological deficits from exposure to uranium per se, typically from oral,
respiratory, or dermal exposure routes. Alternatively, there is no data available on the reproductive effects of DU embedded. This paper reviews
published studies of reproductive toxicity in humans and animals from uranium or DU exposure, and discusses ongoing animal research to evaluate
reproductive effects in male and female rats embedded with DU fragments, and possible conscquences in Fy and F2 gencrations, Texicology and

Industrial Health 2001: 17, 180-191.
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Introduction

The US Department of Defense (DoD) has utilized weapon
systems containing depleted uranium (DU) alloy since the
late 1970s. DU has multiple military applications because of
its unique physical properties. DU has a high mass-to-
volume ratio (1 cm’=19 £), has a density 1.68 times greater
than lead, and is highly combustible and ignites readily (e.g.,
pyrophoric) under certain conditions. Due to a high tensile
strength, DU is used in helicopter blade rotor-tips, aircraft
landing gear components, armor plating for military vehicles
(Abrams Heavy Tanks), and as in munitions used to defeat
armored and other ‘*hard’’ targets such as concrete shelters
and earthen bunkers. Because of this high mass-to-volume
ratio, DU is also used as ballasting/counterweight material in
aircraft, ships, missiles, and satellites. Commercially, DU is
used in gamma-radiation shields of radiation therapy
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machines and linear accelerators and in containers for the
transport of radioactive materials.

It is known that the United States Armed Forces
used DU-containing munitions in both the Persian Gulf
War (PGW) and Kosovo peacekeeping objective
(Army Environmental Policy Institute [AEPI], 1995;
Schoettler, 2001). Approximately 300 tons of DU was
expended by US forces in the PGW (CHPPM, 2000;
Fetter and von Hippel, 1999) and about 10 tons of DU
was expended by US aircraft in the Kosovo air campaign
(Schoettler, 2001). US contractors have produced at least
55 million small caliber (e.g., 25 and 30 mm) DU
munitions and 1.6 million large caliber (e.g., 105 and
120 mm) DU munitions (AEPI, 1995). It is believed that
other nations may possess DU-containing munitions, but
this has not been confirmed.

The effects of DU exposure on human health and the
environment have received increasing scrutiny by the gen-
eral public, as well as by international governments and
scientific organizations. Although there has been mini-
mal scientific evaluation, exposure to DU has been as-
sociated in several reports with human health effects.
Exposure to DU during the PGW, for example, was hy-
pothesized as a causative factor in increased birth defects
and cancers reported both by residents of the combat
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theater and by PGW veterans (Anonymous, 2001; Tashiro,
2000). Exposure to DU has been suggested as a possible
cause of Persian Gulf War Ilnesses (PGWI) (Domingo,
2001; Drozdiak, 2001; Durakovic, 2001). Use of DU
munitions at the DoD training site on the island of Vieques
has been proposed as a cause of an alleged 300% increase
in cancer among the local population (Eglund, 2001).
Similarly, exposure to DU munitions has been suggested
as a cause of cancer among NATO troops returning
from operations in Kosovo (Drozdiak, 2001; Ross 2001;
Schoettler, 2001) and the “Balkan syndrome,’’ a condition
with ill-defined symptoms that are similar to PGWI.

Exposure to DU can occur by several different routes
during military deployment. The impact of DU penetrators
with solid objects results in the formation of DU dusts,
vapors, and aerosols that can be inhaled or orally ingested.
Although absorbance of DU through the intact dermis is
unlikely, deposited DU particles can potentially penetrate
dermal wounds. DU contamination of food, water supplies,
and environmental surfaces (hand-to-mouth exposure) pro-
vides additional routes of human exposure. Penetration of
the dermis by DU shards or fragments resulting from the
impact of DU munitions or destruction of a DU-armored
vehicle is also a possible route of exposure (McClain et al.,
2001). Because DU shrapnel penetration may not always be
medically identified, and sometimes cannot be removed
surgically, the possibility exists for long-term human expo-
sure to embedded DU fragments.

Expanding use of DU alloys in munitions and vehicle
armor increases the likelihood of future incidents result-
ing in DU shrapnel wounds in male or female military
and civilian personnel. Because it not always possible to
remove embedded DU shrapnel, and it is known that
tissue-embedded DU fragments slowly solubilize, the
possibility exists for lifelong exposure to both DU
radiation and heavy metal effects.

The known radiological and chemical properties of
uranium or DU alloy suggest possible toxicity to rapidly
dividing cell populations, such as that occurring in the
gonads or developing fetus. There is limited scientific
data for the effects of DU alloy exposure on reproduction
and fetal development. Commonly, the more extensive
data for exposure to uranium, per se, are assumed to be
applicable to human risk analysis for DU. However,
there is very little available data on the health effects
associated with DU fragments embedded in muscle and
other soft tissues. Studies of the reproductive and devel-
opmental toxicity of natural uranium compounds in
rodents indicate that uranium is potentially toxic to repro-
ductive tissues and teratogenic to the developing fetus as a
result of high dose exposures (Domingo, 2001). Therefore,
it would seem that DU alloy implanted in the soft tissues of
rodents could potentially cause reproductive toxicity in
adult rodents and embryotoxicity or possibly teratogenicity
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in their offspring. This paper explores several potential
mechanisms for such reproductive and developmental ef-
fects of DU based on the known physical and chemical
effects of uranium in biological systems.

Physical and chemical characteristics of uranium and DU
Uranium is a silver-white, lustrous, dense, and naturally
occurring weakly radioactive element with an atomic
number of 92 and an atomic weight of 238.0289 g/mol.
Uranium is characterized as a heavy metal. Uranium occurs
naterally in soil from 1 to 2 mg/kg, in crystal rocks at
concentrations from 0.05 to 5 mg/kg, in water from 0.01 to
1500 pg/l, and in the air at levels from 0.02 to 0.30 ng/m3
(ATSDR, 1999; US EPA, 1985). The average intake of
environmental uranium by adults is estimated to be 460 ng/
year from ingestion (foods, water) and 0.59 lg/year from
inhalation, with an average of 90 pg U present in the adult
body at any time point (66% skeletal; 16% in liver; 8% in
kidneys; and 10% in other tissue compartments).

Uranium ores are mined, milled, and converted into
metal and ceramics for nuclear reactors and nuclear
weapons, which are the major uses of uranium (AEPI,
1995). Weapons and fuel grade uranium is extracted from
uranium ore, converted to UFs, and subscgucntly under-
goes enrichment processing whereby the BBy isotope in
UFs is increased in concentration from 0.72% to 2-90%
depending on the intended application (AEPI, 1995;
Hartmann et al., 2000). Unprocessed DU, also referred
to as DU hexafluoride (DUFg). is a major by-product of
the uranium enrichment process.

DU alloy used in DoD munitions and armored vehicles
is not the same material that is formed in the uranium
enrichment process. Unprocessed DU (DUFs) is converted
to vranium tetrafluoride (DUF,), and then processed to DU
metal. The DU metal is heat treated, and titanium steel is
added to produce DU alloy (AEPI, 1995). DU used by DoD
must contain less than 0.3% 2*°U (10 CFR 40.4). DU alloy
used by the DoD tyg)icall?' contains 0.2% °U by weight,
with the isotopes Py, U, and PPu present at roughly
0.0006%, 0.0003%, and 99.8% by weight, respectively
(AEPI, 1995). The specific radioactivity of DoD DU alloy
is roughly 60% of the radioactivity of natural uranium
(0.4 1Cifg versus 0.7 RCi/g) (AEPI, 1995). The half-lives
for each of the three radioisotopes of uranium exceed
244,000 years.

Biological effects of DU alloy

The potential health hazards associated with exposure to DU
alloy are both radiological and chemical, and both modes
of toxicity would be expected to occur in cases where DU
becomes internally deposited, such as in the retention of
DU fragments in soft tissue, or the inhalation of DU
aerosol. Toxicity through ingestion of DU particles is not
a likely hazard based on the known pharmacokinetic
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properties of uranium. About 2% of a dose of soluble
uranium is absorbed through the gut, whereas 0.2% of a
dose of insoluble uranium is absorbed (International
Commission on Radiological Protection [ICRP], 1996;
Leggett and Harrison, 1995). Greater than 90% of an oral
dose of insoluble uranium is excreted in the feces within
72 hours (ICRP, 1995). Approximately 90% of all
absorbed uranium is excreted in the urine within a few
days (ICRP, 1996; 1995). Uranium is retained by the
kidney and retention levels are correlated with increasing
levels of nephrotoxicity in some species. This may be the
result of uranium complexing with proximal tubule pro-
teins (Wedeen, 1992). Several reviews and opinion papers
have been recently published detailing the potential tox-
icity of DU exposure (Domingo, 2001; Durakovic, 1999;
Hartmann et al.,, 2000; Hamilton, 2001). These reviews
emphasize the existence of significant data gaps for
evaluation of the toxicity of DU alloy, often substituting
data for known effects from exposure to uranium per se
(i.e., uranyl acetate dihydrate or uranyl fluoride).

The external radiological hazards of DU alloy are
considered low (AEPI, 1995; Priest, 2001). Priest (2001)
suggested that a worker completely surrounded by DU
alloy for eight hours/day for a year would receive less than
the permissible occupational exposure of 5,000 mrem/year.
AEPI (1995) indicates that direct hand contact with a spent
DU alloy kinetic energy penetrator (devoid of shielding)
would deliver an estimated combined beta and gamma skin
radiation dose of 200 mrem/hour and the only plausible
way that a soldier could exceed the yearly radiation dose
limit for skin (50,000 m/rem) would be if a piece of DU
was from a penetrator was carried as a souvenir.

Internal exposure to uranium compounds has been
identified as a potential radiological concern (Domingo,
2001; Hartmann et al., 2000; McClain et al,, 2001). As
mentioned previously, exposure to DU may occur by
penetration of the dermis with DU fragments or particles,
respiratory inhalation of DU vapor or insoluble particles
(1-10 Pm diameter range), or oral ingestion of soluble or
insoluble DU forms. Ingested DU particles could be depos-
ited in  non-exchangeable bone, or other organ systems,
whereas insoluble particles deposited in the lungs could
remain chronically and result in increased risk for cancer
(Hartmann et al.,, 2000). However, opinions continue to
differ as to whether inhalation of uranium particles con-
stitutes a causative agent for lung cancer (Priest, 2001).

The Prest (2001) has calculated that blood levels of
more than 5 g of natural uranium are necessary to provide
a radiation dose equivalent to the background dose of a
person living in the United Kingdom for 50 years. Because
DU alloy is less radioactive than natural vranivm (AEP],
1995), uptake of 60% more DU alloy (8 g) would be re-
quired to reach an equivalent background radiation dose of
a person living in the United Kingdom for 50 years. The

exact weight of DU fragments embedded in the soft tissues
of the inoperable US military personnel struck with shrap-
nel during the PGW and Kosovo conflicts is generally
unknown.

Results of several studies on the toxicity of DU alloy
were reported by the Armed Forces Radiobiology Research
Institute (AFRRI, Bethesda, MD). Study of the distribution
of uranium in rats following implantation with 1 mm
diameter X2 mm long cylindrical DU alloy pellets (shrap-
nel simulants) indicated that uranium concentrations
remained significantly elevated in several tissues at 18
months postimplantation (Pellmar et al., 1999a). Adult
Sprague—Dawley rats were implanted with up to 20 DU
alloy pellets in the gastrocnemius muscles. Controls were
implanted with 20 tantalum pellets of equal size. DU-
exposed rats (n=15) were implanted with 4, 10, or 20 DU
pellets. Rats implanted with 4 DU pellets were also
implanted with 6 tantalum pellets; rats implanted with
10 were implanted with 10 tantalum pellets. After im-
plantation, the animals were sacrificed at one day, or 1, 6,
12 and 18 months postimplantation, and uranium con-
centrations measured in various tissue compartments.
Uranium concentrations from DU-implanted rats were
significantly elevated in the kidneys, liver, spleen, brain,
serum, tibia, skull, and urine at most time points. The
greatest concentrations of uranium were found in the kid-
neys and tibia at all time points measured. At 12 months
postimplantation for the highest exposure condition, rats
excreted an average of 1010+87 ng U/ml urine. Signifi-
cantly higher uranium concentrations were also found in
the testes, lymph nodes, teeth with lower jaw, heart, and
lung tissues of DU- versus tantalum steel-implanted ani-
mals at 18 months postimplantation.

A second study of the effects of DU alloy on the kidneys
indicated that implantation of as many as 32 DU alloy
peltets had no effect on various measures of renal and
general toxicity (Benson, 1998). Adult female rats were
implanted with up to 16 DU alloy pellets in each biceps
femoris muscle. Implantation of DU alloy pellets did not
significantly impact mean body weight or urinary output as
compared to controls when assessed at days 14, 28, 42, 56,
70, and 84 postimplantation. No signs or biomarkers of
nephrotoxicity were detected in any of the DU-implanted
rats at any of the study time points. Serum potassium, urea
nitrogen, and glucose and creatinine clearance levels in
DU-implanted rats were not significantly different from
rats implanted with tantalum pellets only. Urinary levels of
lactate dehydrogenase (LDH) and N-acetyl-beta-D-glucosa-
minidase (NAG) as well as urinary pH, osmolarity, and
protein levels, were also not significantly different for DU-
implanted rats. Uranium was, however, identified in the
kidneys, liver, spleen, the cerebellum, femur, ovaries, and
in muscle tissues proximal and distal to the implant site in
DU-implanted rats sacrificed 84 days postimplantation.



Table 1. Neurobehavioral tests administered by Pellmar (1996) to
Sprague ~Dawley rats implanted with DU alloy versus tantalum steel
pellets.

* Forelimb or hindlimb grip strength

* Conduction velocity of the sciatic nerve and duration of muscle action
potentials

* Spontaneous locomotor activity (60 minutes during light phase of light/
dark cycle)

¢ Leaming and memory (trials to criterion, 72-hour recall of passive shock
avoidance)

* Autonomic system function tests (lacrimation, salivation, palpebrml
closure, piloercction, defecation, urination)

* Sensorimotor function tests (tail pinch response, tactile response, auditory
response, approach response)

* Neuromuscular function tests (gait analysis, three-minute spontancous
locomotor activity, rearing, level of alertness, foot splay, righting reflex,
stereotypy, other unusunl behaviors)

* CNS excitability (arousal, postural analysis, ease of removal from cage,
easc of handling. convulsions)

Pellmar (1996) found that Sprague-Dawley rats
implanted with DU alloy pellets exhibited minimal neuro-
toxicity as assessed by gross histopathology and by the
battery of behavioral tests listed in Table 1. Rats were
implanted with up to 20 DU alloy or tantalum steel pellets
and examined at 30 days or 6 months after implantation.
Gross examination of the brain tissue of DU-exposed rats in-
dicated no obvious lesions. Mean body weights of rats
embedded with 20 DU alloy pellets were, however, signifi-
cantly lower than controls implanted with 20 tantalum
pellets. No significant difference in neurobehavioral test
scores was observed for rats implanted with 10 DU alloy/10
tantalum pellets or 20 DU alloy pellets when assessed at
30 days or six months postimplantation. The administered
tests have been characterized as gross indicators of neuro-
behavioral effects (McClain et al., 2001).

Pellmar etal. (1999b) reported that hippocampus electro-
physiology was altered among adult Sprague—Dawley rats
implanted with DU alloy for 12 months. Hippocampal brain
slice electrophysiology was compared between adult rats
implanted with 4, 10, or 20 DU alloy pellets for 6 or 12
months. The hippocampus was selected because of its
known role in learning, memory consolidation, and spa-
tial orientation functions. Electrophysiological responses
measured included: 1) evoked population spike (PS); 2)
extracellularly recorded population synaptic potentials
(pPSP); and 3) E/S coupling (e.g., measure of the ability
of the pPSP to elicit the PS). Implantation with DU alloy for
six months appeared to impair the capacity of the pPSP to
support a normal PS in response to electrical input (e.g., E/S
coupling). Evoked PS in hippocampal field CAl were of
significantly lower amplitude following stimulation among
rats implanted with 20 DU pellets for six months as
compared with controls implanted with 20 tantalum steel
pellets for six months. No difference in pPSP was found
between these two groups. Implantation of rats with 20 DU
alloy pellets for 12 months was associated with a higher
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pPSP as compared with rats implanted with 20 tantalum
steel pellets for 12 months. There was no significant differ-
ence in evoked PS between the hippocampal brain samples
from DU- and tantalum-implanted rats. Implantation with
20 DU pellets for 12 months was associated with impair-
ment of E/S coupling when compared with rats implanted
with 20 tantalum steel pellets for 12 months.

Miller et al. (1998a) demonstrated that the urine from
rats implanted with DU alloy pellets was mutagenic to
Salmonella typhimurium strains TA98 and an equimolar
mixture of strains TA7001 through TA7006. In this study,
adult rats were implanted with up to 20 DU alloy or
tantalum steel pellets and the mutagenicity of both urine
and serum from the implanted animals was evaluated in the
Ames assay at 0, 6, 12, and 18 months postimplantation.
The number of revertant colonies was found to increase
with increasing number of implanted DU alloy pellets
and with longer DU implantation times. Serum from DU-
implanted rats was not mutagenic in the Ames test at any of
the study time points.

DU alloy has been shown to transform human osteoblast
cells to a tumorigenic phenotype that resulted in the
formation of tumors when implanted in athymic mice
(Miller et al., 1998b). Exposure of human osteosarcoma
(HOS) cells to increasing concentrations of DU-uranyl
chloride (10-50 itM) resulted in a dose-dependent increase
in transformed cells and greater number of athymic mice
developing tumors when injected with a fixed number of
DU-treated transformed cells. The incidence of sister chro-
matid exchanges (SCEs) among HOS cells at 24 hours
following treatment with 10 tM DU-uranyl chloride was
elevated 2-fold as compared to the SCE levels of untreated
cells. The authors estimated that 0.0014% of all HOS cell
nuclei were hit with alpha particles equaling a mean
specific energy of 17 cGy, suggesting that alpha particle
radiation played a negligible role in the transformation of
HOS cells by DU-urany! chloride.

Recent findings suggest that implanted DU alloy (0.75%
titanium) is carcinogenic in rats (Hahn et al., 2002). Groups
of male Wistar rats (n=50) werc implanted with either
four 1X2 mm cylindrical DU alloy pellets, four square
2.5%2.5%1.5 mm DU fragments, four square 5.0X5.0 %
1.5 mm DU fragments, four 5.0X5.0% 1.5 mm tantalum
steel fragments, or were given a 0.05-ml injection of
Thorotrast, a 25% colloidal thorium dioxide radiographic
contrast media. All materials were implanted in the biceps
femoris muscle of each hind leg, two fragments per leg.
Animals injected with Thorotrast received one 0.025 ml
injection in the biceps femoris muscle in each hind leg.
After implantation, the animals were housed and main-
tained for their life span. The median survival time for the
various groups did not differ significantly and ranged from
576 to 620 days postimplantation. Body weight gain of
treated versus sham surgery negative control animals did
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not differ significantly at any time point. Tissue capsules
surrounding the DU implantation sites were characterized
histologically by severe fibrosis, inflammation, and tissue
degeneration. Chronic inflammatory cells and particle-
laden macrophages were frequently scattered throughout
the capsule wall of DU implants. The fibrous capsules from
tantalum-implanted rats were characterized by fibrosis with
little inflammation and no degradation or mineralization.
Radiographic profiles showed that Thorotrast injection sites
were irregular and diffuse with no distinct boundaries and
there was an accumulation of macrophages between muscle
fibers. There was no evidence of fibrotic inflammation
within the Thorotrast injection sites or surrounding tissues.
Implantation site tumor incidence was found to be related
to both the chemical composition and size of the implanted
object (Table 2). The greatest number of tumors occurred in
rats injected with Thorotrast. Tumor incidence for DU alloy
fragments measuring 5.0 X5.0 X 1.5 mm was significantly
higher than those found in sham surgery control rats and
also higher than the incidence for rats implanted with
similar-sized tantalum fragments. The incidence of primary
renal tumors was elevated (4%) for male rats with DU
implants as compared with historical controls; however, the
incidence was not statistically significant as compared with
sham surgery controls. The incidence of renal tumors in
DU-implanted rats was not correlated with renal uranium
concentrations at the time of death. Tumor incidence
associated with Thorotrast injection was correlated with
the calculated effective alpha-particle radioactivity of the
injected material. DU carcinogenicity correlated most
closely with surface alpha radioactivity as compared with
physical surface area suggesting that radioactive mecha-
nisms may have played a role in DU tumorigenesis. On the
other hand, the high levels of inflammation and fibrotic
response associated with DU implantation does not rule out
carcinogenesis related to a foreign body reaction which
occurs frequently in rats implanted with solid materials.

Effects of DU exposure in PG veterans

There are few studies available on the effects of uranium
exposure on human reproduction and fetal development. As
summarized by Domingo (2001), one study found that the
frequency of female offspring among male uranium miners
was significantly effected, suggesting alterations in sperm
(Muller et al., 1967). A study by Zaire et al. (1997) found
that 75 male uranium miners from Namibia, Africa, had
higher levels of SCEs in white blood cells and decreased
serum levels of testosterone as compared with 31 individ-
uals with no occupational history in mining. Neither of these
studies provides direct evidence of an effect on human
reproduction in relation to uranium exposure, but suggests
that further occupational studies should be conducted.
Shields et al. (1992) reported a statistical association be-
tween maternal exposure to mine tailings or mine dumps
and unfavorable birth outcomes among a population of
Navajo Indians living in the Shiprock, NM uranium mining
area.

Two recent publications reported the health status of US
veterans exposed to DU during the PGW (McDiarmid et al.,
2000; 2001). During Operation Desert Storm, 15 Bradley
fighting vehicles and nine Abrams Heavy Tanks were hit
with munitions containing DU penetrators, involving
approximately 120 US male veterans (McDiarmid et al.,
2000). Several of these soldiers were struck with fragments
of DU in muscle and soft tissue that were not surgically
removed (McDiarmid et al., 2001). This cohort was also
potentially exposed to DU by inhalation of DU particles or
vapors, and possibly by contamination of open wounds
with DU particles. Thirty-three Gulf War veterans with
exposure to DU were initially evaluated in 1993-94. At
that time, it was discovered that veterans with retained
metal fragments were excreting uranium in their urine at
significantly higher levels than veterans without retained
metal fragments (4.47 versus 0.03 Wg/g creatinine)
[(McDiarmid et al., 2000)]. However, there were no strong

Table 2. Tumor incidence among male Wistar rats implanted with DU or tantalum steel or injected with 25% cotloidal thorium dioxide (Hahn et al., 2002).

DU pellets DU fragment DU fragment Tantalum fragment Thorium dioxide  Sham controls
2*1mm) (5%25%15mm) (5.0X50%X1.5mm) (5.0%5.0%1.] mm)
Volume (mm’)’ 1.6 9.4 375 275 50 -
Mass (mg)* 30 175 698 456 12.5 -
Surface area (mm?)* 79 275 80 72 - -
E alpha (Bg)® 6 20 59 - 115
Benign numors
Fiborous histiocytomna 0 1 0 0 0
Fibroma 0 i 0 0 0
Granular cell myoblastoma 0 0 1 0
Malignant tumors
Fibrous histiocytoma 0 7 2 13 0
Fibrosarcoma 0 2 0 10 0
Osteosarcoma 0 2 0 1 0

?per pellet or fragment.



associations found between urinary uranium excretion
levels and the occurrence of adverse health effects in
DU-exposed veterans.

A 1997 follow-up evaluation of 29 of the 30 subjects
assessed in 1993-94 found evidence of subtle perturba-
tions in the reproductive and nervous system as compared
with 38 non-exposed veterans (McDiarmid et al., 2000).
In this evaluation, veterans underwent physical examina-
tion, clinical laboratory studies, neurocognitive /psychiatric
assessment, urinary and semen uranium concentrations,
whole-body radiation counting, reproductive health
assessments (neuroendocrine concentrations, semen charac-
teristics), and measures of the frequency of chromosomal
aberrations and SCEs in peripheral blood lymphocytes.
Among DU-exposed veterans, 24-hour urinary uranium
concentrations were significantly elevated (0.01-30.74
pg/g creatinine) as compared with those of non-exposed
veterans (0.01-0.047 kg/g creatinine). All veterans with
retained metal fragments had 24-hour urinary uranium con-
centrations greater than 0.8 jLg/g creatinine. Semen uranium
concentrations were greater than the limit of detection (1.1
ng uranium/sample) for 5 of 17 DU-exposed veterans with
elevated urinary uranium concentrations. Whole-body radi-
ation counts showed that uranium levels were above the limit
of detection for nine veterans; all of which were from the
DU-exposed group. There was no apparent difference in
semen characteristics (volume, count, concentration) and
motility (percentage motile, progression, motion) among
veterans with high (210 pg/g creatinine) versus low urinary
uranium concentrations (<10 kg/g creatinine). Active med-
ical problems were reported by 89% of DU-exposed veterans
as opposed to 71.4% among controls, with problems of the
nervous system being most frequently reported. Hemato-
logic, renal, and neuroendocrine parameters were all within
normal limits for all veterans. Veterans categorized as
excreting high levels of uranium tended to have higher
eosinophil counts and prolactin levels. No significant differ-
ences in chromosomal aberration or SCE levels occurred
between veterans with high versus low urinary uranium
concentrations. Neurocognitive tests showed a statistical
relationship between urine uranium levels and lowered
performance on computerized tests designed to assess per-
formance efficiency. This result suggests that chronic DU
exposure may impact neurocognitive function.

In 1999, a second assessment was conducted on 50 DU-
exposed Gulf War veterans including 23 who had been
evaluated in 1993 or 1997 (McDiarmid et al., 2001). Of the
returning veterans, 17 had retained fragments or a history of
retained fragments, and 6 had no history of retained frag-
ments. Among the 27 first-time subjects, 6 had retained
fragments or a history of retained fragments, whereas 23
had no history of fragment exposure. Urinary uranium
concentrations for veterans with retained DU fragments
ranged between 0.018 and 39.1 pg/g creatinine and 0.002
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and 0.231 1g/g creatinine in DU-exposed veterans without
retained metal fragments. A greater proportion of veterans
reporting injuries was categorized as having high urinary
uranium concentrations (20.10 Kg/g creatinine). Veterans
with high urinary uranium (n=13) had significantly higher
mean neutrophil percentages, lower mean lymphocyte
counts, and lower monocyte percentages. As a group,
veterans with high urinary uranium had significantly ele-
vated sperm counts, total progressive sperm, and total rapid
progressive sperm as compared with veterans in the low
urinary uranium group. Peripheral lymphocyte SCE fre-
quency was significantly elevated among veterans with
high urinary uranium concentrations and remained elevated
after adjusting for smoking status. No significant differ-
ences were found for several renal function parameters or
neurocognitive test scores between veterans with high
versus low urinary uranium concentrations. However, a
marginally significant association was found between urine
uranium concentration (log transformed) and impairment
after adjusting for intelligence and depression.

Animal studies of reproductive and developmental toxicity

from exposure to uranium compounds
DU alloy To date, only one animal study has reported on

the reproductive toxicity of DU alloy. Benson (1998)
implanted adult female Sprague—Dawley rats with up to
12 DU alloy or tantalum steel pellets (1 x2 mm) and mated
them with male rats with no exposure to DU. All pregnant
females were euthanized on gestation day 20 and the pups
were delivered by cesarean section. There was no effect of
DU implantation on maternal weight gain, food and water
intake, time-to-pregnancy, or the percentage of litters
carried to term as compared with controls implanted with
tantalum steel only. Similarly, total number of pups per
litter, litter sex ratio, and fetal weight were not affected by
DU implantation in the mother. No signs of overt teratol-
ogy were found in any of the litters.

However, a trend for increasing uranium concentration
in maternal kidney tissue, placenta, and whole fetus tissue
was found in relation to increasing number of implanted
DU pellets (Benson and McBride, 1997).

Uranium and enriched uranium compounds Early experi-
ments by Maynard and Hodge (1949) identified uranium as

a possible reproductive toxicant in rats. Fifty male/female
pairs were fed diets of Purina Fox Chow containing 2%
urany! nitrate hexahydrate [UO,(NOs3),] for seven months
and were then placed on control diets of Purina Fox Chow
for an additional five months. A satellite control group of
50 male/female pairs was fed stock rations of Purina Fox
Chow for the duration of the 12-month experiment. Both
groups were allowed to breed continuously and the number
of litters and average number of pups per litter were
recorded. After the first seven months, average body
weights of both male and female breeders were depressed
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as compared with those of the satellite control group. At the
end of seven months, the control breeder pairs had given
birth to 249 litters as compared to 135 litters for uranium-
exposed breeding pairs. The average number of young per
litter was also lower with uranium-exposed pairs giving
birth to 7.8, 7.8, and 7.5 pups per litter for the first, second,
and third litters as compared to 7.9, 9.9, and 9.7 for these
same litters born to control breeders. The average body
weight of uranium-exposed breeders increased noticeably
after their diets were shifted to the diet of satellite controls.
However, body weights of uranium-exposed animals were
still below those of controls at the end of the 12-month
experiment with average female body weights of uranium-
exposed breeders 25-40 g below those of satellite control
females. The number of litters born to uranium-exposed
breeder pairs remained lower as compared with satellite
controls for the remainder of the experiment with satel-
lite controls giving birth to 34, 15, and 2 litters in the 7th,
10th, and 12th month as compared with 18, 5, and O for
uranium-exposed pairs at those same intervals. Imegular
estrous cycles were identified in 13 uranium-exposed
females as compared with 2 satellite control females over
a three-month interval beginning with the fourth month of
the experiment. Females in the uranium-exposed group that
did not have litters over the first seven months of the
experiment did not have any litters over the last five
months of the experiment. It was concluded that the
decreasc in reproductive success in uranium-exposed ani-
mals may have been an indirect effect resulting from
decreased food intake as evidenced by depressed body
weights and irregular estrous cycles. However, it is possible
that there was a direct chemical interaction on the repro-
ductivity of uranium-exposed breeders given the fact that
reproductivity continued to be poor once uranium was
reduced to background levels in their diets.

A follow-up study by Maynard et al. (1953) found that
the number of litters and number of offspring per litter
were reduced in rat breeder pairs over a 10-month span
immediately following exposure to 2% urany] nitrate hexa-
hydrate in their diets for 24 hours. In this experiment, 50
male/female breeder pairs were fed diets containing 2%
uranyl nitrate hexahydrate for a single 24-hour period
immediately following weaning (exact age not specified).
A satellite control group of 50 breeder pairs was fed Purina
Fox Chow ad libitum over the same 24-hour time period.
Both uranium-exposed and satellite control pairs were then
fed Purina Fox Chow ad libitum for 10 months. The male/
female pairs were allowed to breed and produce litters with
cach litter being removed from the mother at birth. Body
weight gain of uranium-fed rats over the 10-month obser-
vation period was comparable with control rats. By the end
of the 10-month observation period, uranium-exposed
breeder pairs had produced 233 litters as compared with
252 litters produced by control breeder pairs for a differ-

ence of 7%. Forty-four of 50 of the uranium-exposed
females produced litters over the observation period as
compared to 43 of 50 among control females. The number
of offspring produced by uranium-exposed breeder pairs
was reduced as compared to controls. Uranium-exposed
breeders produced a total of 1725 pups as compared to the
1958 pups produced by control breeders for a difference of
12%. It was concluded that under the given conditions,
uranium exposure had an adverse effect on rat reproductive
functions in the absence of inanition,

Several studies have found evidence that uranium may
be toxic to the male reproductive system at high dose levels
(Llobet et al., 1991; Malenchenko et al., 1978; Maynard
et al., 1953). Degenerative changes in the testes resulting
in aspermia in the testes and epididymis were observed in
male rats and were apparently a result of uranyl nitrate
hexahydrate (0.1%, 0.5%, 1.0%, or 2.0%) being in their
diet for two years (Maynard et al., 1953). Testicular
atrophy was identified in rats fed 0.01-0.25% uranyl
fluoride for two years (Maynard et al,, 1953). However,
testicular atrophy was also identified in a small percentage
of control animals examined.

Malenchenko et al. (1978) presents evidence to suggest
that uranium exposure causes morphologic changes in the
rat testes possibly as the result of a uranium-induced
autoimmune response. In this study, Wistar rats were either
injected subcutaneously with uranyl nitrate at 0.01 mg/
100 g body weight per day over five days or were given
drinking water containing 0.1% uranyl nitrate for four
months. Average testes weight was slightly decreased in
animals injected with uranyl nitrate for five days as
compared with controls (2.79L0.12 versus 2.48L0.38).

Average testes weight was significantly (p<0.05) de-
creased in rats exposed to uranyl nitrate for four months
as compared to controls (3.14L0.09 versus 2.261.0.09).
Titers of testicular autoantibodies were described as fairly
high for rats with chronic exposure to uranium and the
authors relate this finding to the possibility that the observed
testicular changes are an autoimmune response to protein
confirmation changes as a result of uranium—protein inter-
actions. Four other references are cited by Malenchenko
et al. (1978) as evidence of an interaction between uranium
and the testes or thyroid but are not reviewed here.

Llobet et al. (1991) found no histological evidence that
chronic uranium exposure had an adverse effect on testic-
ular function or spermatogenesis in male Swiss mice
exposed to dose levels equivalent to 10, 20, 40, and
80 mg/kg per day in their drinking water for 64 days.
However, interstitial alterations and vacuolization of the
Leydig cells was common in mice given dose levels
equivalent to 80 mg/kg per day. The number of female
mice impregnated successfully was significantly reduced at
all Tevels of uranium exposure as compared with negative
controls, but the number of implantations, resorptions, and



viable fetuses did not differ significantly between treated
and negative control pregnancies. The average weights of
the testes and epididymis also did not differ significantly
among the treated and control groups when compared on a
percentage body weight basis. Sperm motility, morphology,
and spermatid counts were also not affected by uranium
exposure, but the amount of spermatozoa was consistently
and significantly lower for treated versus negative control
animals when compared on a per gram of epididymis basis.
Testicular injection with 2-6 mg/kg uranyl fluoride
(ZJSUOZFZ) containing enriched uranium resulted in a
dose-dependent increase in chromosomal aberrations (i.e.,
DNA breakage, SCEs) in spermatogonia, primary spermato-
cytes, and mature sperm of adult mice (Hu and Zhu 1990;
Zhu et al., 1994). It was concluded that the chromosomal
aberrations were the result of both chemical and radio-
logical interactions.

Exposure of the pregnant rodent dam to uranium either
by oral gavage or subcutaneous injection produces maternal
toxicity, as well as fetotoxicity and developmental defects
(Bosque et al,, 1992; 1993a; Domingo et al.,, 1989b;
Paternain et al., 1989). Exposure of both male and female
adult Swiss mice to uranyl acetate dihydrate by oral gavage
at 5-25 mg/kg per day before mating and through gestation
did not have an apparent affect on the ability to reproduce
(Paternain et al, 1989). However, the total number of
absorptions and dead fetuses were increased and the num-
ber of live-born fetuses was decreased among litters from
parents exposed to a dose level of 25 mg U/kg per day. Pup
body weight and length were also significantly reduced as
compared with controls when measured at birth and on
postnatal days 4 or 21 indicating that uranium retarded
growth in uranium-exposed litters.

Fetal growth was reduced and a higher incidence of cleft
palate and dorsal and facial hematomas was found among
litters from pregnant Swiss—Webster mice dosed with
uranyl acetate dihydrate at 5-50 mg/kg per day by gavage
on gestational days 6-15 (Domingo et al., 1989a). The
number of implantation sites per dam, resorptions per litter,
and dead fetuses per litter were not significantly different
as compared with controls. However, there was a dose-
related decrease in average pup body weight and body
length and a dose-related increase in the number of
stunted fetuses per litter. A dose-related increase in the
number of fetuses with cleft palate was also apparent.
The number of dorsal and facial hematomas was signifi-
cantly increased among pups from dams exposed to 5 and
50 mg/kg per day and increased among pups born to
mothers dosed with 10 or 25 mg U/kg per day. Bipartite
and misaligned sternebrae as well as poor ossification of
the 13th and 14th rib, skull, and forelimb bones occurred at
signiflicantly higher levels among pups from uranium-
exposed dams as compared with controls. Maternal toxicity
was apparent at a dose level of 5 mg/kg per day indicated
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by decreased body weights as compared with controls,
suggesting that the observed developmental variations
may have resulted from a maternal toxic response. How-
ever, it was concluded that some of the fetal effects were
independent of maternal toxicity (Domingo, 2001).

Domingo et al. (1989b) found that the combination of
gestational and lactational exposure to uranyl acetate dehy-
drate had a significant effect on survival of pups through
postnatal day 21. Pregnant Swiss mice were exposed to
uranyl acetate dehydrate by oral gavage at dose levels
equivalent to 0.05, 0.5, or 50 mg/kg per day beginning
day 13 of gestation through postnatal day 21. Mean litter
size, pup sex ratio, viability, and pup body weight and
length were not significantly affected by the mother’s
exposure to uranium at 0.05, 0.5, or 5 mg/kg per day when
evaluated at 0, 4, or 21 days of lactation. Mean litter size,
viability, and the ratio of pups retained between lactation
days 21 and 4 were significantly reduced for litters born to
mothers exposed to 50 mg/kg per day. Development was
not delayed among litters from all exposure groups as
indicated by no differences in the number of days postbirth
for pinna detachment, incisor eruption, and eye opening. A
dose-related increase in liver weight was found among pups
with increasing maternal dose levels of uranyl acetate
dehydrate. Brain, heart, lung, kidney, and spleen weights
of pups with exposure to uranium during gestation and
lactation were not significantly different from the weights
of these organs from control animals.

Administration of 1/40, 1720, and 1/10 of the sub-
cutaneous injection LDs, for uranyl acetate dihydrate on
gestational days 6-15 resulted in both maternal toxicity
and embryotoxicity at all dose levels (0.5, 1.0, and 2.0 mg/
kg per day) (Bosque et al., 1993a). Fetotoxicity character-
ized by significant decreases in fetal weight and incomplete
bone ossification at several sites was observed in offspring
born to dams exposed to 1 or 2 mg/kg per day. Bosque et al.
(1992) found that the number of dead and reabsorbed
fetuses and percentage of postimplantation loss was great-
est on day 10 of gestation following single subcutaneous
injections of uranyl acetate dihydrate (4 mg/kg) on ges-
tation days 9-12. Also, fetal weight was significantly
reduced and a higher incidence of skeletal variations occur-
red among surviving offspring as compared with negative
controls.

Administration of the uranium chelating agent Tiron
(sodium 4,5-dihydroxybenzene-1,3-disulfonate) at dose
levels of 500, 1000, or 1500 mg/kg per day, before
injection of pregnant mice with 4 mg/kg uranyl acetate,
reduced maternal mortality, but not the incidence of
embryolethality among litters from exposed dams (Bosque
et al,, 1993b). Administration of Tiron at 1500 mg/kg per
day reduced expected fetal growth retardation of uranium-
exposed offspring, possibly due to a reduction in the
amount of circulating uranium (Domingo, 2001).
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Potential mechanisms for effects of uranium or DU on

reproduction and fetal development
Modes of action Based on a review of the pertinent lit-

erature, there are several lines of evidence to suggest that
DU exposure could potentially affect reproductive func-
tion and development in rodents. At this time, information
on the reproductive and developmental effects of DU
alloy in rodents is limited. However, existing data indi-
cate that implanted DU translocates to the rodent testes
and ovary, the placenta, and fetus (Benson, 1998;
Pellmar et al., 1999a). DU has been shown to be genotoxic
in jn vizro cell model systems (Miller et al., 1998b) and
possibly carcinogenic in rats (Hahn et al., 2002) suggesting
that DU alloy could potentially disrupt or damage rapidly
dividing cell populations in the fetus and adult rat.

Studies of the effects of natural uranium provide addi-
tional evidence that DU could have an adverse effect on
rodent reproduction and development. Dosing of rodents
with uranium has shown to cause testicular toxicity, maternal
toxicity, fetotoxicity, increased developmental variations,
and growth retardation independent of maternal toxic
response (Domingo, 2001). Intratesticular injection of
enriched uranium compounds increased the incidence
of cytogenic damage in developing mouse sperm (Hu and
Zhu, 1990). 1 virre Studies showed that uranium is both
cytotoxic and genotoxic to Chinese hamster ovary (CHO)
cells (Linetal., 1993) and reduces cell numberin developing
mouse embryos in culture (Kundt et al., 2000).

Mechanisms of pathogenesis There are several mecha-
nisms by which a toxicant may potentially affect rodent

reproduction and fetal development (Table 3). Potential
mechanisms of toxic action of DU alloy include mutage-
nicity and genotoxicity, disturbances in cell division,
changes or inhibition of protein or steroid synthesis, dis-
turbance or inhibition of enzyme systems, and disruption of
behavioral patterns involved in normal reproduction. The
end product of these mechanisms may be: 1) increased or
decreased cell death; 2) disturbed cell-to-cell contact; 3)
reduced biosynthesis; 4) increased morphogenetic pattern
formation; or 5) disruption of tissue structure that may lead
to abnormal pathogenesis in the reproductive system or
developing fetus (Peters and Garbls-Berkvens, 1996). If

Table 3. Potential mechanisms of reproductive toxicants®.

1) Mutations

2) Chromosomal aberrations

3) Disturbances in cel! division

4) Changes in nucleic acid composition and protein synthesis

5) Reduction in the amount of essential constitucnts for biosynthesis
6) Reduction of energy supply for embryonic and fetal development
7) Disturbance of enzyme systems

8) Disturbances in the regulation of water and electrolyte balances
9) Changes in membrne characteristics

*Adapted from Peters and Gerbls-Berkvens (1996) and Wilson (1973),

repair processes inherent to fetal tissue become over-
whelmed, dysmorphogenesis of the developing fetus may
occur resulting in too few cells or cell products being formed
to affect structure and functional maturation of the devel-
oping individual (Peters and Gerbis-Berkvens, 1996;
Schardein, 2000; Wilson, 1973). Disruption of embryo-
genesis by vasoconstriction or other indirect pathways is
also a possibility (Schardein, 2000).

Mutations and chromosomal aberrations Both natural
uranium and DU have been shown to be genotoxic to

mammalian cells ;, yj;ro (Lin et al.,, 1993; Miller et al.,
1998a; 1998b). Increased frequencies of SCEs have
been reported for PGW veterans exposed to DU alloy
(McDiarmid et al., 2001) and for uranium miners (Zaire
et al,, 1997). Because of its genotoxic potential, DU alloy
could potentially interact with the genetic components of
germ lines and somatic cells in adult rodents and in rodent
fetus, respectively. Several other metals, including lead,
chromium, cadmium, are genotoxic and can induce
reproductive or developmental toxicity (Hoey 1966;
Schardein, 2000; Thomas, 1995).

Disturbances in cell division Studies by Lin et al. (1993)
indicated that uranium can produce decreased viability,

depressed cell cycle kinetics, and an increase in several
genotoxic endpoints in CHO cells. Uranium, delivered as
uranyl nitrate, delayed development of mouse embryos in
culture and was associated with lower embryo cell num-
bers through the hatched blastocyst stage, suggesting that
uranium exposure resulted in severe alterations in DNA
synthesis (Kuadt et al., 2000). Several other metals arrest
cell division under certain conditions, including chromium
(VI) (Zhang et al.,, 2001), iron (Philpott et al., 1998), nickel
(II) (Shiao et al., 1998), lithium (Mao et al., 2001), and
beryllium (Lehnert et al., 2001). To date, there have been
no studies conducted evaluating the capacity of DU alloy to
produce disturbances in cell division.

Changes in protein or steroid synthesis There is some
evidence that DU alloy may alter protein synthesis in

mammalian cells. Northern blot analysis gave evidence
that Rb tumor suppressor protein was underexpressed in
DU-uranyl chloride-treated HOS cells (Miller et al.,
1998b). Cells transformed to the tumorigenic phenotype
by DU exposure were found to express high levels of the
k-;qs oncogene. Prolactin levels were elevated in DU-
exposed Gulf War veterans (McDiarmid et al., 2000),
although there was no apparent impact on sexual function
or reproductive success of these individuals (McDiarmid
et al., 2001).

Heavy metals can inhibit steroidogenesis in rodents.
Lead has been shown to reduce steroidogenesis in rodent
adrenal and Leydig cells (Liu et al., 2001; Ng and Liu, 1990;



Thoreux-Manlay et al., 1995). Mercuric chloride has shown
to inhibit testicular steroidogenesis in rats (Chowdhury
et al., 1985). Currently, there is no published evidence that
uranium inhibits steroidogenesis in rodents.

Disturbance of enzyme systems [Enzymes play a vital role
in reproduction and fetal development. Several metals

inhibit or interfere with liver cytochrome P-450 activity,
including uranium (Pasanen et al., 1995), cadmium (Dudley
et al., 1985), and arsenic (Falkner et al., 1993). Mercury
ions may also inhibit gonadotropin synthesis in the hamster
(Lamperti and Printz, 1973), possibly by the inhibition of
enzyme systems.

Effect on parental libido and pup rearing behaviors EX-
posure to certain chemicals alters sexual behavior in

adult rodents, including lead (Sant’Ana et al., 2001), chro-
mium (Bataineh et al., 1997), di(2-ethylhexyl) phthalate
(Moore et al., 2001), and polychlorinated biphenyls (PCBs)
(Chung et al,, 2001). Male rat sexual behavior was sup-
pressed after the ingestion of manganese sulfate, aluminum
chloride, lead acetate, and copper chloride in the drinking
water at a concentration of 1000 ppm for 12 weeks
(Bataineh et al., 1998). Llobet et al. (1991) notes that
decreased pregnancy rates in male Swiss mice may have
been the result of lowered libido related to chronic expo-
sure to uranyl acetate.

Exposure of pregnant Swiss mice to 5, 10, 20, and 30
mg/kg body weight of bis(tri-y;-butyltin) oxide (TBTO) on
days 6-15 of gestation produced an adverse, dose-related
effect on the postnatal care provided by mothers to their
offspring (Baroncelli et al., 1995).

The impact of DU implantation on sexual or parental
care behaviors has not been specifically studied. Implanta-
tion of DU alloy has been shown to alter hippocampus
electrophysiology in rats (Pellmar et al., 1999a; 1999b).
However, further study is needed to determine the impact
of these changes on rodent behavior.

Summary and ongoing rescarch

At this time, the multigenerational effects of DU exposure
on todent reproduction and development are not known.
Implanted DU alloy translocates to the gonads and devel-
oping fetus, and DU alloy is potentially genotoxic and
possibly carcinogenic. A number of studies have shown
that natural uranium is a reproductive toxicant in rodents
and may be toxic and teratogenic to the developing rodent
fetus. Collectively, these findings justify conducting studies
on the reproductive toxicity and developmental effects of
DU alloy in rodents in a multigenerational study. Format at
this time, the effect of embedded DU alloy fragments on rat
reproduction and development of Pl adults and successive
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generations (Fy, F2) is currently being evaluated at the
Naval Health Research Center Detachment Toxicology
Laboratory, WPAFB, OH. Current information on DU
and natural uranium from the scientific literature indicate
that DU alloy may potentially impact rodent reproduction
and development by direct or indirect chemical or radio-
logical modes of action. Potential mechanisms of toxic
action of DU alloy on these endpoints may include muta-
genicity and genotoxicity, disturbances in cell division,
changes or inhibition of protein or steroid synthesis, dis-
turbance or inhibition of enzyme systems. Exposure to DU
alloy may also impact rodent reproductive success by
causing changes in sexual libido or by altering the quality
of postnatal care administered by the parents. Alternatively,
exposure to DU alloy may have no adverse impact on
rodent reproductive success or fetal development.
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URANIUM DEPOSITION AND RETENTION IN A USTUR WHOLE
BODY CASE

J. J. Russell* and R. L. Kathren'

Abstract—This report describes a whole body donation from a
person with a documented occupational intake of uranium. USTUR
Case 1002 was an adult male who died from an acute cerebellar
infarct at the age of 83. 1Ie worked as a power operator, utility
operator, and metal operator for 28 years in a facility that processed
and handled radioactive materials. Although he suffered a number
of burns from hot metal and acids, cuts, abrasions, and puncture
wounds during his many years of work, there were no corresponding
health physics or medical records to indicate that these occurrences
needed or required excision or decontamination duc to the suspicion
of the deposition of radioactive material. Over the course of his
employment, USTUR Case 1002 submitted numerous urine samples
for uranium, plutonium, and fission product analysis. The highest
single uranium value measured during this time period was ~30 pg
L~ recorded during the second year of his employment. A urinary
bioassay sample taken before termination of employment measured
43 pg L' The mean urinary uranium concentration per liter per
year calculated from the employee’s bioassay records covering the
first eleven years of monitoring averaged less than 3 pg L7\ The
ratio of ™2 activity in the lung tissue was about 1, the same as that
found in natural uranium. The highest concentration of uranium
was found in a tracheobronchial lymph node. The uranium content
in the various tissues of the body followed a rank order lung >
skelcton > liver > kidney. Concentration of uranium in the Kidney
tissue was ~1.98 ng g™, about 3 orders of magnitude less than the
generally accepted threshold level for permanent kidney damage of
3 pg U ¢! and roughly equal to the 14 ng ¢! reported for
Reference Man. The autopsy disclosed findings not uncommon in
the aged: severe atherosclerosis, areas of sclerotic kidney glomeruli
with stromal fibrous scarring, and moderate to severe arterio-
nephrosclerosis. Lung sections contained parenchymal areas of acute
vascular congestion and a mild degree of anthracosis.
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INTRODUCTION

In 1789, German chemist Martin Heinrich Klaproth
reported the results of his research with pitchblende to
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the Berlin Academy, identifying a new metallic element,
which he named uranium after the planet Uranus, which
had only recently been discovered by William Herschel.
Toxicity studies of uranium date back to as early as 1824,
carried out as part of a larger study of all 18 then-known
metals by Christian Gottlieb Gmelin, who observed that
uranium was at best a weak poison if taken by mouth, but
that injection of the nitrate or chloride into the jugular
vein of a dog was sufficient to bring about death within
a minute. Gmelin observed that the injected uranium salts
produced large blood clots in the heart and great vessels,
an effect also produced by the injected salts of palladium
and barium (Hodge 1973).

Since the initial studies of Gmelin, there have been
numerous experimental studies of the toxicity of uranium
whose radioactive properties were discovered in 1896 by
Henri Becquerel. These studies generally confirmed the
feeble toxicity of ingested or inhaled uranium and indi-
cated that, in dogs at least, damage to the proximal
tubules of the kidney could result from uranium intake,
and that uranium promoted excretion of sugar via the
urine. This latter observation led to its use therapeutically
as a treatment for diabetes early in the twentieth century.

Despite this long association and numerous toxicity
studies with uranium over the years, there are still many
unanswered important questions regarding the biokinet-
ics and toxicology of uranium in humans. To provide
answers to these questions, the U.S. Uranium Registry,
now a part of the U.S. Transuranium and Uranium
Registries (USTUR), was created in 1978. The basic plan
of the Registry is to obtain tissue, or in some cases the
whole body, at the time of death from volunteer donors
with a known exposure to uranium, and to analyze these
tissues for their radioactivity content. In this fashion,
information could be gained regarding the distribution,
dose, translocation, and fate of uranium in the body,
which could be combined with autopsy resuits and
personal exposure and medical histories to better under-
stand the possible health implications of uranium in
humans and to assure the adequacy of safety standards
for workers and the general public. This paper reports on
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the first whole body donation to the USTUR from a
person with a known occupational intake of uranium.

MATERIALS AND METHODS

USTUR Case 1002 was a Caucasian male who died
at age 83, approximately 20 y after his retirement.
Employment records state that he worked as a power
operator, utility operator, and metal operator for 28 years
in a facility that processed and handled radioactive
materials. His duties brought him into areas of the facility
where potential existed for exposure to various radioac-
tive materials including thorium, uranium, plutonium,
and americium and other transplutonics. Although he
suffered a number of burns from hot metal and acids as
well as cuts, abrasions, and puncture wounds during the
course of his employment, there are no corresponding
health physics or medical records to indicate that these
occurrences required excision or decontamination from
actual or suspected deposition of radioactive material.
Moreover, examination of his health physics records did
not disclose any acute accidental inhalation intakes of
uranium or other radioactive materials.

Over the first 11 y of his employment, a total of §2
urine samples were collected and analyzed for uranium,
plutonium, and fission products. Measurable levels of
uranium were found in his urine; these data are summa-
rized in Table 1. However, no plutonium or fission
products were detected. With the exception of a single
sample collected at the time of his retirement, no urine
samples were collected or analyzed after his initial 11 y

Table 1. Urinary excretion of uranium in USTUR Case 1002.

Mecan conc.

Years of  Number of (rgL™h Range  Estimated annuat
cmployment  samples za (ug L") excretion (mg)®
1 5 20=4.1 0.0-10.2 1.0
2 13 69 =85 0.0-30.1 35
3 10 7.6x79 0.0-29.5 39
4 8 0719 0.0-5.7 0.4
5 5 45*42 0.0-6.3 23
6 8 1.0=138 0.0-32 0.5
7 11 09=27 0.0-9.5 0.5
8 1 00 0 0
9 6 07=15 0-4.1 04
10 3 0=0 0 0
1 2 35219 1.6-5.4 1.8
12-24 0 - —_ Not exposcd
25 1 43 —_ —
Total (years 1-11) 253x3.14 143
All Years 3.09 3383

excluding zero
values and value
at termination

¥ Results below detection limit assumed to be zero.
* Estimated annual cxcretion of uranium = mean concentration X volume
of urine excreted per day (1.4 L) X 365 d y~.
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of employment. Present day health physics personnel at
the work site state that reassignment of radiation material
workers and others to new job duties that might or might
not have involved working with uranium or other radio-
active materials was common practice at that time.
However, mandatory periodic urinary bioassay sampling
of all workers handling or working with radioactive
materials was required at the time. Thus it is likely that
this worker incurred his uranium body burden from
chronic low-level exposure to airborne uranium in the
workplace during the first decade of his 28 y of employ-
ment, or 38-48 y prior to his death. This conclusion is
consistent with his film badge results, which indicated a
total lifetime whole body exposure of 11.42 rem of
non-penetrating radiation and 4.33 rem of penetrating
exposure, mostly during his early years of employment.
The ratio of non-penetrating to penetrating dose is
consistent with work with uranium since th