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Abstract

Intakes and absorbed organ doses were estimated for 29 303 workers employed at three former US
gaseous diffusion plants as part of a study of cause-specific mortality and cancer incidence in
uranium enrichment workers. Uranium urinalysis data (>600 000 urine samples) were available
for 58 % of the pooled cohort. Facility records provided uranium gravimetric and radioactivity
concentration data and allowed estimation of enrichment levels of uranium to which workers may
have been exposed. Urine data were generally recorded with facility department numbers, which
were also available in study subjects” work histories. Bioassay data were imputed for study
subjects with no recorded sample results (33 % of pooled cohort) by assigning department average
urine uranium concentration. Gravimetric data were converted to 24-h uranium activity excretion
using department average specific activities. Intakes and organ doses were calculated assuming
chronic exposure by inhalation to a 5-pm activity median aerodynamic diameter aerosol of soluble
uranium. Median intakes varied between 0.31 and 0.74 Bg d™1 for the three facilities. Median
organ doses for the three facilities varied between 0.019 and 0.051, 0.68 and 1.8, 0.078 and 0.22,
0.28 and 0.74, and 0.094 and 0.25 mGy for lung, bone surface, red bone marrow, kidneys, and
liver, respectively. Estimated intakes and organ doses for study subjects with imputed bioassay
data were similar in magnitude.

INTRODUCTION

The National Institute for Occupational Safety and Health (NIOSH) is currently studying the
patterns of cause-specific mortality and cancer incidence in a pooled cohort of workers
employed at three former uranium enrichment facilities in the USA. Operation of these types
of facilities presents a potential for worker exposures to primarily soluble uranium
compounds that are known or suspected to cause adverse human health effects. The purpose
of this paper is to describe the methods used to estimate individual organ dose for the
workers who had potential for internal exposure to uranium.
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Uranium is enriched to increase the abundance of the isotope 23°U relative to 238U

because 235U is significantly more fissionable than 238U, making it a desirable component
for nuclear fuels and weapons. The abundance of 235U (~0.71 % by weight) in naturally
occurring uranium is too low for most nuclear applications. Low-enriched uranium contains
<20 wt. % 235U, high-enriched uranium contains >20 wt. % 235U and depleted uranium
contains <0.71 wt. % 235U, Low-enriched uranium and natural uranium are generally used
in fuel for nuclear power reactors and in plutonium production reactors, respectively,
whereas high-enriched uranium is generally used in naval nuclear propulsion reactors,
research reactors and in nuclear weapons components.

The gaseous diffusion process, which was the preferred process adopted in the USA during
the Manhattan Project, involves moving uranium hexafluoride (UFg) gas through a porous
membrane (diffusion barrier) in an enclosed system at a pressure that is high relative to the
rest of the system, but still below atmospheric pressure. Because the molecular diffusivity
of 235UFyg is greater than that of 238UFg due to the lighter atomic weight, the 235UFg diffuses
more readily through the barrier, resulting in two streams of UFg: one that is enriched

in 235U and one that is depleted in 23°U.

The Oak Ridge Gaseous Diffusion Plant in Oak Ridge, Tennessee, also known as K-25, was
designed and constructed to provide enriched uranium in support of the US nuclear weapons
programme and for uranium fuel used in naval, research and commercial nuclear power
reactors. Construction of the facility began in June 1943, and the facility became operational
in 1945, The facility was further expanded between 1946 and 1954. The plant was placed in
standby in 1985 and permanently shut down in 1987(1). Approximately 48 000 workers were
employed at the plant between 1945 and 1985; however, about half of those employees were
construction workers.

Construction of the Portsmouth Gaseous Diffusion Plant in Piketon, Ohio, began in August
1952, with the plant becoming partially operational by September 1954 and fully operational
by March 1956. The plant was originally built as part of a US government expansion
programme for the production of high-enriched uranium for naval reactors and nuclear
weapons. The facility’s mission changed focus in the mid-1960s from weapons to producing
fuel for the nation’s commercial nuclear power plants. In May 2001, enrichment operations
ended at the Portsmouth facility. Approximately 13 000 workers were employed in
production operations at the Portsmouth facility from 1954 through 2001,

The Paducah Gaseous Diffusion Plant in Paducah, Kentucky, which began operation in
September 1952, was also part of the US government programme to produce high-enriched
uranium for naval nuclear reactors, research reactors and nuclear weapons. Approximately
7000 workers have been employed at the plant since its inception, and ~1200 workers are
currently employed. Enrichment levels produced at Paducah were limited to low values
(~0.96 %), as the plant was designed to produce feed for the other two gaseous diffusion
plants®. In April 2001, the assay programme at Paducah was upgraded, enabling
enrichment levels of up to 5 % of 235U, Uranium enrichment operations ceased at the
Paducah facility in 2013.

Radiat Prot Dosimetry. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al. Page 3

METHODS

The study cohort was selected from a population of ~68 000 workers from the 3 study
facilities. Entry into the cohort was limited to workers with at least 1 y of continuous
employment at the K-25 facility between 1 January 1948 and 31 December 1985, the
Portsmouth facility between 1 March 1956 and 31 May 2001 or the Paducah facility
between 1 September 1952 and 31 December 2003. More than half of the 48 000 workers
ever employed at the K-25 facility were hired in 1945 and 1946 and worked <6 months. The
purpose of setting the criteria for start of employment in 1948 as opposed to the start of
operations was to increase the probability that a study subject would have bioassay/
monitoring data available and to minimise biases potentially introduced by the early
bioassay/dosimetry techniques.

Individual work histories for each study subject were reconstructed using facility-specific
employment and exposure records previously collected by NIOSH and partners in support of
earlier studies ~6). Information on start and end dates, facility, job title and department
number were available and incorporated into a master work history file.

Uranium concentration data for >600 000 urine samples were abstracted from health physics
databases obtained previously from each of the three facilities. Individual urine bioassay
records contained data on urine uranium gravimetric concentration (in mg 171) measured
using fluorometric methods and uranium radioactivity concentration (in disintegration per
minute per 100 ml) measured using gross alpha counting. There were also records of
isotopic analysis of uranium in urine samples, although in most cases, this type of analysis
was inconsistent and did not appear to have been done on a routine basis. Sporadic
monitoring data were also available for other radionuclides such as 23%Pu, 23’Np and %°Tc.
Assessment of exposure to these radionuclides is beyond the scope of this paper and will be
reported elsewhere.

Radiation doses are dependent on the relative abundance of 235U and 238U in the work
environment. However, the enrichment level of the uranium to which individual workers
were exposed was not reported in bioassay records, and given that many urine samples were
only analysed using fluorometric methods, it was necessary to estimate the enrichment of
the uranium in the urine sample. For each urine sample for which both non-zero uranium
gravimetric and radioactivity concentrations were reported, the radioactivity concentration
was first converted to becquerel per liter (1 Bq = 1 disintegration per second), and a specific
activity (in becquerel per milligram) was calculated by taking the ratio of the radioactivity
concentration (becquerel per liter) to the gravimetric concentration (milligram per litre).

Urine sample analysis results reported in the study subject’s individual bioassay record were
generally associated with a department number. All urine samples with calculated uranium
specific activities were thus grouped according to department number and facility. This
allowed for the estimation of an average enrichment level of uranium in urine samples by
department and by facility, which would be used to convert gravimetric concentration data
to radioactivity concentration for all workers. Specific activity was converted to enrichment
using the following empirical relationship:
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S,=(0.4+0.38E4+0.0034E%) x 37, (1)

where E is the enrichment (%) and S, is the specific activity in becquerel per milligram of
the sample(7- 8). This empirical relationship is based on historical measurements of specific
activity in uranium of varying enrichments reported by multiple sources. It is only
applicable to uranium enriched by the gaseous diffusion method and the relationship
deviates from measured data for enrichments of <0.71 % (natural uranium). Urine samples
with calculated enrichment of <0.01 % (15 Bq mg™1) or >98 % (2600 Bq mg~1) were not
included in the calculation of average department or facility values.

Urine bioassay data were converted from gravimetric concentration (milligram per liter) to
24-h uranium mass excretion (milligram per day) by multiplying by the 24-h urine volume
excretion of 1.6 | per day. The urinary excretion rate of 1.6 | per day was assumed to be
affected by an uncertainty described by a geometric standard deviation (GSD) equal to 1.6
representing day-to-day variations and inter-individual variability(®.

Uranium 24-h excretion was converted to activity by multiplying by the specific activity of
the uranium corresponding to the average department-specific enrichment. If the urine
sample was not associated with a department number, the facility-specific enrichment was
used.

Each study subject with positive bioassay data (i.e. non-zero) was assigned an effective
enrichment. Each line in the subject’s work history contains department number and
start/end date of work in that department. The department-specific average enrichment level
(Ej) was assigned to each line of work history. If there was no enrichment level associated
with a department number or if the department number was missing from that line of work
history, the facility average enrichment level was assigned. The assigned enrichment level
was then multiplied by the number of days (t;) that the worker was in that department as
indicated by the work history record to give a time-weighted enrichment. The time-weighted
enrichments were summed over the study subject’s work history and divided by the total
number of days worked to get an effective enrichment (Egg):

> Eit;

Eeff: Zti - @

Study subjects whose bioassay data (i.e. all bioassay data points in the subject’s bioassay
record) were reported as equal to zero or less than the detection limit were assumed to be
unexposed and assigned a value of zero for all intakes and organ doses. For study subjects
with at least one positive sample (i.e. sample greater than zero or greater than the detection
limit for the facility), any bioassay data point recorded as zero was assigned a value, GM,
imputed using the following method:

GM=L(1-f), (3
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where GM is the assumed geometric mean of the distribution of urine samples below the
detection limit, L, and f is the fraction of urine samples below L in the individual’s bioassay
data set(10),

For study subjects who had no reported bioassay data, the level of urinary uranium excretion
was imputed from averaging the urine uranium concentration in all urine samples associated
with a specific department. For each record of a study subject’s work history, the average
urine uranium concentration associated with the recorded department number was assigned
as a bioassay sample using the ending date of that work history record as the assumed date
of the sample. The assumption here is that a steady state level of urine uranium excretion
was reached by the end of the work history period in that department.

Intakes and organ doses were evaluated using the Internal Dose Evaluation Program
(INDEP; Oak Ridge Center for Risk Analysis, Inc., Oak Ridge, TN, v. 4.1, 2014). The
intakes were calculated from bioassay data using least-squares regression techniques. For
each study subject, a single chronic exposure by inhalation to a soluble (fast absorption)
uranium aerosol with a 5-um activity median aerodynamic diameter (AMAD) particle size
was assumed. The exposure was assumed to begin on the study subjects first day of
employment and end on the date of termination. The bioassay data were fit using least-

squares regression, assuming a uniform logarithmic error described by a GSD equal to
1.6(11),

Annual absorbed doses were then calculated for five organs selected a priori because of the
tendency for these organs to take up uranium (i.e. lung, bone surfaces, red marrow, kidneys
and liver)12), Doses were cumulated until the date of last observation of each study subject
(i.e. date of death, date lost to follow-up or the study end date of 31 December 2011).
Cumulative dose estimates were summarised using descriptive statistics, and distributions of
data were examined using @RISK (@RISK for Excel, v. 6.0.1, Palisade

Corporation, ©2012).

RESULTS AND DISCUSSION

The final combined cohort consisted of 29 303 study subjects with minimum employment
duration of 1y at 1 of the 3 study facilities. The average duration of employment for study
subjects was 14 y (median 11 y). The combined cohort was 81 % male and 93 % white.
Only 1.9 % of study subjects worked at more than one of the gaseous diffusion plants.

Uranium bioassay data were available for ~58 % of the cohort. Of these 58 %, ~29 % were
assumed to be unexposed because all bioassay data points were reported as zero or as less
than the facility detection/administrative level. Study subjects with at least one reported
positive bioassay result had an average (maximum) of 23 (337), 65 (660) and 35 (424)
bioassay samples in their individual records for K-25, Portsmouth and Paducah facilities,
respectively. The urinalysis results for a few study subjects with only one positive bioassay
from K-25 (n=1) and Paducah (n = 37) were dated prior to the assumed period of exposure
for the worker (i.e. before their hire date) and were assumed to be pre-employment urine
samples. Because they had no subsequent data, they were assumed to be unexposed.
Bioassay data were imputed for an additional 33 % of the cohort, and of these, 13 % were
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imputed to have all zero bioassay data and were assumed to be unexposed. The remaining 9
% of the cohort had no reported or imputed bioassay data and were also assumed to be
unexposed.

Estimated enrichment based on the analysis of uranium specific activities in cohort
urinalysis data averaged (range) 3.7 % (0.10-98 %), 6.2 % (0.13-98 %) and 1.9 % (0.14-9.7
%) for the K-25, Portsmouth and Paducah facilities, respectively. Department-specific
enrichment levels used for the conversion of urine uranium gravimetric concentration to
radioactivity concentration averaged (range) 3.2 % (0.13-22 %), 5.3 % (0.13-39 %) and 2.5
% (0.14-9.7 %) for each of the three facilities. The ranges of these enrichment levels reflect
the reported values for facility operations(!: 2 13),

Descriptive statistics for reported bioassay data used to estimate intakes and organ doses are
shown in Table 1. Descriptive statistics for imputed bioassay data are shown in Table 2.
Bioassay data were available for 58 % of the combined cohort, and 71 % of that group (41
% of combined cohort) have at least one positive bioassay data point. Bioassay data were
imputed for 33 % of the cohort, and 89 % of that group (29 % of the combined cohort) were
imputed to have at least one positive bioassay data point. Only 9 % of the cohort had no
reported or imputed bioassay data and, in addition to having work history in primarily
administrative positions, were assumed to be unexposed. Overall, 29 % of the cohort was
determined to be unexposed due to reported, imputed or missing bioassay data in
combination with work history records.

Figure 1a—c shows the frequency distributions of department average urine uranium
concentration used to impute bioassay data for study subjects with no reported urinalysis
results. The K-25 facility had the highest number of study subjects with imputed data (45 %
of the K-25 cohort), and the distribution of average uranium concentrations among
departments approximated a somewhat bi-modal distribution. Only 13 % of the Portsmouth
cohort had bioassay data imputed, and the average uranium concentrations for the majority
of the departments were zero.

Effective enrichments calculated for individual study subjects with both reported and
imputed bioassay data were similar. For those study subjects with reported bioassay data,
median effective enrichments (5th-95th percentile range) were 3.7 % (2.4— 4.6 %), 4.4 %
(2.1-9.9 %) and 1.9 % (1.9-6.1 %) for K-25, Portsmouth, and Paducah respectively. For
study subjects with imputed bioassay data, median effective enrichments (5th-95th
percentile range) were 3.6 % (1.7-5.9 %), 5.2 % (1.6-14 %) and 3.9 % (2.3-6.9 %) for
K-25, Portsmouth and Paducah, respectively.

Intakes and organ doses calculated for study subjects with reported and imputed bioassay
data are shown in Fig. 2. Median intakes and organ doses calculated for study subjects with
reported and imputed data were similar in magnitude, although the interquartile range and
5th—95th percentile range were larger for Portsmouth and Paducah facilities, respectively.
For Portsmouth, this is likely because of the large number of departments with average urine
uranium concentrations of zero (see Fig. 1b), and the relatively small number of study
subjects for whom data were imputed (7615 for K-25 versus 903 for Portsmouth). For the
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Paducah facility, data were imputed for only 22 study subjects resulting in a larger 5-95
percentile range. Median intakes calculated for study subjects with imputed bioassay data
were 45-56 % higher than those calculated for study subjects with reported data. Median
organ doses calculated from imputed data were also somewhat biased, although the bias
varied from —4 % for K-25 study subjects to 38 % for Paducah study subjects.

Absorbed dose to the red bone marrow was estimated as part of a previous nested case—
control study of multiple myeloma mortality in a K-25 cohort14). In that study, median
(interquartile range) calculated absorbed bone marrow dose was 0.060 mGy (0.021- 0.20
mGy), which is almost a magnitude smaller than the median calculated for this study,
although the interquartile range is similar. This is due to exclusion, in the current study, of
subjects who were employed <1y at the facility when compared with the criteria of a
minimum employment of 30 d in the previous case—control study. Due to the difference in
exclusion criteria, only 85 study subjects (with reported bioassay data) were selected for
both study cohorts. Median (interquartile range) estimated red bone marrow dose for these
two sub-groups were 0.12 mGy (0.042-0.23 mGy) for the multiple myeloma study and 0.28
mGy (0.092-0.61 mGy) for the current combined cohort study.

In another cohort mortality study of uranium workers at the Fernald Feed Materials
Production Center (FMPC), intakes and organ doses from exposure to uranium were
estimated using methods similar to this study®). FMPC median (interquartile range)
estimated intakes were 0.045 (0.0018-0.81) Bq d~1, and organ absorbed doses were 0.053
(0.0023-0.59), 0.0015 (0.000061-0.018), 0.0044 (0.00019-0.051) and 0.0015 (0.000054—
0.018) mGy for lung, red bone marrow, kidney and liver, respectively. Intakes calculated for
the FMPC study subjects were about a magnitude lower than the intakes calculated for this
current study cohort, likely due to the larger particle size assumed for the FMPC cohort.
Median absorbed lung doses were similar, however, due to the assumed exposure to more
soluble uranium compounds likely present in the gaseous diffusion plants compared with the
relatively insoluble compounds assumed in the exposure scenario at FMPC; there was
greater translocation of uranium from the lung to other organs resulting in higher doses to
the red bone marrow, kidneys and liver for the current study cohort compared with FMPC
cohort.

Uncertainty in particle size and solubility contribute to variability in estimated intakes and
organ doses; however, sensitivity analyses performed as part of a previous investigation into
uncertainty in intake and organ dose estimates for FMPC uranium workers indicated that the
largest source of uncertainty is introduced in the normalisation of spot urine samples to 24-h
excretion by volume (i.e. multiplying urine concentration by an uncertain urinary excretion
rate of 1.6 1 d"1)(16), However, that facility had a rather narrow distribution of enrichment
levels to which workers could be exposed. In this current study, work in each of the three
facilities presented a potential for exposure to a wider variety of enrichment levels,
particularly at the K-25 and Portsmouth facilities where uranium was enriched to up to 98
%. In these cases, sensitivity analyses suggested that variation in enrichment is a larger
source of uncertainty in bioassay samples compared with normalisation by urinary output
volume.
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CONCLUSIONS

As part of the current ongoing study of cause-specific mortality and cancer incidence in a
pooled cohort of gaseous diffusion plant workers, NIOSH analysed the results of uranium
concentration measurements from >600 000 urine samples estimate intakes and organ doses
for workers exposed to uranium. Urine uranium bioassay data were available for 58 % of the
cohort and were imputed for an additional 33 %. Overall, 29 % of the combined cohort was
determined to be unexposed to uranium internally.

Novel methods were used to estimate effective enrichment to which each individual worker
was exposed using urine uranium concentration data combined with department worked
obtained from the individual employment records from each study facility. Intakes and doses
from internal exposure to uranium estimated in this study were comparable with those
assessed using similar methods in a previous study of a uranium facility and an earlier case—
control study in one of the current study facilities.
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the left represent intakes and organ doses calculated for study subjects with reported
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represent data ranges (5th and 95th percentiles), and boxes represent interquartile range,

with centre box line representing the median.
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Table 1

Descriptive statistics by facility for individual mean urine uranium bioassay data reported in facility records
for study subjects with at least one positive (i.e. >0) bioassay data point.

K-25 Portsmouth

Paducah

No. of bioassay samples 137083 147 264
Study subjects with bioassay data 5909 2256

Uranium concentration (Bq d™1)

Mean 0.88 0.47
Median 0.34 0.19
5th Percentile 0.072 0.025
95th Percentile 21 1.7

139754
3959

0.46
0.26
0.073
11

Bioassay data were reported as gravimetric concentration and converted to activity using department-specific or facility-specific enrichment and
normalised to 24-h excretion. Values are for study subjects with at least one positive bioassay sample.
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Table 2

Descriptive statistics by facility for individual mean urine uranium bioassay data imputed for study subjects
using department average urine uranium concentrations.

K-25 Portsmouth  Paducah

No. of bioassay samples 31266 4442 69
Study subjects with imputed bioassay data 7615 903 22

Uranium concentration (Bq d™1)

Mean 0.63 0.49 0.38
Median 0.39 0.39 0.32
5th Percentile 0.11 0.015 0.0066
95th Percentile 1.2 1.7 1.2

Imputed bioassay data were converted to activity from gravimetric concentration using department-specific or facility-specific enrichment and
normalised to 24-h excretion. Values are for study subjects imputed to have at least one positive bioassay sample.

Radiat Prot Dosimetry. Author manuscript; available in PMC 2017 March 01.



