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ABSTRACT

Urine bioassay measurements for uranium and medical lahoratory resuits
were studied to determine whether there were any health effects from uranium
intake among a group of 31 workers exposed to uranium hexafluoride (UFs) and
hydrolysis products following the accidental rupture of a 14-tun shipping
cylinder in early 1986 at the Sequoyah Fuels Corporation uranium conversion
facility in Gore, Oklahoma. Physiological indicators studied to detect
kidney tissue damage inciuded tests for urinary protein, casts and cells,
blood, specific gravity, and urine pH, blood urea nitrogen, and blood
creatinine. We concluded after reviewing two years of follow-up medical data
that none of the 31 workers sustained any observable health effects from
exposure to uranium. The early excretion of uranium in urine showed more
rapid systemic uptake of uranium from the lung than is assumed using the
International Commission on Radiological Protection (ICRP) Publication 30
and Publication 54 models. The urinary excretion data from these workers
were use to develop an improved systemic recycling model for inhaled soluble
uranium. We estimated initial intakes, clearance rates, kidney burdens, and
resulting radiation doses to lungs, kidneys, and bone surfaces. Radiation
dose limits and limits on intake, as recommended by the ICRP, were not
exceeded. However, the NRC derived limit of 9.6 mg was exceeded by eight of
the 31 workers. Maximum kidney concentrations in exposed workers ranged from
0.05 to 2.5 puy U/g kidney tissue. We found no toxicological effects on the
kidneys of workers at these concentrations.




SUMMARY

Uranium urinaiyses and medical laboratory results on nlood and urine
were studied to determine whether there were iny health effects in 31 workers
exposed to uranium hexafluoride (UFg) following the accidental rujture of a
14-ton shipping cylindzr in early 1986 at a uranium conversien facility in
Gore, Oklahoma. The workers were likely exposed to very high concentrations
of airborne uranium for short time periods. The most important short-term
concern was inhalation of hydrofluoric acid (HF) with possible lung drmage
and skin-exposure burns. The major long-term concern was kidney damaye in
workers with significant intakes of uranium. Urinalyses were performed cn
workers to evaluate their health and kidney function. The data were also
evaluated to estimate their initial intakes of urarium, resulting radiation
doses to bone surfaces, kidneys, and lungs. and the resulting committed
effective dose equivalent (a measure of risk to the whole body).

“he physiological indicators studied to detect kidney tissue damage
by uranium poisoning included tests for urinary protein, casts and cells,
urinary blood, specific gravity, pH of the urine, blood urea nitrogen, and
blood creatinine. Physical examination and pulmonary function ‘est results
over a two-year follow-up period were also evaluated. We concluded fram
review of the medical records and laboratory results that none of the workers
sustained any observable health effects from exposure to uranium during the
accident. Some workers did suffer from short-term respiratory problems
associated with inhalation of hydrogen fluoride (HF), and one worker
succuibed enroute to a hospital. This report does not address, however,
the health effects that may have been related to fluoride or hydrogen
fluoride as a result of the accident.

The availability of uranium urinalysis data from a large number of
acutety exposed subjects (n = 31) made it possible to learn more about the
behavior cf soluble uranium in the body. These urinalysis data were used to
escimate uranium irtakes, clearance rates, kidney burdenc, and resulting
radiation doses tc lungs, kidneys, and bone surfaces. Dcsimetric analyses
showed that neither the stochastic nor the nonstochastic annual limits on
intake (ALI) for uranium, recommended by the International Commission on
Radiological Protection in 1979, were exceeded, and that the calculated
committed effective dose equivalents for workers were much less than non-
stochastic exposure limit of 0.5 Sv (50 rem) to all tissues and the
stochastic limit of 0.05 Sv (5 rem) to the whole body for internal emitters
published by the ICRP in 1977 and 1979. The ICRP limits are based only on
permitted radiation dose. However, the derived NRC 40-hour intake limit of
9.6 mg soluble uranium in one work week was exceeded by eight of 31 workers.

The maximum kidney concentrations in exposed workers were estimated to
renge from 0.05 to 2.5 ug U/g kidney tissue. No toxicological effects on the
kidneys at coricentrations at or less than these amounts were observed in
these workers according to our analysis of their clinical laboratory results.
Although external chest-counts were performed on the workers about two weeks
after the accident, the inhaled uranium had presumably already cleared from
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the lungs, and the chest-count measurements did not provide information use-
ful for dose assessment.

The observed early excretion of uranium in urine indicated a more rapid
clearance from the body than is assumed using the ICRP biokinetic model for
soluble uranium compounds. A better fit of the SFC worker uranium excretion
data to the ICRP Tung model was obtained when the assumed clearance half-time
from the pulmonary compartment to body fluids was changed in the model from
12 hours to 45 minutes. A systemic recycling model for uranium also fit the
temporal pattern of the uranium excretion data better than did the ICRP
systemic excretion model. Agreement between the urinary excretion data and
the model was further improved by decreasing the clearance half-time cf the
kidneys from 15 days to 6 days. We called this revised biokinetic model for
uranium, including the change in the pulmonary lung clearance half-time. the
"modified" Wrenn model, and used it for dosimetric assessment of uranium
intakes by the SFC workers. This modified model provided a better fit to the
urinary excretion of acutely inhaled UFg than did the ICRP biokinetic model.

The urinary uranium excretion function we derived from the short-term
urinary excretion data was

yu(t) = 0.86 e 27 + 0.0048 e™"® + 0.00069 €% 727 + 0.00017 7000

where yu(t) is the expected fractional daily urinary excretion at time t
(days). The half-times of the five exponential components correspond to
0.25 days, 6 days, 26 days, 300 days, and 3700 days, respectively

(r2 = 0.996).

The medical data and uranium bioassay data from exposed workers spanned
a data-collection period of two years following the UFg cylinder-rupture
accident. Our analysis of these data showed no evidence of long-term toxico-
logical damage to kidneys of SFC workers, the primary health effect of con-
cern from inhalation exposure to soluble uranium.
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INTRGDUCTION

This report presents results of analyses of follow-up bioassay measure-
ments and medical laboratory data on SFC workers involved in an accidental
release of UFg and hydrolysis products. The purpose cf this study was to
determine whether any health effects could be found in workers following
their accidental acute exposure to uranium. Also included in this report are
brief discussions of the basic mechanisms of uranium toxicity and medical
indicators of uranium poisoning. The report summarizes two years of medical
monitoring of exposed workers, and provides estimated intakes of uranium and
resulting radiation doses. Dosimetric estimates were based on analysis of
uranium concentrations in urine samples obtained from the workers during the
four-week period immediately foilowing the accident. A revised biokinetic
model was developed from these data and used to estimate uranium intakes,
uranium burdens in the lungs, kidneys, and bone, and effective dose equiva-
lent for each worker involved in the accident.

The chemical form of the uranium released in the accident was uranium
hexafluoride (UFg). On contact with water vapor in air, UFg hydrolyzes to
U0.F; and hydrogen fluoride (HF), a highly acidic and corrosive compound.
The early biological damage to workers accidentally inhaling the cloud
i'eleased by the cylinder rupture was due to acid burns and fluoride inhala-
tion. We did not evaluate the health effects of fluorides or HF to workers
as part of this study.

UFg and UOsF, are highly soluble in lung fluids. After inhalation,
these soluble uranium comfounds are rapidly absorbed into circulating blood

(the transfer compartment) and redistributed throughout the body. Uranium
dissolves in body fluids by forming the uranyl ion (UO,**), which is resorbed
by the kidneys during filtration of circulating blood. UQ,** interferes with
the transport of nutrients through cell walls and causes cell death, which
leads to kidney damage.

The chemical properties of UFg and UOF; influence their distribution in
body tissues, their residence times, and ultimately their chemical to..icity
and the radiation dose imparted to tissues. Uranium toxicology and dosimetry
are furtiier discussed in the following sections as part of the analysis of
health effects in workers accidentally exposed to UFg following the 1986
cylinder-rupture accident.




BACKGROUND

A 14-ton Model 48Y cylinder containing approximately 29,500 pounds of
UFs ruptured in a steam chest at the Sequoyah Fuels Corporation (SFC) facil-
ity at Gore, Oklahoma, on January 4, 1986, at about 11:30 a.m. (N°C 1986a,b).
The accident occurred when the over-loaded shipping cylinder was icheated to
remove an excess of uranium hexafluoride (UFg). When the cylinder ruptured,
a dense, white clcud of UFg and its reaction products uranyl fluoride (UOFy)
and hydrofluoric acid (HF) were released into the air. A number of SFC
workers and on-site contractor personnel were exposed to the hot cloud and
received intakes of both soluble uranium and HF. One worker succumbed to
massive pulmonary edez: from inhalation of HF. One other worker was treated
for skin irritation and burns from HF. Twenty-one workers were examined at
the Sequoyah Memorial Hospital in Sallisaw, Oklahoma, and retained overnight
for observation. Of this number, four were released the following morning,
14 were retained more than one day and given sodium bicarbonate as Alka-
Seltzer®, and three were examined and transferred to Sparks Memorial
Hospital, Ft. Smith, Arkansas, for observation relative to possible lung
irritation and/or lung damage from exposure to HF (NRC 1986b, pp. 405-406).

Urine samples were collected from the exposed workers at the hospital to
determine the extent of personnel exposures to uranium as a result of the
accident. The earliest urine samples for uranium analysis were obtained
4.5 to 8 hours after the accident. Additional urine samples were obtained
from the workers at various times over the next few days and submitted to a
chemistry laboratory for fluorometric uranium analysis. Urine samples
collected from about day 4 after the accident and periodically for about
the next two years were also analyzed for specific gravity, pH, protein,
glucose, cells, casts, yeast, bacteria, ketones, and blood. Blood samples
were analyzed for urea nitrogen and creatinine for indications of possible
kidney tissue damage. The results of pulmonary function tests and periodic
complete medical examinations of the worker population were also studied.

PRELIMINARY ANALYSES OF BIOASSAY RESULTS

Early uranium urinalysis results were transmitted by facsimile to three
Department of Energy (DOE) laboratories: Pacific Northwest Laboratory (PNL),
Richland, Washington; Oak Ridge National Laboratory (ORNL), Oak Ridge,
Tennessee; and Brookhaven Natioral Laboratory (BNL), Upton, Long Island,

New York. Within the next 24 hours, preliminary estimates of uranium intakes
by SFC workers, several contractor personnel, and some members of the exposed
off-site general public were telecopied back to the NRC. Results of those
preliminary calculations subsequently appeared in Appendix 5.6.2 of a Nuclear
Regulatory Commission (NRC 1986a) assessment of the public health impact from
the accidental release.

® Registered trademark of Miles, Inc., Elkhart, Indiana.



Considering the sparsity of the early data and rapid turn-around time
required, there was remarkable agreement between the prelimirary estimates of
intake calculeted independently by the three DOE laboratories. The urinary
excretion data provided to the laboratories were given in concentration units
of micrograms (wg) uranium per liter (L) urine, and the times of urine
coliection were also given, but the total urinary excretion volumes per day
were not known. Each laboratory therefore assumed that the average urinary
_ excretion of cach worker was equivalent to that of Reference Man %ICRP 1975),
T 1.4 L per day. and that measured values were representative of the rate of
uranium elimination. The DOE iaboratories also assumed that the inhaled
uranium consisted of particulates with an activity median aercdynamic diam-
5 eter (AMAD) ¢ 1.0 um and that it was highly soluble in lung fluids (ICRP
“ class D compound). PNL used the ICRP-30 metabolic rate constants given in
Publication 30 of the Internatioral Commission on Radiological Protection
(ICRP 1979) to describe early clearance from lung aid transfer to blood and
oY averaged the intake estimates for each time point at which a urine sample was
i obtained. BNL applied the same ICRP-30 metabolic rate constants but used a
5 least-squares method for fitting excretion data to estimates of intake for
each sampling time point. ORNL assumed that 50% percent of the inhaled
activity was translocated to body fluids (30% with a half-time of 0.01 days
and 20% with a half-time of 0.5 days). ORNL also assumed a more rapid early
clearance (T4 = 0.01 days or 15 minutes) to blood for 30% of the material
deposited in the lung and fit the urinary excretion to the function

yu(t) = 7.3 %% + 2.4 e + 0.08 e + 0.004 o011, (1)

1 where yu(t) was the percent per hcur excreted in urine and t was the time in
e kours (NRC 1536a). The ORNL function approximated the urinary excretion for
: times from 30 minutes to several days post-accident.

Pmong the 31 workers sampied, the highest intake was estimated for
worker No. 17 (average estimate of the three laboratories = 27.6 my U), and
the lowest intake was estimated for worker No. 21 (average estimate =
0626 mg U). The mean intake for all exposed workers was estimated to be
about 7.3 mc Y.

FOLLOW-UP_TESTING

The NRC subsequently issued an amendment to the ¢FC's facility operating
license requiring a comprehensive employee monitoring program for those
workers exposed to uranium during the January 4, 1986, accident. As a
minimum, the monitoring program was to include:

1)

2) semimonthly urinalyses for physiological indicators, including
specific gravity, pH, protein, ketones, casts and cells, and
urinary blood, and analyses for blood urea nitrogen,

semimonthly quantitative urinalyses for uranium,

3) semiannual pulmonary function testing, and



4) annval routine physical examinations.

One purnose of the above monitoring requirements was to coilect data that
might incicate whether or not workers exposed to uranium during the accident
could hav2 sustained any health effects such as tissue damage to kidneys.

~f the thirty-one employees deemed to have been potentially exposed to
uranium Jduring the accident, twenty-six were monitored for the full two-year
period, four terminated employment early, and one was judged not to have been
in the facility at the time of the accident.

A comprehensive set of confidential urinalysis and medical monitoring
data were provided to the NRC by SFC on or just prior to July 1, 1988.

ANALYSIS OF FOLLOW-UP DATA

Pacific Northwest Laboratory, in conjunction with the United States
Uranium Registry {operated by the Hanford Environmental Health Foundation
for the U.S. Department of Energy), was asked to review the urine bioassay
results and medical data from clinical analyses provided by SFC to the NRC.
The purpose of this review was to

1) determine whether these data indicated evidence of kidney damage or
other biological effects attributable to uranium,

2) estimate initial intakes and subsequent Tung burdens, and

3) evaluate time-averaged kidney concentrations of uranium and result-

ing radiation doses to internal organs.

Brookhaven National Laboratory and Oak Ridge National Laboratory were invited
to participate in the analysis of the SFC data but elected not to do so.

The review of these data suhsequently required a new lTook at biokinetic
models used to estimate the intake, retention, and clearance of uranium in
people. There are few published data on the short-term excretion of soluble
uranium following accidental acute exposures. The large number of subjects
(31) that experienced the 1986 accidental uranium exposure made it possible
to develop a revised biokinetic model to describe the behavior of soluble UFg
in the body. Therefore, a discussion of biokinetic models, model parameters,
and comparison of models is presented in this report to justify selection of
a revised biokinetic model for assessing the intakes, organ burdens, and
radiation doses to the SFC workers.




TOXICOLOGY OF URANIUM

Much has been written on the chemical and radiological effects of
uranium in people, and it is not the purpose of this report to present a
comprehensive treatise on the subject. Several maior reviews o the
toxicology of uranium compounds have been published in recent years, includ-
ing an excellent summary on uranium metabolism and its acute and chronic
toxicity (Durbin and Wrenn 1975), two books summarizing the animal and human
studies on uranium by Hodge, Stannard, and Hursh (19?3? and Stannard (1988),
and an excellent review of metabolic models for uranium (Durbin 1984). The
physical and chemical properties of uranium have also been discussed in depth
by Gindler (1973). The behavior and chemical toxicity of uranium in kidney
tissue was also extensively reviewed by Leggett (1989). Some of the most
important aspects of uranium toxicology are summarized in the following
sections.

URANIUM BIOCHEMISTRY

The biochemical behavior of uranium compounds inside the body is fairly
complex. A basic knowledge of uranium biochemistry is essential to fully
appreciate and understand the toxicological effects of uranium on people.
Some of the chemical properties of uranium and its biochemistry are given
below.

At room temperature, UFg is a white, volatile solid with a Tow melting
temperature (64°C). Liquid UFg is a dense, colorless liquid. UFg is a

highly reactive compound that reacts chemically with water, ether, and
alcohol to form soluble reaction products. It elso reacts with some metals.
It does not react with oxygen, nitrogen, or dry air. Airborne uranium
~exafluoride (UFg) hydrolyzes rapidly on contact with moisture in air to
form uranium oxyfluoride (UOF;) and hydrofluoric acid (HF); the reaction is
shown stoichiometrically ac:

UFg + 2Ho0 + UO.F3 + 4HF + 52.7 kcal/mole (2)

HF is a strong acid that may cause burns of the eyes, skin, and respiratory
tract, if inhaled. The UQ,F; compound forms a heavy aerosol that may be
carried by wind and then settle out onto ground or other surfaces.

Hexavalent uranium compounds, such as UFg and UOsF,, are quite soluble
in the Tung and are therefore rapidly absorbed into the blood following
inhalation. Thus, they have been assigned to inhalation class D by the ICRP
(ICRP 1979). Hexavalent uranium oxide (U03) and the tetravalent uranium
compounds UF; and UC14 are more slowly absorbed and are assigned to inhala-
tion class W. Only a small fraction of the soluble uranium (+6 valence)
entering the gastrointestinal tract either from ingestion or by mucociliary
clearance of inhaled particles is absorbed into the blood. This fraction has
been estimated to be 1-2% by Durbin (1984) and Wrenn et al. (1985), although
the ICKP published an f; value (the transfer fraction from gut to blood) of




0.05 (5%) for class D and class W uranium compounds (ICRP 197G, 1988). The
remainder is excreted in the feces.

The insoluble uranium oxides UQ, and U303 are considered to be inhala-
tion class Y materials (ICRP 1979, 1988). Uranium in the +4 state slowly
oxidizes to the +6 state in body tissues and fluids. Insoluble uranium may
remain for years in the lungs and associated lymph nodes, and if sufficiently
great in amount may result in pulmonary metaplasia and shrinkage of Tymph
tissues. Insoluble Jdusts are cleared from the respiratory tract by
mucociliary clearance to the gastrointestinal tract where uranium is only
poorly absorbed into the blood; the f; value for class Y uranium given by the
ICRP is 0.002, or 0.2% (ICRP 1979, 1988).

UOzF; is rapidly absorbed from the lung into the bloocd stream as the
U0,** ion, which behaves much like calcium and complexes with serum proteins
and bicarbonate. The uranyl ion forms biscarbonate, U0,(C03)s--, and citrate
complexes in blood plasma (Durbin 1984). UO,** also binds to red blood
cells. As it passes through the kidneys and is filtered from blood, the
U0t ion dissociates within the tubular filtrate and recombines with cell
surface ligands (Morrow 1984). Removal of the uranyl ion from the kidneys
has been described by a two-component exponential model indicating that
92-95% is excreted in the urine with a half-time of 2-6 days, and the
remainder with a half-time of 30-340 days (Durbin 1984). Wrenn, Lipsztein,
and Bertelli (1989) showed from a variety of mammalian laboratory experiments
that the short-term retention of uranium in the kidneys should range from two
to six days. Their earlier model used a clearance half-time of 15 days.

Uranium absorbed into the blood is mostly excreted in the urine. There
is some generalized systemic deposition in the soft tissues, primarily the
liver, as well as in the skeleton (Fisenne and Welford 1986; Kathren et al.
1989). Bone is the primary target organ for systemic U0+, where it
replaces calcium (Ca**) on crystalline surfaces. Deposition rates in bore
correlate with bone growth and remodeling rates. Recirculating UO** from
bone replenishes the uranium in kidneys. Long-term retention c¢f uranium in
bone is characterized by two compartments; approximately 90% of uranium
deposited in bone is cleared with a half-time of 20-300 days, and the
remainder is cleared with a half-time of 3700-5000 days (Durbin 1984; ICRP
1979, 1988).

MECHANISM OF KIDNEY TISSUE DAMAGE

The normal, undamaged proximal tubules act on the glomerular filtrate
and reabsorb water, glucose, amino acids, and proteins that have filtered
through the glomeruli. These compounds plus electrolytes are returned to
blood plasma. The UO;** ion on cell surfaces interferes with the transport
of nutrients through the cell membrane, which can result in ceil death and
functional loss in the kidneys. Shedding of these cells may be accompanied
by excretion of uranium from the kidneys into urine.

Tissue damage to the renal proximal tubules is rapid and may occur
within 24 hours of exposure to uranium. Water consumption by the subject




normally then increases due to thirst, and urinary output may multiply by as
much as a factor of five. Tissue damage leading to functional loss is
indicated by failure to resorb, leading to increased excretion of urinary
protein, glucose, catalase, phosphate, citrate, and creatirine (Morrow et al.
1982). Glycosuria without elevated blood glucose is alsu associated with
renal tubular dysfunction., The tissue damage is termed "nephritis," and is
characterized by morphological changes, enzymuria, glycosuria, and increased
excretion of amino acids and small proteins in the urine (proteinuria). The
urinary excretion of proteins, awino acids, enzymes, and glucose may be a
quaniitative as well as a qualitative indicator of uranium poisoning (Fisher
1988) .

Large intakes of uranium may cause albuminuria and acute renal failure.
The regeneration of damaged tubules has been observed in animal studies but
not demonstrated in humans. In animals, regeneration may begin within two to
three days and was completed within a few weeks (Yuile 1973). Human kidneys
appeared to tolerate chemical nephrotoxicity better than other mammalian
species. The LDso/a0 (lethal dose to 50% of the population over a 30-day
period) in people is thought to be 1-2 mg U/kg body weight (or about 70-140
mg U in a standard human) (Lincoln and Voelz 1988).

There is a gradual decline in urinary output and glucose and protein
excretion following acute exposure to uranium, suggesting a possible repair
process and regeneration of the tubules. However, the injury to kidney
tissues is not necessarily transient or reversible. If a critical mass of
kidney cells dies, the kidneys cease to function. Damaged cells are replaced
by atypical new cells lacking the functional ability of those that were lost
(Wrenn et al. 1985). Although some functions may appear normal, tolerance by
recovery has not been uniformly observed in animal experiments, indicating
that the kidneys may remain impaired following severe uranium exposure.

Howland {1949) reported an acute UFg exposure accident involving 21
workers in 1944 that involved fluoride inhalation and acid burns. The most
heavily exposed of the survivors showed albumin, red cells and casts in
microscopic urine for three days, as well as increased blood urea for three
weeks following the accident. The peak urinary excretion of uranium for two
of the three most acutely injured workers ranged from 0.15-0.5 mg U/L. On
evaluation 38 years later, the same two workers showed no detectable uranium
deposition or physiological damage related o their uranium exposure (Kathren
and Moore 1986?. One of the exposed individuals showed an altered clearance
pattern for uranium shortly after the dccident, possibly from pulmonary edema
associated with concomitant exposure to acid fumes.

The renal injury threshold is estimateu to be 10 wg U (as UOsF,)/kg
(body weight) for dogs and about 100 ug U/kg for rats (Morrow et al. 1982).
The threshold level for injury in humans is thought to be about 70 pg/kg
(body weight), between that for dogs and rats. This value corresponds to
a renal injury threshold concentration of 16.3 g U/g of human kidney tissue.
However, typical indicators of uranium poisoning have been obtained with
concentrations of 3 ug UQy**/g (tissue) in animal kidneys over extended
periods of time (Morrow et al. 1982). This finding caused the NRC to
reevaluate its derived kidney-tissue exposure limit of 3 ug U/g tissue for




uranium workers based on previous uranium toxicity studies in animals (Hursh
and Spoor 1973, Hodge 1673). The NRC ~onsidered a factor of six reduction
(to 0.5 ug U/g kidney tissue) to protect workers from uranium nephrotoxicity.

The toxicity threshold for long-term uptake by the kidneys is not well
known. Wrenn et al. (1985) reviewed the metabolism and kidney toxicity of
ingested uranium in humans and concluded that for chronic intakes, the
chemicai toxicity threshold for the kidney may lie between 1 and 3 ug U/g
kidney tissue. Kocher (1989) reviewed the implications of a 1 xg U/g kidney
tissue threshold chemical toxicity level with respect to regulatery limits,
concluding that chemical toxicity should be considered in developing protec-
tion standards for the public for ingestion of natural or depleted uranium.




MEDICAL INDICATORS OF URANIUM TOXICITY

This section describes medicai tests for evaluating the degree of
chemical toxicity that may result from inhalation exposure to uranium by
workers. Specific tests for evaluating potential kidney damage or lung
damage are describe below.

URINALYSIS

The kidneys perform many essential metabolic functions, including
filtering nitrogenous wastes and other materials from the blood, maintaining
electrolyte balance, and regulating the physiclogical acidity-alkalinity
balance. The location and nature of different kidney disorders may be
interpreted by analysis of the urine content. Table 1 Tists the urine tests
performed on SFC workers to assess their renal function.

Urinalysis is a primary test for evaluating renal function and possible
chemical toxicity from uranium poisoning. Urinary excretion of either g-2-
microglobulin or catalase relative to creatinine excretion are sensitive
indicators of renal dysfunction in humans and animals poisoned by uranium;
however these tests were not specifically performed on SFC workers. Other
indications of kidney toxicity may be inferred from tests for albumin or
amino acids and microscopic examination for casts and cellular debris. Casts
are cylindrical masses of protein formed in renal tubules that may be
observed upon microscopic examination of urine. Cellular and granular
elements in casts may indicate damaged tubular cells that have disintegrated

and combined with protein. The most common cast protein, albumin, is
associated with renal tubular dysfunction and glomerulonephritis.

The urine may also be analyzed for specific gravity. The ability to
concentrate urine diminishes when there is selective damage to the medulla or
tubular epithelium even if total kidney function is not affected. Renal
concentrating ability is evaluated easily by measuring the specific gravity
of urine. In the absence of excess protein or glucose, a specific gravity of
about 1.025 (g/mL) indicates that the concentrating ability is normal. Test
results outside the normal range of 1.001 to 1.035 (g/mL) indicate a changed
renal capability (Widmann 1983?. Clinica' laboratory normal values are
typically in the range of 1.010 to 1.025 (g/mL). Uranium-induced nephritis
could inhibit the ability of the kidneys to concentrate uranium, resulting in
urine with continuous low specific gravity.

Urinary glucose levels may increase as a result of kidney tissue damage.
For example, Acquired Fanconi Syndrome may be caused by defects in tubular
reabsorption and may be induced by heavy metal poisoning, including acute
exposure to uranium. This effect is indicated by glycosuria. Thus, damage
to the proximal tubules mav lead to increased urinary excretion of sugar.
The sugar level in circulating blood, however, is not affected by uranium
poisoning.




TABLE 1. Urinary Indicators of Kidney Damage and Normal Ranges

Analysis Normal Range

! Specific Gravity 1.010-1.025 (water = 1.00)
; Acidity/Alkalinity (pH) 4.8-7.5
Protein (albumin) 5-10 mg/dL
X Glucose <50 mg/dL
: White Blood Cells 0-2 per field of view )
_ Red Blood Cells 0-3 per field of view | T
8o Casts none to few per field iy
' Yeast none to occasional
Ketone Bodies none to trace amounts
Bacteria none to occasional

Protein and glucose testing of urine should be conducted at early times
; (3-7 days) following an acute exposure to uranium. Testing at later times
MRl < may miss these indicators if damage is not severe.

BLOOD ANALYSIS

Blood analysis shows concentrations of enzymes, proteins, sugars,
acids, and cholesterol, and helps to identify physiological indicators of
abnormal body function or health-related problems. The CHEMSCAN 25 profile
of 25 separate tests is commonly requested as a part of routine and special
physical examinations (Table 2). Blood urea nitrogen and blood creatinine
are two of the CHEMSCAN 25 tests that are relevant to indications of the
chemical toxicity of uranium.

Blood urea nitrogen (PUN) reflects the balance between prcduction and
excretion of protein. Urea concentraticns usually remain fairly constart
within the normal serum range of 8-25 mg/dL, with higher levels indicating
:remid. The most common cause of increased blnod urea nitrogen is renal
ailure.

Blood creatinine is proportional to ske.,etal muscle present and indi-
cates creatinine metabolism. Blood creatinine remains fairly constant in
the normal range of 0.6-1.3 mg/dL, except following crush injury or degenera-
tive muscle damage. Blood creatinine levels may also rise when renal func-
tion declines. During severe, permanent renal impairment, creatinine levels
plateau while blood urea nitrogen continues to increase. However, elevated

blood urea nitrogen with normal creatinine signals a non-renal cause for
uremia.

PULMONARY FUNCTION STUDICS

Pulmonary function testing measures the forced vital capacity of the
Tungs and indicates the health of the lungs in comparison to normal subjects
of similar age and weight. Two parameters are measured: the forced
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TABLE 2.

Analysis

Glucose

Blood Urea Nitrogen (BUN)
Creatinine
BUN/Creatinine ratio

Uric Acid

Cholesterol

Triglycerides

Creatine Phosphokinase
Lactic Dehydrogenase
Serum Aspartate Aminotransferase
Serum Alanine Aminotransferase
Alkaline Phosphatase
Gamma Glutamyltransferase
Total Bilirubin

Total Protein

Albumin

Globulin

Albumin/Globulin Ratio
Calcium

Inorganic Phosphates
Sodium

Potassium

Chloride

Carbon Dioxide

Anion Gap

Iron

CHEMSCAN 25 Clinical Laboratory Tests on Blocd Samples

Normal Range

65-115 mg/dL (fasting)
8-23 ng/dL

0.8-1.4 md/dL (adult male)
8-22 (adult)

3.5-8.5 mg/dL (adult male)
150-240 mg/dL

30-175 mg/dL (fasting)
0-120 units/L

60-200 units/L (adult)}
0-30 units/L

0-40 units/L

30-110 units/L (adult)

8 un1ts/L (male)

3
1-
0-
5-
0-
1-
.-
5-
5-
5-

3

00-110 mEq/L
24-30 mEq/L
5-17

40-145 mEq/dL

0-
0.
6.
3
p 4
1.
8
2.
1
3.
1

u—-m:—-hn—-r\)hmmn—-

expiratory volume in one second, and the total forced expiratory volume.
Pulmonary function is best measured at several points over time for trend
analysis. The test will indicate signs of obstructive or restrictive
disease, which can occur as a result of lung injury or chronic illness.
Test results are typically given as a percentage of the expected normal
value.




EVALUATION OF MEDICAL DATA

As noted previously, the minimum post-accident, license-condition
monitoring program followed by SFC on the affected workers included:

1) a semimonthly quantitative urine bioassay for uranium,

2) a semimonthly urinalysis for physiologic parameters, including
specific gravity, pH, protein, ketones, blood and nitrate presence,
and microscopic examinations of urine for the presence of casts and
cells,

3) a semiannual pulmonary function testing, and

4) an annual routine physical examination.

Periodic CHEMSCAN 25 tests and complete blood count (CBC) were also obtained
by SFC on the exposed workers.

Medical records prepared by SFC were given to the NRC and subsequently
provided to the authors of this report by agreement with the NRC and SFC.
These records and data consisted of the results of annual physical exams
during the period August 1986, through June 1988, and included pulmonary
function studies, complete blood counts, complete urinalyses, and CHEMSCAN 25
profiles including creatinine clearance. OQOur review of medical laboratory
results covering the period from January 4, 1986, through June 1988, was
conducted on urinalysis data obtained from the 31 SFC workers who were
suspected of having experienced an acute inhalation exposure to UFg, HF and
UOsF,. Complete data were available for 26 of the workers; partial data were
evaluated on the five other workers for whom medical monitering was discon-
tinued prior to June 1988. No pre-event medical records were provided for
comparison with the post-accident information. Hence, it was not possible
to evaluate changes from the normal or pre-event values for specific
individuals.

Clinical laboratory test data provide the physician with information
that may be useful for diagnosing medical problems, but such data do not
automatically indicate a definitive diagnosis. Changes in clinical labora-
tory test values must be compared with previous valves for each individual,
while also taking into account all other physical problems and medical
circumstances, before a judgyement is made by the physician on the medical
significance of the change. Medical experience and judgement are necessary
to prevent an inappropriate interpretation and assignment of cause.

FINDINGS

Analysis of the medical data on SFC workers included review of the
urinalysis data, blood tests, kidney function indicators, and pulmonary
function tests. These tests are discussed in more detail in the following
sections.




Urinalysis Data

Eleven workers tested positive for protein (in excess of the normal
range) in at least one urine specimen during the first 20 days following the
uranium exposure accident

Only one subject (worker E-26) showed positive protein (>200 mg/dL),
glucose (1-3+), and cells (too numerous to count from infection) in the first
two samples submitted four days after the accident. This individual was
estimated to have received the highest intake of uranium (24 mg) of the 31
workers studied, as well as the highest kidney concentration of uranium
(2.5 ug U/g tissue). Protein levels, glucose, and cells in urine samples of
worker E-26 returned to normal 13 days later, at the time of the next test-
ing. Worker E-26 showed a trace of protein in subsequent samplings through
the next nine months. However, this subject also experienced concurrent
urinary tract infections (indicated by high bacteria levels and cloudy
urine). For the most part, the protein cleared within a day or two.

Urinary tract infections are also often accompanied by protein excre-
tion, and protein excretion associated with infection should not be inter-
preted as the result of exposure to uranium. The positive finding of protein
in urine does not in and of itself prove kidney damage; it is only one
indicator of an alteration in tubular function from various causes. Other
indicators must also be positive to indicate kidney damage. Based on -eview
of the clinical urinalysis results, there did not appear to be suffici:nt
evidence of transitory or long-term kidney damage to worker E-26 (the highest
exposed worker) or to any of the other workers as a result of exposure to
uranium.

Worker E-12 showed trace protein in urine on day 3 and 8 after the acci-
dent, but the test for protein was negative on dav 16 and thereafter. Other
indicators for nephrotoxicity were similarly negative.

Worker E-23 showed slight positive protein on day 4, and work.. E-31
showed 51ight positive protein on day 6, but subsequent tests were negative,
and other indicators for nephrotoxicity were also negative.

Specific gravity values for all workers remained in the normal range and
thus showed no evidence of alteration in the ability of the kidneys of
workers to concentrate urine following exposure to uranium. There were also
no short-term changes in ability to concentrate urine following the uranium-
exposure accident.

Special enzyme tests were also performed on all workers. In addition,
three control subjects were evaluated using clinical laboratory tests. In
all cases, the results were interpreted as normal.

Blood Tests

Blood tests included blood urea nitrogen, serum creatinine, total
protein, albumin, and the albumin-to-globulin (A/C) ratio. The results of




these tests remained within normal ranges during the evaluation period for
all workers involved in the uranium-exposure accident.

Excessive quantities ~f aminc acids may appear in blood when renal dis-
orders, possibly caused by heavy metal poisoning, are present.’  Creatinine
clearance studies on the worker populaticn showed that results remained in
the normal range except for one subject (worker E-25), who had a slightly
higher-than-expected creatinine level one year after the accident. Worker
E-25, however, also had minimal exposure to uranium; the estimated intake of
uranium by this worker was comparatively low (less than 2 mg U), a< was his
estimated maximum kidney concentration (0.19 gg U/g tissue), sugge :ing that
uranium exposure was not the cause of the elevated creatinine clearance. He
was studied for only one year before he changed employers and dropped out of
the study.

Kidney Function Tests

Physiologic urinalyses were not consistently monitored early following
the accident, or on a daily basis as would be necessary to detect protein in
the urine during the first 5-7 days post-exposure. Protein in the urine
would be presumptive evidence of altered tubular function. Thereafter, semi-
monthly monitoring would be sufficient to monitor poteitial long-term changes
in kidney function.

Initiation of exams for protein in urine varied from Z-21 days post-event
and was not an item checked daily in most cases. No significant changes in
kidney function test values were found in the 26 individuals monitored over
the two-year follow-up period. CHEMSCAN 25 results and ccmplete blood counts
remained essentially unchanged. No abnormal values were noted for any SFC

workers, indicating that kidney function in all cases appeared to be
unaffected by the accident. Changes could be expected, however, in workers
more heavily exposed to soluble uranium than were the SFC employees.

Pulmonary Function

Pulmonary function studies showed no significant variations over time
following the accident--even among workers excreting the largest amounts of
uranium and who were presumei to be the most heavily exposed to HF, UFg,
and UOzF,. Pulmonary testing was performed six months following the
cylinder-rupture accident, and then at yearly intervals tuereafter. A more
immediate measurement of this parameter after the accident would have been of
interest--particularly if these workers were symptomatic during the first few
days following exposure. Forced vital capacity did not significantly change
for any single worker over the testing period, including one pre-accident
measurement. No evidence of significant or permanent change was noted for
any worker. Of interest to these authors was the fact that pulmonary func-
tion test results for many of the workers actually improved, indicating the
possibility that test results improved through frequent testing as workers
"learned" how to take the test.




Pulmonary function did not improve for worker E-29, who was already
overweight at the time of the accident, and who then gained an additional
15 pounds during the two-year follow-up period of the study. There was no
indication, however, of lung damage or lung disease in this worker.

EVALUATIONS OF FUTURE ACCIDENTAL EXPOSURES

The monitoring frequency for evaluation of medical effects from future
accidental exposures to uranium and associated chemical compounds should be
tailored to the severity of the accident and the results of initial
post-event findings. Follow-up medical data should be compared to pre-event
values, and changes should be evaluated with respect to exposure. Factors
such as age and change in physical condition should also be evaluated.
Observed abnormalities on medical laboratory tests should be followed, and
progress of the patients toward their pre-event (or baseline) values should
be expected if permanent damage has not taken place. Baseline values are the
normal range values expectec for adults (Tables 1 and 2).

Following acute exposure to UFg and UQOsF;, daily urine samples should be
collected for uranium urinalysis and physiologic analysis (specific gravity,
pH, protein, ketones, blood and nitrates, and casts and cells), pulmonary
function testing should be performed immediately (if practicableg and monthly
thereafter until stability is demonstrated. Dipstick urinalyses are simple
to perform, require minimal urine, are inexpensive, and provide immediate
indication of protein, pH, specific gravity, glucose, ketones, and blood.

TREATMEMT OF EXPOSED WORKERS

The inhalation of acid fumes with resultant upper respirato:ry and lung
irritation should be treated symptomatically by a medical pulmonologist, if
available. Fluoride skin burns over as little as 2.5% of the body may cause
prolongation of the ST-segment [the space between the S-wave and T-wave on an
electrocardiogram (ECG)]. This anomaly, if present, should to be monitored
and appropriate treatment instituted by a physician.

The specific treatment of SFC workers was not available to the authors
of this report. However, the alkalinity of many urine specimens indicated
that sodium bicarbonate was administered to some of the workers, confirming
information previously repcrted (NRC 1986b, pp. 405-406). Alkaline urine
increases the dissociation of the uranium bicarbonate complexes and therefore
increases excretion of uranium. Freauent tests of urine pH are necessary to
insure that the urine of exposed workers remains alkaline, and to regulate
bicarbonate therapy. The use of sodium bicarbonate in physiologic solution
(14% in 250 mL, IAEA 1978). orally or by infusion, can be useful for rapidly
increasing the urinary excretion of uranium and thus reduce the nephrotoxic
effect, and its administration to workers exposed to uranium was recommended
by the NCRP in Report 65 (NCRP 1980). The complex formed by uranyl ions with
sodium bicarbonate is stable and is excreted quickly from the kidneys into
urine,




Chemical toxicity of the kidney can be treated by dialysis. Chelating
agents should not be used for treating exposure to uranium, despite their
affinity for uranium, since an increase in the amount transported to the
kidneys could lead to uranium precipitation, a high renal tubule burden, and
increased potential for nephrotoxicity (IAEA 19?8?. Chelation therapy should
be considered only for serious acute exposu;is--particularly those involving
exposure to enrichment greater than 10% of “°U to reduce potential radiation
exposures. The recommended chelating agent, CaNazDTPA, has also not yet
received FDA approval for use in uranium expcsure cases; its use on an
emergency basis would therefore require special approval of the U.S. Food and
Drug Administration prior to administration.

COLLECTION OF COMPLETE URINE DATA

One of the major problems usually encountered in the analysis of
exposure to radioactive materials by workers is the lack of complete data.
Following a future accidental exposure to soluble uranium, an effort should
be made to collect sufficient urine, as often as possible, to perform
clinical tests and uranium analyses. All urine should be collected during
the first seven day post-accident. Urine samples not immediately analyzed
for uranium should be preserved for later analysis, if needed.

Unfortunately, the present study lacked much data that coula have been
obtained. Ideally, the total volume of urine for the first week post-
accident should be collected and analyzed. In any case, the daily urinary
volume should be recorded, as this is an important basis for determining the
total excretion of uranium and other substances. A minimum of 30 mL is
needed to perform simple tests for protein, glucose, specific gravity, and
pH. Quantitative protein and glucose testing should be performed if positive
dip-stick test results are obtained. A micrescopic examination should also
be performed on urine sediments by the clinical laboratory. These tests
should be repeated from the day of the accident until results are negative or
stable. Amino acids, enzymes and beta-2-microglobulin may be obtained by
collecting urine and then freezing the samples to -40°C pending laboratory
analyses. Blood serum creatinine, creaiinine clearance, and blood urea
nitrogen tests are also useful for monitoring kidney glomerular function.




DOSIMETRIC ZVALUATION OF SFC URANIUM BIOQASSAY DATA

Compartmental modeling techniques were used tu evaluate the SFC bicassay
data and to estimate intakes of uranium by workers and subsequent internal
doses. Inhaled uranium aerosols deposit in respiratory tract airways or in
the alveolar region according to their particle size, mass, and aerodynamic
properties. Deposited material is cleared from the lung by dissolution into
blood or lymphatic fluids, or by mucociliary clearance according to the
chemical form and associated solubility. Uranium hexafluoride and UO.F; are
soluble and are therefore highly transportable from the lung to blood and
other extracellular body fluids by absorption. The transport or "systemic"
compartment of the body inciudes blood, lymphatic, and other body fluids.
Systemic uranium is fiitered from the blood, concentrated by the kidneys, and
excreted in the urine. Uranium circulating in blood through the skeleton may
also be deposited on active bone surfaces. Uranium entering the gastrointes-
tinal system from swallowed mucus or from biliary liver clearance is excreted
in the feces; however, a fraction of the uranium (0.2-5%, depending on solu-
bility) is partially reabsorbed from the intestines to the circulatory
system. Thus, the kinetics of uranium may be modeled mathematically for
dosimetric purposes.

COMPARTMENT MODELS

Compartment models are mathematical representations of the complex move-
ment of uranium or other materials through the body and are useful for
analyzirg intakes, translocation rates, organ uptakes, and excretion rates
for dose calculations. We evaluated two well-regarded compartment models
against the SFC uranium bioassay data to determine which more appropriately
fit the data for estimating intake and resulting internal radiation dose.
They were 1) the ICRP-30/54 biokinetic model (ICRP 1979), and 2) the systemic
recycling model proposed by Wrenn, Lipsztein, Bertelli, and Durbin (Wrenn,
Lipsztein, and Bert=11i 1989; Durbin 1984), which may be used with the ICRP
lung, gastrointestinal tract, and organ models (ICRP 1979, 1988; Eve 1966) to
predict the deposition, retention, redistribution, and clearance of inhaled
uranium compounds. The Wrenn et al. systemic recycling model is receiving
increased recognition among radiation protecticn scientists because it more
accurately simulates the recirculation of uranium from organs back into the
transfer compartment.

Both biokinetic models are described in the following sections. As a
result of comparing and testing these models, we found that a "modified"
Wrenn-Lipsztein-Bertelli model most closely fit the SFC bioassay data, and
the modified form of this model was therefore used to estimate uranium
intake, kidney exposure, and internal doses to SFC workers for the purposes
of this report.




ICRP BIOKINETIC MODEL (1988)

The current biokinetic model for radioactive materials, recommended by
both the ICRP and the National Council on Radiation Protection and Measure-
ments (NCRP 1985), is described in detail in ICRP Publications 30 (1979) and
54 (1988). As shown in Figure 1, the overall model is comprised of three
major parts: 1) a lung model, 2) a gastrointestinal tract model, and 3) a
systemic-compartment model that includes bloodstream and other pody fluids
(the transfer compartment), the kidneys, bone, and all other body tissues.

The ICRP model for retention or internal radionuclides is a "once-
through" model that assumes first-order kinetics with direct excretion from
organs to urine; it does not, generally, identify the pathways of excretion
from the body or provide mechanistic feedback to the transfer compartment.
It was used to derive limits for air concentrations of radioactivity (DACs),
annual limits on intake (ALIs) of radioactive materials by workers, and
50-year committed effective dose equivalents (Hso) per unit intake for radia-
tion protection purposes (ICRP 1979, 1988).

In the ICRP approach, inhaled radioactive materials are categorized as
class D (transportable), W (moderately transportable), or Y (slightly trans-
portable) according to their clearance from the pulmonary regicn with half-
times of days (less than 10 days), weeks (10 to 170 daysi, or years (greater
than 100 days). Class D soluble uranium, such as UFg, is assumed to clear
from the lung according to the parameters shown in Table 3. For the analysis
of UFs intakes by SFC workers, oniy the class D parameters of the ICRP lung
model were used.

The ICRP biokinetic models and radionuclide par .eters are generic
models for radiation protection planning, and v-lues of Hso calculated using

the ICRP-30/54 biokinetic model are based on the metabolic parameters of a
Reference Man (ICRP 1975). However, when performing individual dose assess-
ments following ac:cidents or significant intakes of radioactive matevials by
workers, the ICRP recommended that age and other known biological parameters,
such as specific excretion patterns, be taken “~to account as far as prac-
ticable to individualize the dose assessment (ICRP 1979).

GASTROINTESTINAL TRACT MODEL

The gastrointestinal trac: model of Eve (1966), shown in Figu.e 1, was
revised by the ICRP (1979, 108" for derivation ,f radionuclide exposure
limits. The fraction of ura..-un “bhsorbed from the small intestire into the
b]oo? stream (f{) for class ' uranium is assumed to be 0.05 (ICRP 197G,
1988).
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TABLE 3. Compartmental Fractions and Clearance Half-times for Class D
(transportable) Radioactive Materials (ICRP 1979). Letters
in brackets refer to the compartments shown in Figure 1.

Half-time
Compartment Fraction (days) Pathway

Nasal passage 0.5 0.01 Body fluids [a]
; 0.01 Gastrointestinal tract [b]

Tracheobronchial ; .01 Body fluids [c]
Gastrointestinal tract [d]

Pulmonary : : Body fluids [e]
: Lymphatic tissues [h]

Lymphatics ; . Body fluids [k]

SYSTEMIC COMPARTMENT MODELS

A number of different systemic compartment models have been proposed to
describe the fate of uranium after it enters the bloodstream (Durbin 1984;
ICRP 1979, 1988; Wrenn, Lipsztein, and Bertelli 1989). Two such models were
evaluated for this study: the ICRP-30/54 model, and the Wrenn-Lipsztein-
Bertelli model.

ICRP-30/54 Systemic Model

The ICRP-30/54 systemic model as applied to class D uranium is shown in
Figure 2. In this model, uranium translocates from the transfer compartment
with a half-time of 0.25 days. Of the uranium entering the transfer compart-
ment, 12% and 0.052% are assumed to translocate to kidneys where it is
retained with half-times of 6 and 1500 days, respectively. Twenty percent
and 2.3% translocate to bone to be retained with half-times of 20 and 5000
days. Twelve percent and 0.052% are assumed to translocate to soft tissues
other than the kidneys, where the uranium is retained with half-times of 6
and 1500 days (equation 3). The remainder of uranium entering the transfer
compartment (53.6%) is assumed to go directly to excretion (ICRP 1979, 1938).

The ICRP model assumes that all systemic uranium is excreted in urine,
according to the function

yu(t) = 1.5 e(-0-6931/0.28) . og o(-0.693t/8) | g nnpg o(-0.693%/20)

+ 4.8x10‘T e{—u,aeamsnn) + 3_2x10—s e(-u.aeauanuuy (3)

where yu(t) is the excretion rate at time t, and where the denominator in the
exponential power is the clearance half-time of each compartment.
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Wrenn-Lipsztein-Bertelli Systemic Model

Wrenn, Lipsztein, and Bertelli (1988), expanding on previous work by
Lipsztein (1981) and Durbin (1984), presented alternative pharmacokinetic
models for systemic uranium that included recirculation to blood or plasma
from bone volume, soft tissue, red blood cells, and the kidneys. One such
recycling model for systemic uranium (Lipsztein 1981, Wrenn et al. 1985,
Durbin 1984) is shown in Figure 3. In this model, the retention half-time of
uranium in the kidneys was assumed to be 15 days. Uranium clearing the
kidneys was assumed to go directly to urinary excretion.

The Wrenn-Lipsztein-Bertelli model is more physiologically representa-
tive of the human than is the ICRP-30/54 systemic model, which assumes direct
urinary excretion from bone volume, soft tissue, and the systemic compartment
in addition to excretion from the kidneys. The Wrenn-Lipsztein-Bertelli
model also predicts a greater early excretion of uranium in urine than does
the ICRP model. The amount of uranium remaining in the body after seven days
is nearly identical for both models.

Assuming the transfer rate constant from blood to organs corresponds to
a half-time of 0.25 days, then the urinary excretion function for the
modified Wrenn model is

yu(t) = 0.86 e 27 + 0.0048 €M% + 0.00069 e”*:"®" + 0.00017 0 \0B

+ 2.5 x 10-8 e-ﬂ.UBUlB?t‘ (4)
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Both the Wrenn-Lipsztein-Bertelli and the ICRP-30/54 systemic models use
the ICRP-30/54 lung model (ICRP 1979), Eve's gastrointestinal tract model
(Eve 1966), and organ models to evaluate worker exposure to uranium.

METHOD OF DATA ANALYSIS

Intakes of uranium by SFC workers were evaluated using both the ICRP-
30/54 model (ICRP 1979, 1988) and the Wrenn-Lipsztein-Bertelli model (1989,
Durbin 1984). Both are featured in a commercial software package for
(GENMOD-PC, Atomic Energy of Canada Limited, Chalk River, Ontario, Canadaj,
which incorporates the ICRP lung model (ICRP 1979), Eve's gastrointestinal
model (Eve 1966), and a compartmental organ model. The software also
features the Wrenn-Lipsztein-Bertelli urarium recycling model, modified by
addition of a liver compartment. The general features of GENMOD-PC were
described previously by Dunford and Johnson (1987).

The uranium urinalysis data (in pg/L) for each worker were compared to
the daily fractional excretion rates predicted by the biokinetic models. We
assumed that all workers excreted the Reference Man value of 1.4 L urine per
day (ICRP 1975) so that we could estimate the daily excretion of uranium.
The time of intake (t = 0) was 11:30 a.m. on January 4, 1986. We also
assumed that the inhaled material consisted of class D natural uranium with
an aerosol particle-size distribution of 1.0 um activity median aerodynamic
diameter (AMAD). Sensitivity analysis using particle-size diemeters other
than 1.0 gm AMAD showed that neither larger nor smaller diameters provided
better fits to the biokinetic models describing uranium excretion than did




the default choice of 1.0 p AMAD. The specific activity of natural uranium
is 0.6866 uCi/g or 2.543x10" Bq/g (without daughter products).

Urinary uranium excretion data were analyzed for each worker and
compared to the excretion predicted by the ICRP-30/54 model and the Wrenn-
Lipsztein-Bertelli model. The excretion data were normalized to estimate
intake. The normalized intake by a wcrker, Ip, was found from

n
In = (X Ai/Gi)/n, (5)
1

where Aj is the value of the ith urinalysis at time tj of collection from
the worker, for n number of samples, and
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A chi=square statistic (X*) for the fit of the actual excretion data to the
idealized biokinetic model was estimated using the formula

X2 = 1i [(Ai-Gi)2/Gi] (6)
Our analyses of X2 values showed that the excretion data fit the Wrenn-
Lipsztein-Bertelli recycling model better than the ICRP-30/54 model for class

D uranium. The variance of the data from the model showed that further
improvements in fit were possible by adjusting some of the model parameters.

REFINEMENT OF THE WRENN-LIPSZTEIN-BERTELLI MODEL

We minimized the value of X2 using the Wrenn-Lipsztein-Bertelli model by
careful selection of alternate values for two parameters: the half-time for
clearance of uranium from the pulmonary lung compartment, and the half-time
for clearance from the kidneys. We found that the X2 value was optimized by
selecting a retention half-time of 6 days for the clearance of uranium from
the kidney to urinary excretion, instead of the 15 days used in the model of
Wrenn, Lipsztein, and Berielli (1989), and by selecting a half-time of 0.03
days (approximately 45 minutes) for clearance of uranium from the pulmonary
lung to blood, instead of the 0.5 day (12 hour) clearance half-time used by
the ICRP lung model. This "modified" Wrenn-Lipsztein-Bertelli model was then
used to estimate the initial intakes of uranium by workers. We hereafter
refer to this model as the modified Wrenn biokinetic model.

COMPARISON OF THE ICRP-30/54 AND MODIFIED WRENN MODELS

The ICRP-30/54 and modified Wrenn models predict different urinary
excreticn rates, lung burdens, and kidney burdens following an acute (single)
exposure to soluble uranium.




Urinary Excretion Rates

Figure 4 compares the urinary excretion rate (per day) for class D
uranium, as a fraction of the initial acute intake, predicted by the
ICRP-30/54 model and the modified Wrenn model. The modified Wrenn model
predicts a lower daily excretion until about day 80 post-intake.

Clearance of Uranium from Lungs

Figure 5 shows the retention of class D uranium in the lungs, as a
fraction of the initial acute intake, as predicted by the ICRP-30/54 and
modified Wrenn models. The short (45 minute) clearance half-time from the
pulmonary compartment assumed with the modified Wrenn model accounts for the
rapid early clearance. Both models predict more than 99% clearance from the
lung by day 5 post-intake.

Uranium Kidney Burdens

Figure 6 shows the uptake of class D uranium by the kidneys, as a frac-
tion of the initial acute intake, from the ICRP-30/54 and modified Wrenn
models. The higher kidney uptake of the ICRP-30/54 model reflects a greater
?ssgmed translocation to the kidney (12%) than does the modified Wrenn model

8%) .

Uptake in Bone

Figure 7 shows the rapid uptake and prolonged retention of class D uran-
ium in bone, as a fraction of the initial acute intake, predicted by the

ICRP-30/54 and modified Wrenn models. The ICRP-30/54 model predicts a more
rapid clearance during the first 90 days post-intake than the modified Wrenn
model, which shows a nearly constant retention over the same time period.
Bone retention of uranium, according to the modified Wrenn model, decreases
by 50% at about one year post-intake.

SELECTION OF THE MODIFIED WRENN MODEL

The urinary excretion data for uranium, from ten SFC workers, is plotted
in Figure 8, as a fraction of intake (based on the intake estimate derived
from the modified Wrenn model). Each symbol represents a single urine
bioassay measurement, and the different symbols each represent a different
worker. The modified Wrenn model fit the urinary excretion of class D
uranium by SFC workers better than did the ICRP-30/54 model, particularly at
early times post-intake, as indicated by the chi-square statistic, evaluated
for all workers individually.
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FIGURE 8. Plot of Individual Uranium Urinalysis Measurements, Normalized
to the Initial Intake, for Ten SFC Workers

Excretion Function

The urinary excretion of uranium may be described by an exponential
equation of the form

yu(t) = a et ag ebt 4 an e'b“t, (7)

where yu(t) is the urinary excretion rate at time t and b, is the coefficient
of the equation related to the clearance half-time, such that b = 0.693/T4.
Each exponential term refers to the clearance from a biological compartment.
As described earlier (Equation 4), the excretion function derived from the
modified Wrenn model, fitting the curve shown in Figure 8 to a five-
component exponential equation, was found to be

v.{t) = 0.86 e 27" + 0.0048 e ™18 + 0.00069 e "% + 0.00017 e 0P

where the half-times of the five components are 0.25 days, 6 days, 26 days,
300 days, and 3700 days (r2 = 0.996). A simple power function estimating the
urinary excretion (per day) at time t following an intake of class D uranium
for times to 2 years post-intake (r2 = 0.978) is

yu(t) = 0.046 t%. (9)




The five-component exponential relating directly to the biokinetic modei,
however, is a better fit to the urinary excretion model than is the simple
power function.

DOSIMETRIC ANALYSIS OF SFC WORKER URANIUM URINALYSES DATA

Uranium intakes, kidney concentrations of uranium, and resulting radia-
tion doses were estimated from the SFC worker urinalysis data using the modi-
fied Wrenn model.

Daily Urinary Excretion Rate

The measured daily excretion of uranium was compared to the excretion
predicted by the modified Wrenn model to estimate the initial intake at time
of exposure. The model predicts rapid early clearance of uranium from the
lungs and decreasing amounts of uranium in urine over time following a single
acute intake by inhalation. According to the modified Wrenn model, the
instantaneous fraction of the intake that should be detected in urine is
approximately 25% at 12 hours, 8% at 24 hours, 2% at 2 days, 1% at 3 days,
0.5% at 4 days, 0.3% at 10 days, and 0.2% at 30 days (Figure 4).

Uranium urinalysis data were obtained from SFC workers over a two-year
period following the cylinder-rupture accident. Since soluble uranium clears
very quickly by excretion in urine, it was necessary to determine a point in
time for each worker after which the urine bioassay data no longer contri-
buted to a best estimate of the intake. Data for each worker were evaluated
individually, and the time point after which data were not used in the intake
estimate (usually 10-24 days post intake) was determined arbitrarily and
individually for each worker. For example, the urinary excretion rate for
worker E-1 is shown in Figure 9 for the time period to 24 days after the
accident. Only data points to day 16 were used to estimate the initial
intake. After day 16, some of the bioassay measurements showed uranium
concentrations below the 1imit of detection (about 5 ug/L, or 7 ug/day).
Urinary uranium velues iess than the detection limit were plotted in Figure 9
just below the dashed line.

Levels of uranium in urine fluctuated near the detection limit after
about day 15. It was not clear whether these fluctuations represented meas-
urement error, actual variations in uranium excreted, or continued low-level
exposure to uranium by the workers. Errc: bars on individual measurement
symbols were not included because estimates >f the measurement error were not
provided.

Another example is shown in Figure 10, which is a plot of the urinary
excretion of uranium measured ir samples provided by worker E-23. Also shown
in Figure 10 is the urinary excretion rate predicted by the modified Wrenn
model (lightly dotted 1ine¥. This case was typical of several showing rises
in urinary excretion of uranium at about 10-15 days post-intake. It was not
clear whether this rise in urinary excretion represented clearance of uranium
from soft tissues, evidence of new exposure to uranium in the workplace, or
random measurement error.
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Estimated Uranium Intakes

The modified Wrenn model was used to estimate uranium intakes by SFC
workers on January 4, 1986. The estimated intakes by workers E-1 and to E-31
are shown in column 2 of Table 4. The uranium urinalysis data were also used
with the model to estimate the committed effective dose equivalent, the
maximum kidney concentration, and the Tong-term integrated kidney retention
(columns 3-6 of Table 4).

TABLE 4. Uranium Intakes, Committed Effective Dose Equivalent, Maximum
Kidney Concentration, and Long-term Integrated Kidney Retention
Estimated for SFC Workers Exposed to UFg

Estimated Long-term
Max imum Integrated

Estimated Committed Effective Kidney Kidney
Intake Dose Equivalent Concentration Retention

(Sv) (mrem) (ug/q tissue) {pqed)

.3E-4 33, 7,500
.2E-4 22 4,800
.0E-4 10. 2,200
.8E-4 38. 7,900
.4E-5 8. 1,800
.2E-4 12. 2,600
.5E-5 2x 570
.5E-4 25. 5,300
.6E-5 4, 1,000
.6E-5 3. 750
.7E-4 7 g8 3,700
.9E-5 8. 1,900
.1E-4 11. 2,500
.0E-5 3, 660
.2E-4 12. 2,600
.8E-4 38. 7,900
.2E-4 22. 4,800
.1E-5 1,300
.GE-5 1,500
.3E-5 280
.8E-5 1,200
.0E-4 6,600
.4E-6 210
.6E-5 790
-8E-4 1C,600
.2E-4 2,600
.3E-5 1,100
.5E-4 3,300
.8E-5 840
.8E-4 3,800

17,000
11,000
5,000
18,000
4,200
5,800
1,300
12,000
2,300
1,700
8,400
4,300
5,600
1,500
6,000
18,000
11,000
3,000
3,300
630
2,800
15,000
470
1,800
24,000
6,000
2,600
7,400
1,900
8,700
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Estimates of initial uranium intake by SFC workers ranged from 470 to
24,000 ug (0.47-24 mg U). The annual limit on intake (ALI) set by the ICRP
for class D uranium, derived from Publication 30 (ICRP 1979), is approxi-
mately 2,000 mg U (2.0 g U); however, this Timit was based only on radiation
dose--but not the chemical toxicity of urar .m in the body (ICRP 1979). The
specific activity of natural uranium is 25 kig/g (675 nCi/g); therefore
2,000 mg natural uranium is equivalent to 50 kBq (1.35 pCi?. None of the SFC
workers exceeded the intake 1imit established by the ICRP for class D natural
uranium.

The American Conference of Governmental Industrial Hygienists (ACGIH)
adopted the recommendations of the NCRP for limiting exposures to ionizing
radioactive materials, but published separate threshold limit values (TLVs)
for chemical substances. The TLV for soluble and insoluble uranium, based on
the chemical toxicity of uranium and time-weighted exposure averages (TWA),
is 0.2 mg U/m* air in the workplace (ACGIH 1986, 1988). The NRC derived
intake limit, based on permissible concentrations of golubIe natural uranium
in air, was obtained from the ACGIH TLV of 0.2 mg U/m" air (U.S. Code 1989),
as follows:

0.2 mg U/m® * 1 m%/1000 L * 20 L/min * 60 min/hour * 40 hours/week

= 9.6 mg U, (10)

where the assumed breathing rate for light-activity work was assumed to be

20 L/min. This NRC short-term, derived intake limit of 9.6 mg U was exceeded
by eight of the 31 SFC workers according to the intake estimates in this
report (Tables 4 and 5).

The ACGIH TLV and NRC concentration limits may be compared with recom-
mendations adopted in other countries for ?irborne uranium: Buigaria,
Poland, and }he Soviet Union (0.075 mg U/in® insoluble compounds and
0.015 mg U/m. soluble compounds); West G;rmany. Switzerland and Yugoslavia
(0.25 mg U/m® insoluble, and 0.05 mg U/m" soluble); Belgium, Finland, and
the Nether19nds (0.2 mg U/m" for soluble compounds only); and Australia
(U.Z)mg U/m” for both soluble and insoluble compounds of uranium) (ACGIH
1988) .

Estimates of intake calculated for this report, using complete bioassay
data, differ somewhat from the preliminary estimates given by the NRC in
NUREG-1189, Vol. 2 (NRC 1986), which were the averaged of the BNL, PNL, and
ORNL estimates from early bioassay results (partial data). The ICRP-30 bio-
kinetic model was the basis for the BNL, PNL, and ORNL calculations. A com-
parison of the average estimates in NUREG-1189 with estimates in this report
is shown in Table 5.

Committed Effective Dose Equivalent

The committed effective dose equivalent is the sum of the committed dose
equivalents to various tissues in the body, each multiplied by its weighting
factor (ICRP 1977, 1979). The committed dose equivalent is the dose equiva-
lent projected to be received by a tissue or organ over a 50-year period
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TABLE 5. Comparison of Uranium Intakes (ug) Estimated for SFC Workers in
(NRC 1986a), with Intake Estimates in Table 4 of this Report

Worker  NUREG-1189 This Report Worker  NUREG-1189 This Report

1

13,000 17,000
20,170 11,000
3,630 5,000
450 *
20,870 18,000
6,640 4,200
12,030 5,800
1,340 1,300
6,350 12,000

*E 2,300
1,600 1,700
6,790 8,400
2,370 4,300
7,190 5,600
1,180 1,500

12,470 6,000

27,630 18,000
8,330 11,000
1,360 3,000
1,540 3,300

260 630
1,720 2,800
21,330 15,000
450 470
3,630 1,800

10,360 24,000
5,920 6,000
3,180 2,600

19,200 7,400

730 1,900
3,660 8,700

—~OoOwo~NoO T OAaWN—OWo~

mmmmMmmMmmMmmMmmMmmMmmmmmmm
1
WWMRMNMNMRMNORAR MNP R

mmMmMmMmMmMmMmMmMmMmMmMmmMmmmmm

* Insufficient data for analysis
** Not given

following an intake of radioactive material; it does not include contribu-
tions to the dose from external penetrating radiations. Committed effective

dose equivalent is expressed in units of sievert (1 Sv = 100 rem).

Estimates of the committed effective dose equivalent for SFC workers
from UFg inhaled at the time of the accident ranged from 10-480 uSv (1 to
48 mrem) (Table 4). The annual limit recommended for workers by the ICRP is
50 mSv (5 rem) (ICRP 1977). These analyses showed that neither the stochas-
tic nor the nonstochastic annual limits on intake (ALI) for uranium, recom-
mended by the International Commission on Radiological Protection (ICRP 1979)
were exceeded, and that the calculated committed effective dose equivalents
for workers were much less than non-stochastic exposure limit of 0.5 Sv
(50 rem) to all tissues and the stochastic limit of 0.05 Sv (5 rem) to the
whole body for internal emitters (ICRP 1979).

Maximum Kidney Concentration

Uranium concentrations in the kidneys are variable following an intake
of uranium. Estimates of the maximum kidney concentrations in SFC workers
following the accident ranged from 0.048-2.5 ug U/g tissue (Table 4). The
accidental exposure was short-term, or "acute," rather than long-term, low-
level "chronic." Even so, the concentration in kidneys following an acute
intake may be sustained over a period of many days due to recycling of
uranium from organs and tissues back into blood (the transfer compartment)
and due to prolonged retention of uranium deposited in kidney tissue. Under
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such circumstances, the recommended maximum kidney concentration given by
different scientists of 1-3 ug U/g tissue applies to both acute and chronic
intakes.

As previously stated, there were no toxic effects attributable to uran-
ium observed in the clinical data of the worker with the highest estimated
intake (E-26). The accelerated clearance of uranium following administration
of sodium bicarbonate may have protected the kidneys from greater uranium
uptakes, long retention times, and tissue damage. We concluded from these
data that there was no evidence of nephrotoxicity following the acute inhala-
tion exposure to class D UFg that resulted in a maximum concentration of
uranium in the kidneys of 2.5 ug U/g tissue. It was not possihle from these
data to estimate the threshold kidney concentration for nephrotoxicity in
humans, presumably because that threshold is greater than 2.5 ug U/g tissue.

Experimental data on humans exposed to high levels of uranium for brief
periods or injected deliberately with uranium to study the toxicity of acute
uranium exposures have shown that kidney concentrations exceeding 3 ug U/g
tissue or higher can be tolerated without significant, long-lasting damage to
the kidneys (Leggett 1989).

Long-Term Integrated Kidney Retention

The integrated kidney retention is the product of the amount of uranium
and time the uranium is retained in the kidneys. We estimated that the
integrated retention of uranium in kidneys ranged from 210-10,600 pg-days of
tissue exposure (Table 4). We concluded from these data that there was no
evidence of nephrotoxicity for kidney exposures within this range. The
threshold kidney exposure for nephrotoxicity could not be estimated from
these results.

Estimates of Dose Equivalent to Tissues

The dose equivalent is the product of the absorbed radiation dose in
tissue, a quality factor comparing the biological effectiveness of different
radiation qualities, and other modifying factors (ICRP 1977). Dose equiva-
lent is expressed in sieverts (1 Sv = 100 rem). The estimated dose equiva-
lents to bone surfaces, kidneys, and lungs of each worker are shown in
Table 6. The nonstochastic exposure limit of 0.5 Sv (50 rem) to any tissue
(ICRP 1978) was not exceeded for any SFC worker.

Chest Count Measurement Results

A mobile in vivo counting laboratory was sent to Oklahoma to measure
uranium iung burdens in SFC workers involved in the accident. Resulcs of
these measuremerts, obtained on January 17-22, 1986, are shown in Table 7.
Since the measurements were made 13-18 days after exposure to UFg, most of
the inhaled uranium was likely to have cleared prior to chest-counting.

Chest counts for worker E-26 (estimated to have received the greatest
intake of uranium at the time of the accident) were not significantly
different from the results obtained for any other worker. We concluded that
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The one positive value for

ured in the chest count of worker E-27 (Table 7) did not correlate with that
worker's estimate of intake or lung burden, and may possibly represent a

these data do not provide useful dosimetric information, and therefore the
false-pesitive measurement.

data were not used for any of the analyses presented in this repo

were included only for completeness.




TABLE 7. Results of Ir Vivo Chest-count Measurements(a)

Natural 238y Pate
Worker Uranium (nCi) (x9) Counted

33 1/17/86
44 1/17/86
43 1/17/86
41 1/17/86
40 1/20/86
40 1/17/86
34 1/17/86
40 1/20/86
27 1/17/86
28 1/17/86
33 1/17/86
41 1/17/86
30 1/20/86
34 1/22/86
42 1/21/86
38 1/17/86
38 1/17/86
37 1/17/86
49 1/17/86
42 1/17/86
37 1/21/86
41 1/17/86
44 1/17/86
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48 1/20/86
38 1/22/86
48 1/21/86
38 1/20/86
31 1/21/86
31 1/20/86
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(a) "0" indicates a measurement result less than
the minimum detectable activity.




CONCLUSIONS

The uranium urinalysis data on 31 SFC workers exposed to soluble UFg and
its hydrolysis products provided new informaticn on the short-term clearance
of inhaled soluble uranium. These data made it possible to reevaluate the
urinary excretion of soluble uranium against the ICRP-30/54 biokinetic model
(1979) and the Wrenn-Lipsztein-Bertelli recycling systemic model (1989;
Durbin 1984). We found that a modified form of the Wrenn-Lipsztein-Bertellj
model best fit the urinary uranium excretion data. Our modifications
included a shorter retention half-time (45 minutes instead of 12 hours) for
uranium in the pulmonary lung compartment, and a 6-day reten-tion half-time
(rather than 15-day) for uranium in the kidneys. This modi-fied Wrenn model
was then used to estimate intakes, organ doses, and the committed effective
dose equivalents for the workers.

We estimated the uranium intakes for 31 SFC workers, the resulting
committed effective dose equivalents, the maximum kidney concentrations, and
the long-term integral kidney retention. We also calculated the dose equiva-
lents to bone surfaces, kidneys, and the lung, which are the organs receiving
the highest radiation absorbed doses after inhalation of soluble uranium.
Estimates of uranium intake by SFC workers ranged from 470 to 24,000 ug
(0.47-24 mg).

The derived NRC 40-hour intake limit of 9.6 mg soluble uranium in a
work-week was exceeded by eight of 31 workers. Estimates of the maximum
kidney concentrations in SFC workers ranged from 0.048-2.5 ug U/g kidney
tissue. No toxicological effects on the kidneys at or less than these
amounts were observed among the workers.

Estimates of the resulting committed effective dose equivalents ranged
from 10 to 480 uSv (1-48 mrem). The highest organ doses were to bone sur-
faces (0.0053 Sv for worker E-23). Dose limits recommended by the ICRP for
internal emitters were not exceeded. Neither the stochastic nor the non-
stochastic annual 1imit on intake (ALI) for uranium, recommended by the
International Commission on Radiological Protection (ICRP 1979) was exceeded.
The calculated committed effective dose equivalents were much less than the
stochastic limit of 0.05 Sv (5 rem) to the whole body for internal emitters
(ICRP 1977, 1979).

The physiological indicators studied to detect kidney tissue damage by
uranium poisoning included tests for protein, casts and cells, urinary blood,
specific gravity, pH of the urine, and blood urea nitrogen. Physical
examination and pulmonary function test results over a two-year follow-up
period were also evaluated. We concluded from review of the medical records
and laboratory results that none of the workers sustained anv observable
adverse health effects from exposure to uranium associated with the accident.
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