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ABSTRACT

Epidemiologic studies of groups of radiation workers
are being performed by the Oak Ridge Associated
Universities' Center for Epidemiologic Research in order to
identify radiation-induced health effects and to quantify
potential dose-response relationships. The historical
radiological monitoring data sets available for a number of
groups under study do not directly provide sufficient
information to permit calculation of workers' doses. An
example of this problem has been encountered with the
Fernald Feed Materials Production Center studies.
Biological monitoring data for workers exposed to airborne
uranium dust in operations there consists of a large set of
urinalysis records reporting mass quantities of uranium and
a small set of lung count records reporting quantities of
Uranium-235 and Uranium-~238 present in the lung, estimated
by gamma spectroscopy.

Bayesian linear regression and prediction techniques
have been applied to this data to enable the prediction of
lung burdens of Uranium-235 in workers based on their
urinalysis results and a "calibration" data set of
urinalysis results and measurements of Uranium-235 lung
activity. The output of the procedure is a Uranium-235 lung

burden estimate provided as a probability density. Computer
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programs have been written to facilitate large-scale
application of the procedure.

As the precision of the input urinalysis data was not
known, an exploration was made of the effects of uncertainty
in this data set on regression parameters and prediction
A computer program was written to simulate the effect of
uncertainty in the urinalysis measurements. A random value
was chosen from an assumed distribution about each
urinalysis result in the calibration data set and a
representative urinalysis result for which a prediction was
desired. The regression and prediction procedures were then
performed, and this process was repeated a number of times.
Distributions of results were obtained which indicate the
effects of uncertain urinalysis values on regression

parameters and prediction.
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CHAPTER I
INTRODUCTION

1.1 Epidemiologic Studies

Fundamental questions underlying the field of radiation
protection are: "What effects do ionizing radiations have on
humans?”, and "What are the quantitative relationships
between radiation doses and effects?" The process of
radiocactive decay is considered stochastic, as are the
biological late effects of ionizing radiations (Turner 1986,
BEIR V 1990). To date, no deterministic method has been
identified to predict the human health effects which will
occur as a result of exposures to low doses of ionizing
radiations and it seems unlikely that a means for
deterministic prediction of these effects will be found.

An approach to answering the above questions has been
to perform bio-statistical studies of groups of persons
exposed to radiation, to identify and quantify relationships
between radiation exposures, and health outcomes. Several
such studies are currently in progress at the Oak Ridge

Associated Universities' Center for Epidemiologic Research

(CER) .




One study in progress there will investigate the lung
cancer mortality experienced by workers occupationally
exposed to uranium dust. This study attempts to identify
relationships between mortality from lung cancer and
radiation dose to the lung. The ideal dosimetry information
for such a study would be the lung dose from uranium for
each worker, as a function of time. Biological monitoring
data actually available, however, do not permit calculation
of this lung dose. The data available consist primarily of
a large body of urinalysis records in mass units of uranium
without regard to activity, and a small body of lung counts
reporting estimated quantities of Uranium-235 and Uranium-

238 in the lung.

1.2 Radiological Monitoring Data Available

A series of uranium lung activity measurements, taken
at regular intervals over the whole employment period,
would provide sufficient information about workers'
exposures to radiation from uranium deposits in the lung.
Weighted by time, these activity measurements could be used
directly in an epidemiologic analysis or could provide the
basis for the estimation of lung doses for use in the study.

This level of dosimetric information desired for

epidemioclogic studies is rarely encountered in practice.




Illustrative of the data typically encountered is the
biological monitoring data set from the facility under
study, the Fernald Feed Materials Production Center (FMPC),
a uranium processing and refining plant.

This facility was constructed in 1951 by an Atomic
Energy Commission contractor to process uranium ore
concentrates and other uranium materials of relatively low
enrichments into fabricated metal products such as reactor
core target elements for the Savannah River Plant (Fugate
1982) .

From the inception of operation through 1983, the last
year for which complete exposure data was available at CER,
workers were monitored for external beta and gamma radiation
doses using film badges and the annual summary results were
reported. A urinalysis program which reported mass units of
uranium (micrograms/liter) provided the primary indication
of workers' internal exposures from 1952 through 1967. A
very small body of urinalysis records reporting activity
units is believed to exist but was not available in the CER
computerized database. As table I-1 indicates, the average
urinalysis frequency for monitored workers varied from 7.4 /
year in 1954 to 2.4 / year in 1969.

Beginning in 1968, the urinalysis program was augmented
by a lung-counting program. This program applied gamma

spectroscopy techniques to estimate quantities of



Table I-1. Urinalysis Frequency
Average
Total Monitored Sampling
Year Urinalyses Workers* Frequency
1952 257 56 4.6 per year
1953 3454 770 4.5
1954 9395 1278 7.4
1955 10935 1891 5.8
1956 10551 2343 4.5
1957 13506 2851 4.7
1958 12807 2509 5.1
1959 14409 2602 5.5
1960 19237 2695 7.1
1961 9450 2431 3.9
1962 8424 2175 3.9
1963 9608 2022 4.8
1964 6707 1905 3.5
1965 6182 1670 3.7
1966 5722 1608 3.6
1967 5581 1666 3.3
1968 4599 1414 3.3
1969 3152 1291 2.4
1970 3005 1109 2.7
1971 2229 879 2.5
1972 2175 658 3.3
1973 2667 728 3.7
1974 2452 676 3.6
1975 2261 684 3.3
1976 1996 667 3.0
1977 1805 638 2.8
1978 1621 615 2.6
1979 1537 583 2.6
1980 1556 606 2.6
1981 2027 651 3.1
1982 2838 818 3.5
1983 3277 870 3.8

*Monitored worker defined as worker on urinalysis program.

Source:

Database, Center for Epidemiologic Research, Oak Ridge
Associated Universities.




Uranium-235 and Uranium-238 present in workers' lungs. As
table I-2 indicates, the fraction of monitored workers given
lung counts varied from 0.76 / year in 1971, to 0.08 / year
in 1969.

Data of a type well suited for use in an epidemiologic
study, estimated lung burdens of Uranium-235 and Uranium-
238, exist for some workers after 1967. For the first
sixteen years of plant operations, however, only urinalysis
data exist to indicate internal exposures. In addition,
little or no lung count data is available for many other
exposed workers employed since the inception of the lung-
counting program.

Epidemiological analysis of the worker population would
be greatly facilitated if a method could be developed to
predict lung burdens of uranium using existing data. As one
or more urinalysis measurements exist in nearly all years of
employment for nearly all production workers, an approach
utilizing the urinalysis data to infer uranium lung activity
is suggested. Use of existing methods such as metabolic
models to estimate lung burden or related quantities using
the urinalysis data is problematic, though, without
information regarding such variables as exposure patterns,

material enrichment and solubility.



Table I-2,.

Lung Count Frequency

Total

Lung Monitored Fraction
Year Counts Workers Counted
1968 314 1414 0.22 per year
1969 97 1291 0.08
1970 153 1109 0.14
1971 669 879 0.76
1972 259 658 0.39
1973 209 728 0.29
1974 302 676 0.45
1975 249 684 0.36
1976 228 667 0.34
1977 206 638 0.32
1978 197 615 0.32
1979 184 583 0.32
1980 199 606 0.33
1981 146 651 0.22
1982 180 818 0.22
1983 192 870 0.22

Associated Universities.

Database, Center for Epidemiologic Research, Oak Ridge




1.3 Review of Related Research

Other researchers have addressed related problems
involving inference of certain biocassay measurements for
uranium workers using other bioassay measurements or air
sampling measurements.

Boback (1975) described instances of elevated
urinalysis measurements for workers at the FMPC. He
compared urinalysis results with air sampling data in one
case and noted that "no significant exposure conditions were
disclosed by air sampling.”

Scott and West (1975) examined urinalysis and lung
count data for uranium workers at the Y-12 weapons plant and
found "no definitive relationship between the two programs,"
observing that "the lack of correlation can be partially
explained by the fact that neither program is very precise.”
Somewhat in contradiction, they also reported that, "if the
urine average is high, the in vivo average tends to be high
also” for employees working in the same area.

More recently, Spitz, et. al. (1984) compared
urinalysis and in vivo measurements for workers at several
uranium mills. Their finding was that "urinalysis results
were highly variable and thus unreliable as a monitoring

tool."




Smith et. al. (1987) compared urinalysis and in vivo

measurements for workers involved in an exposure incident at
the FMPC. They reported that urinalysis results for about
one hundred workers did not show evidence of internal
uranium contamination but that lung counts for two of the
workers indicated uranium body burdens slightly above the
minimum detectable level.

Chase has compared air monitoring and urinalysis data
from workers at a uranium mill (1989), finding that
"U(ranium) urinalysis results correlate with airborne U
exposure levels when averaged over a period of time." He
found that average airborne uranium activity levels were
related to average group urinalyses, and that trends in
airborne activity levels resulted in similar trends in
individual workers' urinalysis results. He did not attempt
to relate airborne activity or urinalysis measurements to

lung activity measurements.

1.4 Contribution of Thesis

Prior efforts to estimate lung counts based on other
monitoring information have done little with respect to
quantifying relationships between lung counts and air

monitoring or urinalysis data, or other measures.




This thesis demonstrates the application of Bayesian
linear regression and prediction techniques to impute the
lung burden of Uranium-235 present in workers in the FMPC
study population, using the more generally available
urinalysis measurements in conjunction with a data set of
paired urinalysis and lung counts. The technique presents
estimates as probability density functions, which convey the
uncertainty associated with the estimation procedure.
Computer programs to perform the regression and prediction
procedures are described. The output of the predictive
program may be used as input to epidemiologic studies of the
Fernald worker population. These programs can also be used
for other studies with similar exposure data problems.

In addition, an exploration has been made of the
effects of uncertain urinalysis data on the prediction of
Uranium-235 lung activity. A computer program simulating
the uncertainty of the input urinalysis records is provided
and the results of the simulation study are discussed. The
results of this investigation are of use in determining the
precision of radiation risk estimates provided by

epidemiologic studies.




1.5 Organization of Thesis

Following the introduction are these chapters:

"Fernald Feed Materials Production Center Exposure Hazards
and Radiological Monitoring Data", "Imputation of Uranium-
235 Lung Burden", "Effect of Uncertain Urinalysis Data", and
"Discussion and Suggestions for Further Research.”
Appendixes providing the calibration data set employed in
example calculations, details concerning the derivation of
the regression parameter and predictive distributions,
listings of the computer programs utilized, and sample
output from the programs follow.

In the chapter on the radiological monitoring data, the
processes utilized at the FMPC are described to provide
understanding of the nature of the exposure hazards
experienced by workers. Details of the radiological
monitoring practices are given and the resulting data sets
are described.

In the chapter on the imputation procedure, the
Bayesian linear regression technique is described and a
description of the derivation of the posterior distributions
of the regression parameters is given. The derivation of the

predictive distribution follows. The computer programs to
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execute different statistical procedures are discussed.
Sample input and output from these programs are presented.

The chapter describing the investigation of the
influence of uncertain monitoring data tells how the
uncertainty of the urinalysis data in the FMPC data set was
simulated with a computer program and provides insights
gained regarding the accuracy of regression and prediction
parameters estimated using uncertain data.

Finally, the findings of the thesis are summarized in
the final chapter and suggestions for future research are

made.
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CHAPTER II
FERNALD FEED MATERIALS PRODUCTION CENTER
EXPOSURE HAZARDS AND
RADIOLOGICAL MONITORING DATA

2.1 Processes and Exposure Hazards at the Fernald Feed

Materials Production Center

In order to understand the radiation protection
concerns relevant to the workers at the Fernald FMPC, it is
helpful to examine the production processes employed there.
The FMPC was constructed near Fernald, Ohio in 1951. It was
operated by the National Lead of Ohio Company as a
contractor to the Atomic Energy Commission and its
successors. In the mid-nineteen-eighties, management of the
facility was transferred to the Westinghouse Materials
Company of Ohio. Designed to refine, smelt, and machine
low-enrichment uranium products, the Fernald FMPC employed
over 5,000 workers between 1951 and 1983, the last year for
which complete data is available at the CER. Today, work at
the Fernald FMPC is comprised of cleanup and environmental
restoration efforts.

The diverse production operations there were spread

among 9 main facilities, or plants (Fugate 1982). Plant 1,
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the sampling plant, received, sampled, and stored large
quantities of uranium materials intended for subsequent
processing. Workers in the plant measured uranium content
and enrichment in incoming materials, typically arriving in
drums, and crushed and milled them as required for use in
downstream processing. A small safe-geometry digestion
system was installed in the plant in 1970 to permit
processing of limited quantities of uranium enriched up to
10% in Uranium-235.

Plants 2 and 3 comprised the refinery operation.

There, ore concentrates and recyclable materials were
digested in nitric acid and subjected to solvent extraction
steps involving tributyl phosphate, kerosene, and water. The
purified uranium solution was calcined in denitration pots
to yield UO3. Equipment was also installed in 1972 to
convert up to 10% enriched Uranium-235 solution to U30g,
"black oxide",.

Plant 4 converted UO3 to UFy4, "green salt”, in a
continuous flow chemical reactor system. UO3, also referred
to as orange oxide, was reduced with hydrogen to form UO»
and then reacted with hydrogen fluoride to to yield UF4. The
UF4 was packaged in 10-gallon cans for shipment to other
processing sites or for use in processes at Fernald.

Workers in the metals production plant, plant 5, tamped

UF4 and magnesium in reduction pots which were then heated
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to reduce the mixture to uranium metal "derbies" and slag.
Slag was removed from the derbies by use of chipping hammers
and shot-blasting with uranium shot metal. Cleaned derbies
were then remelted to form ingots which were cropped and
sawed to desired dimensions.

Plant 6, the metals fabrication plant, rolled the
ingots into rods and also cut and heat-treated fabricated
metal pieces received from the onsite special products plant
and offsite extrusion facilities. Machining chips were
crushed, cleaned, and briquetted for recycling.

Scrap recovery was performed in plant 8, where recycle
materials were cleaned, classified, treated as required, and
returned to appropriate points in the plant process stream.
Only low-enrichment uranium materials, less than 1.25%
Uranium-235, could be processed there.

The special products plant, plant 9, machined ingots
and billets for extrusion. Ingots were cropped, center-
drilled and surface machined with lathes. Chemical
decladding of imperfect new reactor fuel assemblies was also
performed in plant 9. Equipment was installed in the
special products plant to permit reduction of ThF4 to
thorium and to machine the thorium, however little
information is available about its use.

Information was also limited concerning plant 7, which

was a thorium processing facility. This plant was
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apparently only operated for a short time, a number of years
ago. The pilot plant on site also was equipped to purify
and handle thorium materials. A safe-geometry purification
facility for uranium enriched up to 10% was installed in the
pilot plant in 1976. Recycle materials enriched between
1.25% and 10% Uranium-235 were cleaned at the pilot plant
and returned to the process stream. Numerous other
operations were conducted in the pilot plant, including
processing of uranium hexaflouride (Boback and Heatherton
1966) .

Thus, it is evident that workers at the Fernald plant
were exposed to uranium in numerous chemical and physical
forms. Little information is available regarding the
specific forms to which each individual worker may have been
exposed, the sizes of the airborne particles involved, etc.
Because of this, as well as limitations in the quantity of
data available, application of metabolic models to estimate

workers' lung doses would be difficult.

2.2 Radiological Monitoring Practices

Production workers at Fernald were monitored for external

radiation exposure. The external dosimetry program measured

worker's beta and gamma radiation doses on a monthly basis
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using film badges. External dose totals in rad were reported
annually.

The primary biological monitoring technique employed at
the FMPC was urinalysis for uranium. Employing a
fluorometric technique (Boback 1966; Smith 1987), the
program reported mass units (micrograms) per liter of urine.
Specifics of the Fernald program are not readily available,
but the literature provides general information about
fluorometric urinalysis (Baselt 1988). Typically, an aliquot
of urine is dried and fused with sodium fluoride. This
mixture is subjected to an ultraviolet light and the
resulting fluorescence is measured. The light emission of a
urine blank is subtracted and the difference is compared to
the light emissions of known standard samples processed in
the same way. Baselt indicates that the minimum level of
uranium detectable by this procedure is about 5 micrograms
per liter. He also indicates that measurement variability
will be reduced by sampling workers on return to work after
a weekend and it is believed that the FMPC followed this
practice. This practice also allows high-solubility uranium
compounds which contribute little to dose to be eliminated
before sampling. Table II-1 depicts average urinalysis

values by year for FMPC workers.
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Table II-1. Annual Mean Urinalysis and Lung Count Values

Mean Urinalysis Mean Lung Count Mean Lung Count

Year (Micrograms per liter) U-235 (micrograms) U-238 (milligrams)
1952 80 - -
1953 74 - -
1954 44 - -
1955 56 - -
1956 39 - -
1957 181 * - -
1958 31 - -
1959 18 - -
1960 23 - -
1961 20 - -
1962 15 - -
1963 15 - -
1964 16 - -
1965 12 - -
1966 19 - -
1967 8 - -
1968 8 74 12
1969 7 70 20
1970 5 73 13
1971 7 44 8
1972 16 39 11
1973 9 39

1974 7 75 16
1975 8 52

1976 7 47

1977 6 30

1978 6 45

1979 7 50 13
1980 6 48 8
1981 4 9 14
1982 4 23 5
1983 5 14 -1.3

*Mean urinalysis in 1957 was strongly influenced by extreme
values. Mean of records <2000 micrograms/L was 43.

Source: Database, Center for Epidemiologic Research, Oak Ridge
Associated Universities.
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Beginning in 1968, the Y12 mobile in-vivo radiation
monitoring laboratory ("lung counter") was used to estimate
uranium lung burdens of some workers. This lung counter
utilized two thallium-activated sodium iodide crystals, 9
inches in diameter and 4 inches thick. Four photomultiplier
tubes converted the light emissions of each crystal to
electrical signals. A five-inch thick iron shield was
employed to reduce background radiation counts (Anonymous
1968) .

Workers were counted for twenty minutes in the lung
counter, with counts about the 90, 186, 662, and 1430 keV
regions summed separately (Scott and West 1975; Smith et.
al. 1987). The 186 keV region observed the Uranium-235
gamma emission and the 90 keV region observed the Th-234 90
keV X-ray. Thorium-234 is a daughter product of Uranium-238
and, if the two are in equilibrium, one can be used to infer
the quantity of the other. Counts in the 662 keV and 1430
keV regions were evaluated to assess respectively the
Compton scatter contribution from Cesium-137 and Potassium-
40 to the counts in the Uranium-235 and Thorium-234 regions.
After subtraction of background contribution, these counts
were used in a prediction equation to estimate the
quantities of Uranium-235 and/or Uranium-238 present.
(Personal Communication, 1988) Occasionally, counts were

reported for other materials.
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Smith et. al. (1987) estimated that the minimum
detectable level of Uranium-235 in this counter was 49
micrograms and the minimum detectable level of Uranium-238
was 5.0 milligrams. They concluded this based on observing
counts for a number of unexposed persons. The distribution
of estimated Uranium-235 lung burdens for this group was
centered at 0 and had a standard deviation of 24.5
micrograms. The distribution of estimated Uranium-238
burdens was also centered at 0 with a standard deviation of
2.5 milligrams. Assuming that the distributions are
approximately normal, estimated lung burdens more than two
standard deviations above the mean would only be observed
about 2 percent of the time in unexposed persons. Therefore,
estimated lung burdens greater than 49 micrograms Uranium-
235 or 5.0 milligrams Uranium-238 were considered to
indicate the presence of uranium.

The mobile counter visited the FMPC site once or twice
a year and would typically count a few hundred workers.
These were primarily those believed to have higher potential
for exposure (Heatherton 1975). Ordinarily, about a third
of the workers monitored on the urinalysis program would
receive lung counts in a given year. Average estimated
Uranium-235 and Uranium-238 lung burdens are shown, by year,

in Table II-1.
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Airborne uranium activity was also measured in the
various production areas. One set of measures were
apparently taken in potential problem areas, another set of
measures were taken to try to represent average worker
exposures in particular plants. Neither set of records
provides any information about the specific workers who were
exposed to the air concentrations measured and therefore

neither can be used for dosimetry.

2.3 Personnel Monitoring Data Sets

Personnel radiation monitoring data sets from the FMPC
consist of annual film badge external dose totals, records
of urinalysis for mass uranium, and lung counts. Each of
these data sets is maintained as a computer file at the CER.

The external dosimetry program provided the most
comprehensive coverage of the workforce, but does not appear
relevant in assessing the radiological hazard of greatest
interest, exposure to airborne uranium dust.

The lung counting data consists of about 5,000 records,
a few hundred for each year since 1968. Most records report
estimated lung burden of Uranium-235 and Uranium-238. The
number of records occurring in each year is identified in
Table I-2 on page 5, and the mean quantities of Uranium-235

and Uranium-238 measured are identified in Table II-1.
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Approximately 185,000 urinalysis records provide
information about mass quantities of uranium present in
workers’ urine. A copy of this data set is maintained at
the CER and spans the periods from 1952 to 1983. Annual
record counts for this data are given in Table I-1 on page 5

and average urinalysis values are summarized in Table II-1.
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CHAPTER III
IMPUTATION OF URANIUM-235 LUNG BURDEN

3.1 Construction of Calibration Data set

With regard to epidemiologic studies, the difficulty
with the Fernald radiation monitoring data set is that the
most useful exposure measure, lung counts, are available
only for some workers and only for some time periods. A
less useful measure, urinalysis, exists for all years of
plant operation and for most exposed workers. The problem,
then, is to use a relationship between the two measures so
that one may be used to predict the other.

After 1967, estimates of uranium lung burden were made
for some workers at the FMPC. Typically, lung burdens were
reported as estimated milligrams of Uranium-238 and
micrograms of Uranium-235 present. The quantity of Uranium-
235 present was estimated directly by counting the Uranium-
235 180 keV gamma emission. The quantity of Uranium-238
present was inferred by counting the 90 keV Thorium-234 X-
ray and assuming that the daughter nuclide was in
equilibrium with the parent. Scott and West (1975) have
indicated that this method is unreliable for facilities

which melt and process molten uranium, reporting the
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following: "The daughter melts and floats to the surface,
thereby enriching the surface of the melted part. False
high results sometimes are obtained on employees from this
type operation.” They also note that "if an exposure occurs
to freshly purified uranium, it could go undetected due to
the absence of the daughter." As much of the work at the
FMPC entailed melting of uranium or processing of recently
melted uranium products, the reliability of the Uranium-238
lung burden estimates appears suspect. Therefore, in this
thesis, we examine only the data pertaining to Uranium-235
lung burden. Given appropriate assumptions about
enrichment, this measure may be used to infer the quantity
of Uranium-238 present. The quantities of Uranium-234 and
uranium daughter nuclides present may also be inferred.
Simultaneous urinalyses and Uranium-235 lung count
results can be used as a calibration data set, D = {Xj, Yji,
i=1, 2, ..., n}, for imputations of lung burdens in
workers for whom only urinalysis results are available. 1If
Yy denotes the lung burden of Uranium-235 and Xy, a new
urinalysis result for an individual for whom Yy is not
measured, then a procedure is needed to infer a probability
distribution for Yy based on the observation of Xy and the
calibration data, D. Symbolically, the predictive density

of p(Y¥nIXN,D) is desired.
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A calibration data set was constructed using the FMPC
urinalysis and lung counting computer data files maintained
in the Center for Epidemiologic Research database.
Approximately five thousand lung count records exist for
Fernald workers. Of these lung counts, approximately two
thousand were found to occur in the same calendar month as a
urinalysis record for the same worker. These matching
records were paired and written to a computer file. A
subset of these paired records, those with urinalyses and
lung counts occurring within one week of each other, was
examined to see if the two variables would be more closely
related. Data for each plant were examined separately. A
large reduction in the quantity of data resulted, but
inspection of scatterplots and comparison of correlation
coefficients did not identify a closer relationship between
the two variables. The larger data set of records occurring
in the same month was therefore retained.

As previously described, different chemical and
metalurgical processes were performed in each plant at the
FMPC. Each plants' processes gave rise to differing
exposure hazards; based on the level of airborne activity,
particle sizes, enrichments, material solubility, etc. It
seems reasonable that a plant-specific calibration data set
would enable better predictive precision for workers in that

plant than could be obtained by using data for all FMPC

24



workers. For this reason, it was decided to focus on data
from workers in one plant, plant 8. The exposure hazards in
the scrap recovery plant appear to be representative of a
number of the hazards encountered throughout the FMPC.

There were numerous chemical and metallic forms of uranium
handled there; processes employed included crushing, milling
and furnacing. The enrichment of materials handled there is
somewhat better known, than for other plants, however, as
only materials of less than 1.25% enrichment were handled in
the recovery plant.

Restricting the calibration data set to records for
plant 8 workers yielded a data set of 102 records. Eleven
of the records reported negative quantities of Uranium-235
present. Since this is not possible, these records were
adjusted to show 0 milligrams of Uranium-235. This data
set, which was employed for the analyses subsequently
described, is listed in Appendix A. Further discussion
concerning the handling of reported negative dosimetric data

appears in Appendix D.

3.2 Posterior Distributions of the Regression Parameters

If it is desired to find the distribution of a

parameter (or vector of parameters), 6, and data is

available whose distribution is dependent on 0, then one
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approach to estimating 0 is through the application of
Bayes’ theorem. If "DATA" denotes observations, p(DATA|O)
denotes the probability of the data conditional on 6, and
the prior density p(0) denotes the distribution of 0 prior
to incorporation of the data; then a posterior density
function p(0|DATA) may be determined which describes the

uncertainty about 0 after the data have been incorporated:

p (DATA|0) p(0)

p (O |DATA) =

o0

p (DATA|O) p(0) d6

-0

Since the denominator is not dependent on 6, this

expression is generally rewritten:

p (BIDATA) o p(DATA|O) p(H)

The above relationship, Bayes' theorem, is applied in
this thesis to estimate the parameters of a linear
regression of lung count measurements on urinalyses and to
derive an expression for a predictive distribution. The

linear regression model is given by:

YilX; = Bp + BiXj + Mi, i=1,2,...,n
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where Xj; and Y; represent the i-th observation on

independent and dependent variables respectively. The

random errors of Yi are represented by Hi. For simplicity,

these errors are assumed to be independent and identically

distributed as N(0,02). The unknown parameters of the

model, then, are Bg, Bi1, and 0. These parameters must be

estimated from the data.

The likelihood function in this case is given:

n
2
LT SX (Yi-BoBiXy)
p(¥, X | Bo, Bi, O) o 5 el 29;:,

When little is known about the possible values of the
model parameters prior to examining the data, Press (1989)

suggests the adoption of a non-informative prior density:

p(Bg) o CONSTANT p(Bj3) o CONSTANT p(0C) o< 1/0
0 < O<eo, 0< By < oo, 0< By <o

p(Bg, B1, O) = p(Bo)p(B1)p(0) =< 1/0

This implies that the probabilities of B, and B;

falling into any interval of fixed size between 0 and +oo are

assumed equal, while large values of O are less likely than
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smaller ones. The joint posterior density is obtained by

multiplying the likelihood and the prior:

n
2
- LY (¥;-Bo-B1X;)
1 e 26°

0-n+1

i=1

P(Bo, Blr o | _X.l l) oc

—~~~ —~

The maximum likelihood estimators, B, and B,;, are
computed by minimizing the sum of the squares of the
residuals, where the residuals are the errors about the
regression line (Details of this and other results

referenced in this section are provided in Appendix B):

n

n
v, - B X
i=1

i=1

—~ i=1 i=1 i=1
Bl =
n n 2
2
n X - X3
i=1 i=1

The posterior density of the parameters By and Bj may

be obtained by integrating O out of the joint posterior

density and the result may be again integrated to obtain the
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marginal densities of Bgp and B3, which are both t-

distributions with n-2 degrees of freedom:

n _ Thre
Y (Xi-X)
A ———| X (Bo - Bo) | X, X ~ ta
2 2
S_H» X
n}5 .
L i=1 -
n - 1/2
Y (X4-X)
i=1 .

S X (By - By) | X, ¥ ~ th

An unbiased estimator for 62 is (Walpole and Myers,

1989) :

The posterior densities of Bg and By were calculated
for the sample data set by the FORTRAN program “CALC”

(Appendix Cl) written for this purpose.

MODE(By | X, X) = By = 45.8

sp(Bo | X, &) = 7.20

29



——~

MODE(Bl | X_, X) = Bl = 1.22

sp (B, | ¥, X) = 0.51

The posterior densities may then be represented:

(8, - 45.80)

| X, X ~ tio0
7.20

(B, - 1.22) DY %~ tie
0.51

These distributions are displayed in figures III-1 and III-
2. They are essentially normal in shape, resulting from the
large number of data points (N=102). By inspection of the
figures, it can be observed how well the regression

parameters are known.
The posterior density distributions of the regression
parameters may be used to make probability statements about

the parameters. The 90% probability interval for By, for

instance, 1s given:

pl{(45.80 - 1.64 * 7.20) < Bg < (45.80 + 1.64 * 7.20)] = .9
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P(34.0 € By £ 57.6)

Il
©

By integrating Bg and Bj; out of the joint density one

obtains the posterior density for O:
p (6| X, Y) =f f p(Bgo, By, O | X, X) dBy dB;
o 0

2
oc 1 e~ (n-2) s? /20 (0 < < o0 ; n > 2)
Gn-l

Recognizing this as an inverted gamma distribution, the

expectation and variance of O can be written (Press 1989):

o - L2 e

e

1
- 2 -
SD (6 | X, ¥) = (@— - [E@6 1 % 1)]2)2

(n-4)

E (0 | X,

Using the “CALC” program, these values were calculated

using the sample data set:

Sb (6 | X, X) = 3.3




3.3 Predictive Distribution for Uranium-235 Lung

Burden

Using the calculated parameters and the calibration
data set, it 1is possible to determine predictive intervals
for lung counts imputed from new urinalysis data. If a new
urinalysis measurement, Xy, 1is providéd, the relation

between Yy and Xy given by the model is:

Yy | Xy = Bo + BiXy + M L = N(0, 0%

The predictive density of Yy is:

P(YN | Xy, X, X) =

I f f o{¥s | Xx, Bo, Bi, 0) p (Bo, By, ©lX, ¥) dB, dB; do

This integral is evaluated to yield the following

expression for the density of Y¥Yy:




The FORTRAN program "PREDICT" (Appendix C2) was
written to perform the necessary calculations. Using the
calibration data set and a test record with known lung
count, Yy',

XN = 6 micrograms/liter , Yy = 33 micrograms,

the following predictive distribution resulted:

Yy - 53.1
46.3

~ tio0

The 90% probability interval is given:

p[(53.1 - 46.3 * 1.15) < ¥y < (53.1 + 46.3 * 1.31)] = .9
= p(0 < Yy £ 117.0)

The actual Uranium-235 lung burden value of Yy' = 33
micrograms, which was known for this test case, falls well
within this interval. This example predictive distribution
is graphically displayed in figure III-3.

Figure III-4 illustrates a further application of the
predictive distribution. The "PREDICT" program was executed
using as input the plant-wide mean urinalysis value in 1952,

80 micrograms/L. Figure III-4 then illustrates the
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predicted Uranium-235 lung burden for a hypothetical,
“average”, worker whose urinalysis result was equal to the
1952 average. The distribution is centered at 143

micrograms and has a standard deviation of 58.2.

3.4 Computer Programs

Two computer programs were written in FORTRAN to facilitate
imputation of uranium lung burdens by the methods described.
The first, "CALC", reads a user-furnished calibration data
file, calculates the necessary parameter estimates, and
writes them to an output file. The second program,
"PREDICT", reads the parameter estimates from this file and
then operates on a user-furnished urinalysis input data set
to generate lung burden predictive density distributions.
The modes and standard deviations of the predictive density
distributions are then written to an output file for
subsequent use. Sample output based on the sample data set

are included in Appendix C4.
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The FORTRAN programs were written for use on an IBM

9370 series minicomputer, using the VM operating system.
They could be transferred for use on other computer systems
but would require modification of operating system specific
sections relating to input and output.

Calibration data pairs for the "CALC" program are
supplied in an 80-character fixed record-length file named
"FORINP DATA A". One data pair appears on each line;
urinalysis measurements in columns 1-10 and lung count
measurements in columns 11-20. Decimal points are used in
both measurements. Output from the program are written to
the file "FOROUT DATA A". No user interaction with this file
is required but it is available for inspection.

The program "PREDICT" reads the data stored in file
"FOROUT DATA A" to obtain the necessary prediction
parameters. It then reads in records from a user-supplied
input file, "PRDIN DATA A". Each record in this file has a
urinalysis measurement in columns 1-10. Additional
identifying information may be included in columns 11-20.
This information will be written along with the input
urinalysis value and the predictive density distribution to

the output file, "PRDOUT DATA A",
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CHAPTER IV
EFFECT OF UNCERTAIN URINALYSIS DATA

4,1 Method of Investigation

An assumption underlying the predictive methods
employed is that the values of the independent variable, Xj,
are fixed and precisely known. This, of course, is not true.
While controls existed to minimize error in the urinalysis
program at Fernald, random measurement error was inevitable.

As no specific information was available about the
measurement uncertainty of the urinalysis program employed
at Fernald, it was decided to write a computer program to
explore the effect of uncertain input values on the
prediction algorithms, initially using the conservative
assumption that the variability in the input data was
relatively large. Each input measurement was assumed to be
the mean of a normal distribution with a standard deviation
equal to one-half of the measurement. A random variable was
then generated from each distribution to create a new input
data set. These data, along with the associated lung counts,
were used to calculate the regression parameters and to
generate a predictive density distribution for Yy given a

supplied urinalysis measurement, Xy. This process was
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repeated multiple times to generate a distribution of
estimates for E;, g;, and Yy.

Baselt (1988) indicates that a coefficient of variation
as small as 0.1 can be obtained in performing urinalysis by
the fluometric method. The simulation procedure was re-run
using this value for comparison. Results for these and
additional simulations are summarized in Table IV-1.

The results of the simulations follow expected

patterns. For instance, as the assumed urinalysis
variability increases, the estimate for gzdecreases and the
estimate for E; increases. glmay be expressed as the sample
estimated covariance of the lung counts and the urinalyses
divided by the sample estimated variance of the urinalyses.
As the variability of the urinalyses increases, this ratio
should decrease, as is observed. Likewise, 5; may be
expressed as the mean of the lung counts minus the product

of B, and the mean of the urinalyses. As B; decreases, B,

would be expected to increase, as it does.

4.2 Computer program

A FORTRAN computer program "SIMU" was written to

perform the simulation of uncertainty in urinalysis
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Table IV-1. Simulation Results

—~ —~

Standard Mean Bj Mean B, Mean YN
Number of Deviation over over over
Simulations in Micrograms simulations simulations simulations

(or fraction

of observed

value)

5 1.0 46.8 1.14 53.6

10 1.0 45.6 1.16 53.5

100 1.0 46.0 1.20 53.2

1000 1.0 46.0 1.20 53.2

5 (0.1) 47.1 1.12 53.8

| 10 (0.1) 46.6 1.15 53.5
| 100 (0.1) 46.0 1.20 53.2
1000 (0.1) 46.1 1.19 53.3

5 (0.5) 54.5 0.45 57.2

10 (0.5) 52.5 0.62 56.2

100 (0.5) 50.5 0.78 55.2

1000 (0.5) 50.9 0.76 55.4
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measurements and to calculate regression parameter estimates
and predictive distributions based on the simulated
measurements (See Appendix C3 for listing).

The program was written to interact with an
investigator at runtime, requesting user inputs for:

1. a random number generator seed value,

2. the assumed standard deviation in the urinalysis

measurements, and

3. the number of simulation runs to be performed.

The assumed standard deviation may be entered in
absolute or relative measure. In other words, the user may
request an assumed standard deviation of some fixed number
of micrograms per liter or an assumed standard deviation
equal to a specific fraction of each measurement. The
number of simulation runs may vary between five and a
thousand.

The program requires an input calibration data set in
the same form as the "CALC" program. It also requires one
urinalysis value supplied in the "PRDIN DATA A" file for use
in generating example predictive distributions.

After obtaining the user runtime input and reading the
input data files, the program generates a random urinalysis
value to substitute for each supplied value. Indexing
through the input data set, for each supplied urinalysis

measurement the program first generates a random number from
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a uniform distribution. The algorithm used is adapted from
one supplied by the netlib@ornl software libary. Using an
approach suggested by Hammersley and Handscomb (1964) and an
approximation to an inversion of the normal distribution
given by Abramowitz and Stegun (1968), this value is then
used to generate a random standard normal variate. The
random normal variate is multiplied by the assumed stgndard
deviation of the urinalysis measurement and then this
guantity is added to the initial measurement which is
assumed to represent the mean of the distribution. The new,
simulated, urinalysis measurement is then stored separately
and the process is repeated for all input urinalysis values,
including the value supplied in "PRDIN DATA A" for use in
prediction. When this step is complete, the program
computes‘the distributions of Bg, Bi, and Yy by the same
methods as the "CALC" program. At the end of the step, 5;,
E:, and the mode of Yy are written to a "PARMS DATA A" file
along with the estimates of their standard deviations and
the simulation and calculation process is repeated as
required. After all simulation runs are complete, the
program calculates means over all simulations for these
estimates and writes them to the file "SUMARY DATA A".

Examples of these files appear in Appendix C4. A number of

copies of the SUMARY DATA A file for differerent simulation
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runs are included. They have been distinguished by naming

them SUMARY D1, SUMARY D2, etc.
4.3 Results of Computer Simulation

Simulation runs of 5, 10, 100, and 1000 iterations were

performed using the sample data set for calibration and a

sample input urinalysis value for prediction. Assumed
urinalysis standard deviation values included 1.0, one-tenth
of the measurement, and one-~half of the measurement. The
summary results, presented in Table IV-1l., indicate how the
regression and prediction parameters respond to relatively
large variations in the input urinalysis values, given the
assumption that these values were normally distributed.
Summary statistics for the runs appear in computer output
included in Appendix C4. The distributions of some
calculated parameter estimates are presented in Figures IV-1

through IV-6.
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CHAPTER V

DISCUSSION AND SUGGESTIONS FOR FURTHER RESEARCH
5.1 Discussion

Many epidemiologic studies have been proposed or
undertaken to investigate the effects of radiation exposures
on workers whose doses are not precisely known. The problem

‘ described in this thesis, the existence of only limited

i quantities of lung counting data for groups of uranium

} workers, has been encountered a number of times. There are
sometimes other biological monitoring measures such as
urinalysis available, but it is often difficult to estimate

lung activity from them.

1

This research identified a means whereby one of the

‘ most common biological monitoring measures, urinalysis,

1 could be used to infer a quantity more useful in

epidemiologic studies, lung burden of Uranium-235. By

| performing a Bayesian linear regression of the relationship

1 between urinalysis and lung count data when both are
available it is possible to make predictions of lung
activity when only urinalysis is available. The predictions

are provided in the form of predictive densities, which

indicate the precision of the prediction.
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As previously described, this thesis predicted the lung
activity due to Uranium-235. The Uranium-238, Uranium-234,
and uranium daughter products also contribute to lung dose
in uranium workers and must be considered when evaluating
dose. Further research is required to identify the best
means of estimating the contributions of these isotopes to
lung dose.

The statistical model applied to the calibration data
in this thesis assumed that the variance of the lung
activity measurements did not change with increasing
urinalysis values. This simplifying assumption may not be
realistic and consideration might be given to relaxing the
assumption.

The calibration data set examined herein was selected
to be representative of typical radiological monitoring
data. The variability in the input data was reflected in the
densities of the for model parameters and the predictive
distributions for lung burdens. A conclusion which may be
drawn here is that inferences about Uranium-235 lung burden
and, hence, dose from Uranium-235 may be made from limited
urinalysis data but that these inferences are not precise.
It is implied that epidemiologic studies employing such
measures should take into account this lack of precision in

the estimated doses.
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5.2 Suggestions for Further Research

The utility of the lung count predictions would be
enhanced if the the spread of their probability density
functions could be reduced. Bayesian theory suggests a way
to do this. Once a posterior density for the parameters of
interest has been determined, its precision can be improved
by incorporation of additional data. The original posterior
density may be used as the prior density in the subsequent
analysis and the Bayesian algorithm may be repeated with the
new data. This will often result in narrower density
functions for the parameters.

In this case, it would be interesting toc update the
results obtained using data for uranium workers at another
facility. Studies have been performed on groups of workers
at other facilities and similar data should be available.
For example, a large body of radiological monitoring data
exists for the Oak Ridge Y-12 weapons plant. If it could be
established that the materials handled were chemically
similar to those handed at the Fernald FMPC, it would be of
interest to attempt to use this data in an update procedure.

Similarly, it would be of interest to use data from
another facility with similar exposure conditions to create
an informative prior and to re-analyze the FMPC data using

this prior.
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APPENDIX A

SAMPLE DATA SET



FILE: FORINP

DATA SET

TEMP A VM/IS

PAIRED URINALYSES AND LUNG COUNTS
OCCURRING IN SAME MONTH

PLANT 8 WORKERS

NEGATIVE VALUES SET TO ZERQ

URINALYSIS
MICROGRAMS
PER
LITER

17.00
T-00
3.00
1.00

10.00

1000
0.00
8.00
1.00
100

21.00
5«00
400

20.00
T-00
T.00

13.00

10.00
600
l.00
9.00

16.00
8400

18.00

5500
4«00
7.00

11.00

18.00

11.00

39.00
4.00

10.00
7-00
3.00
600
3.00

28.00

18.00
T-00

11.00

16.00
8.00

11.00

LUNG COUNT
ESTe. BURDEN
MICROGMa U235

27.00
19.00
0.00
97.00
5«00
0.00
28410
129.00
112.00
70.00
125.00
7900
95.00
98.00
102.00
102.00
114.00
33.00
40.00
14.00
58.00
101.00
0.00
116.00
11600
2.80
30.00
40.00
222.00
78.00
154.00
89.00
32.00
33.00
33.00
33.00
92.00
33.00
0.00
0.00
57.C0
93.00
28.00
0.00
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FILE=:

FOR INP

10.00
15.00
7.00
1.00
29.00
8.00
18.00
3.00
5.00
18.00
11.00
3.00
1.00
500
12.00
18.00
3.00
3.00
9.00
6.00
29.00
14,00
26.00
9.00
T7.00
11.00
4.00
5«00
17.00
9.00
8.00
2.00
26.00
19.00
6.00
17«00
T«00
T.00
16.00
16.00
19.00
17.00
23.00
4.00
10.00
T-00
6«00
5.00
2.00
11«00
36.00
T.00
16.00
12.00
7.00

TEMP

29.00
17.00
25.00
0.00
59.00
91.00
89.00
6720
38.00
11.00
11.00
161.00
152.00
0.00
71.00
42400
110.00
16400
95.00
97400
73.00
112.00
52.00
32.65
4410
17.00
17.00
4400
24.00
73.00
73.00
2700
49.00
49.00
49,00
18.00
46.00
72.40
157.00
85.00
102.00
124.00
65.00
23.00
116.00
38.00
2200
83.00
24400
24.00
123.00
0.00
0.00
0.00
43.00

A

VM/1S
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FILE: FORINP

500
3.00
5.00

TEMP

58234
284,00
0.00

A

VM/ 1S
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DETAILS OF DERIVATIONS




APPENDIX B

ADDITIONAL DETAILS OF DERIVATIONS

PRESENTED IN CHAPTER III

Derivations presented here generally follow
Press(1989). Different assumptions were made regarding

integration limits for Bp and Bj; while integrating their

joint posterior density to determine the marginal densities:

(O SBOI Bl < °°)
Symbolically, we wish to determine p(Bg, Bi, ol X, Y),

the posterior density. This may be obtained by multiplying

the likelihood function:

p(X, X | Bgr Bjr O)

by the prior density:

p(Bor B1i, O)

and dividing by the normalizing factor:

f f f p(X, X | Bo, Bi, O) p(Bo, Bi, O) dBy dBj doO

0

0 0




Subsequently, we will not consider the normalizing factor

but will simply express:

p(Bo, Bi, olX, X) < p(X, X | Bg, B1, O)p(Bg, B1i, O).

The simple linear regression model is:
Y. I Xi = Bo + lei + ui, i=1,...,n

Bg and B; are unknown regression parameters. If Hi...Hp are
assumed i.i.d. N(0, ©?), the model parameters are Bg, Bj, O;

and the likelihood of observing X;, Y1 is:

- = (¥:-Bo-B1%,F
20

P(er X1 | Bos, By 0') o< '(1; e

The likelihood of observing ¥ = (Yi,...Y¥n) with

X = (Xl,..-,Xn) iS:

2

n
[ (Y;-Bo-B x~)2}
p(l, X | By, By, 0) o< % e\ 20 ;. e

Assuming a vague prior density:

P(Bg) o const. P(B1) o const P(O) o 1/0

p(Byg, B1, O) = p(Bg)p(B1)p(0) o« 1l/0
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The joint posterior density, then, is:

= 2
( L3 (Y3-Bo-B1Xi)
€l-20" =

ol . 1
p(Bo, Bll o] | XI X) G On

oc

L] 2
1 - 1% (Y;-Bo-B1X;)
n+1 © 202 =

(e}

where Bg 2 0, B;1 > 0, 6> 0. The maximum likelihood

estimators for Bp and B1 are equivalent to the least squares

estimators. The sum of the squared residuals is:

Y (vs - By - Byxyf

n
i=1

This expression may be differentiated to obtain the partial

derivatives with respect to Bg and Bj.

a n n
— > (v; - By - Byxsf = -2, (vs - Bo - B1xy)
9Bo,_) i=1
a n n
— ¥ (v; - By - Byxsf = —22 (¥; - Bo - Byxy) X5
9B1, i=1

Setting these expressions to zero and rearranging, the

normal equations may be obtained:
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n n
nBy + By Y, Xi = D, Yy
i=1

i=1

n n n
BoY, Xi + B, X% = Y XYy
i=1 i=1 i=1

and the estimators for Bp and Bi may be expressed:

n

n
Y v - B Y X
; i=1

BO = i=1 -
n n n
nY XYy - Y, XD, Yy
B, = i=1 i=1 i=1
n n 2
nY X% - | X
i=1 i=1

An unbiased estimator for 04 is (Walpole and Myers,

2 _ i(Yi - ];; - gzxi)z
> T n - 2

Noting that:

1989) :



the density of the parameters By and B may be obtained by

integrating the joint posterior density over g:

o0 n
- L3 (Y1-Bo-B1X;)°
j p(Bo, By, © | X, 1) dg o< 1 e 20-212_1 ( + 0 ! l) do

o-n+1

0 0

This can be reduced to a standard integral by substituting

n

2

a = Y (Yij-Bg-B1Xi)
i=1

and performing a change of variables, letting

T = (a/2) o2
dT = -a o0 3do
do = -dT/ac™3

o = (t/as2))*?

to obtain
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This is equivalent to

(Beyer, 1991):

<« ——1>L1 n
(a/z)n/Z (2)

oc a—n/2

Before substituting

for a,

n
2
Y (Yi-Bo-B1Xi)
i=1

we rearrange:

n
Y (Yi-Bg-B1X3)Z =
i=1

py [(Yi-;)-l;lxi) - (Bo-;)) - (B

i=1

~

§ [(Yi‘BO‘lei)z + (Bo-lgz))2 + (Bl‘Bl
i=1
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1-BiXi] =

—~

)2Xiz]




- 2&[(3{1 Bo—B1X1XBo Bo) (Yl -Bo- lelel Bl)X]
223[(30-1;) (Bl-;l)xi]

The second term of this expression may be eliminated if we
note that:

hmo

n n
> (Yl_BO lel) = 0 and Z Bo-B1Xj =0

i=1

Finally, replacing "a" with its equivalent expression and
substituting "s" for its definition (see page 29) where

possible, we obtain the result:

P(Bo: B, | X, I_) oc

_~

|:(n—2)s7- + D(Bo - 1;\0)2 + ( By - 1;:) i + Z(Bo - BOXBl - Bl)i Xi

Bg and Bj, given X and Y, are jointly distributed as a

bivariate t-distribution. By integrating, the marginal

univariate posterior distributions for By and Bj are

obtained:
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f oBo, By | X, ) dB;
0

o0

—~

|:(n'2)52 ' n(BO BO) ¥ (Bl Bl) zn: xi° + 2(BO‘BOXB1 Bl)i Xij|-§ dB,
i=1 i=1

0

If we substitute

= [(n—Z)sz + n(Bo - g;)z]
- zn“ X2

C=2(BO _g;)n Xi

The integral may be expressed:

] f he 2l -2 o]

0

Taking
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This reduces to the standard form

(Gradshteyn, 1965) This is proportional to:

-1
g2(n - 1)/2

- (n—-1)

_ i-1 _
_ . o (n-1)
ny, (x, - % 2
=1+ 2= - (Bo - ];;)2
(n-2) 822 X;°
_ i=1 _

A t-distribution with v degrees of freedom is distributed:

(v + 1)

~(1+ﬁ)_ 2
v

So, the normalized distribution of Bgis given:
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n - 1/2
Y (x:-X)
i=1

n
2 2
S
2 X.
n}5 .

= i=1 -

X (Bo = Bo) | X, X ~ tp

The distribution of Bj may be evaluated in a similar manner:

plB1 | X, X)

©o

— o

[(H‘Z)Sz + n(Bo'g;)2 + (Bl‘;)zi Xy + Z(Bl_Bl)i Xi(BO_BO :I— 2 dBg
i=1

i=1

0
by letting

A = [(n-2)s2 +\B; - 1;:)2}

B =n
—~3 N
c = z(B1 - B, %

i=1

and then integrating as before, the normalized distribution

of By 1s found:
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B, -B;
S I X, X ~ th-2

Likewise, the predictive density of Yy may be obtained:

plvy | %y, ¥, X) =

f f f o{¥y | Xu, Bo, Bi, o) p (Bo, B, ©lY, X) dB, dB; do

0 0 0

which yields the following distribution for Yy:

The posterior density of G may be obtained by integrating By

and By out of the joint posterior density:

n
*° e {‘ _1_22 (Yi‘Bo“lei)z}
p(o l X, X-) e e e 20 i=1 dBo dBl

0 0 o-n+l

Substituting
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n
> (v - By - Bixif =

i=1

—~

(n‘2)52 + nlBo - Bo)2 + (Bl - ;)zi Xi® + 2(Bo - lg\olBl
i=1

and integrating, we obtain

1 e~ (n-2) s? /26

p(C0 | X, X) e
Gn_l

The expectation is given:

irs
E(C | X, Y) = —2%—~

=

(n_2)1/2 s
2

and

SD (0'12(.,1)=(

- [E@0 1 % 1)]2)2

—~

...Bl

1

)zr_l‘, X3



APPENDIX C1

"CALC" — FORTRAN PROGRAM FOR CALCULATION
OF REGRESSION PARAMETER ESTIMATES




FILE: CALC FORTRAN A VM/ILS

PROGRAM CALC CALOOO10

C CALO0020
C MAIN CALCULATION PROGRAM CALOCO30
c CAL00040
DOQUBLE PRECISION SSQD+BOFACT+BLFACTySSDEVXeSeESIGeNNYSIGFAC CAL0O00SO

: DOUBLE PRECISION SIGMOD CALO0060
c CaLO00TO
OPEN (UNIT = 2, FILE = YFOROUT®, STATUS = *NEW®) CALO0D80

c CALOO090
SIGFAC=040 CALO0100
NN=0.0 caLoollo

$=0.0 CALOO120
$5Q0=0. €aL00130
SSDEVX=0. CALOO140
ESIG=0. CALOC150
SIGMGD=0. CALOO160
CALOO170

¢ XMN=MEAN X+ YMN=MEAN Y, BZERO=INTERCEPT, BONE=SLOPE, SUMX=SUM OF XCALOOLB0
[« SUMY=SUM OF YS, SMRESQ=SUM OF RESIDUALS - SOUAREDs SYSQ= SUM OF CALOO190
[« SQUARED YS, SXSQ=SUM OF SQAUARED XSy SXY=SUM OF PRODS OF X & Y CALO0200
c COUNT=NUMBR OF RECSs SSQD=SIGMA SQD EST,SSDEVX= SUM SQD DEVS OF X CALOO210
[ ESIG=EXPECTAION OF SIGMAs NNSNUMBER OF RECS IN DBLE PRECIS CALDO0220
c SIGFAC=STD DEV OF STD DEV (SIGMA}s SIGMOD=MODE OF SIGMA DISTRIB*N CALOO230
C CALO0240
CALL LR{XMNoYMNoBONE+BZERO SUMX ySUMYsSYSQs SXSQeSXY+SMRESQsCOUNT) CALOQ2SO
V=IFIX{COUNT+.000001) CALD0260
NN=OSLE[COUNT) CALQ0270

C CALOO280
SSQD=SMRESQ/({COUNT=2.0) CaL00290
S=DSQRT(S$5Q0) CALOO0300
SSDEVX=(SXSQ=(SUMX#=2) /COUNT) CALDO310
BOFACT=140/(({SSDEVX/{ {SSAO/COUNTI=SXSQ) I ££0.5) CAL00320
B81FACT=DSQRT{SSQD)/DSQRT{SSDEVX) CALOO330

c CALCS FOR MARGINAL POSTERIOR OENSITY OF SIGMA CALO0340
ESIG=(DGAMMA((NN=3.01/2.01/DGAMMA{INN=2.0)/2.,0))% CALO00350

1 OSQRTU(NN=-2.01/2.0)1%S$ CALOO360
SIGFAC=DSQRT{((NN=2.0)2SSQD/INN=440)1=({ESIG=ESIG)) CALOO370
SIGMOD=S#0SQRT((NN-2)/{NN=-1}} CALOD380

c CAL00390
ARITE(2,5) CALO0400

5 FORMAT(1X " XMNyYMN¢B09BL") CALOO41O
WRITE(2,10)XMNeYMN¢3ZERO»BONE CAL00420

10 FORMAT[1X9Fl4.69F14269FLlbeb69Fléeb) CALDO0430
WRITE(2,15) CALOO440

15  FORMATIL1X,y*SUMX9SUMYsSYSQsSXSQeSXY?®) CALO0450
WRITEI29201SUMX sSUMY e SYSQeSXSQeSXY CALO0460

20 FORMATIIX sFl4eb9Fl4e60F1445¢Fl4eb9Fl446) CALDO4T0
WRITE(2425) CALD0480

25 FORMATI1Xy*SMRESQeCOUNTySSOEVXeS*) CALDO490
WRITE({2,30)SMRESQvCOUNTsSSDEVXeS CALO0O500

30 FORMAT(1X¢Fl4e69Flaeb9FlbeboFlasb) CALOOS10
WRITE12,35) CALO0520

35 FORMATULXs *BOFACTyBIFACT") CALOOS30
WRITE(24401BOFACT.BLFACT CALOO540

40 FORMATILX9Fl4e64Flbab) CALOO550
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FILE:

[aNaNaNal

OO

45

S0

55

60

caLc FORTRAN A yM/IS

WRITE(2445)
FORMAT(LX¢*ESIGsSIGFAC®)
WRITE(2450)1ESIGeSIGFAC
FORMAT(LX¢FlaebeFl4eb)
WRITE(2¢55)
FORMAT(1Xe*SIGMOD®)
WRITE(2+60)5IGMO0
FORMATULXeFl4a6)

CLOSE 12}

STOoP

ENO

SUBROUTINE LRUXMN¢YMNeBONEyBZERDs SUMX s SUMY#SYSQy
1 SXSQeSXYsSMRESQeCOUNT)

DOES LIN REGR ON DATA IN FORINP FILE SPECIFIED IN FORTFIX EXEC
RETURNS LR PARMS AND OTHER STAT QUANTITIES

REAL Xs Y9 ZpSUMX9eSUMY9SYSQeSXSQeSXY9yCOUNT+BZERQyBINEYYPRED
REAL RESD+RESDSQe SMRESDsSMRESQeSMSQMNy SMSQAR » SMSQOR » YMN ¢ XMN

OPEN (UNIT = ls FILE = *FORINP*, STATUS = *0OLD*)

XMN=Q.
YMN=0 .
RESD=0«
RESDSQ=0.
SMRESD=0.
SMRESQ=0.
SMSQMN=0.
SMSQRG=0.
SMSQAR=0.
SMSQDR=0a
BONE=0.
BZERO=0.
YI=0e
COUNT=0.
SUMX= 0O
SUMY= 0.
SYSQ= O
SXSQ= 0.
SXY= Qe

READ(L+104END=500) XY
FORMAT(FLOe492XeFl0a%}
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CALOO560
CALLOSTO
CALO0580
CALOO0590
CAL00600
CALO0610
CAL00620
CALOO630
CALOD640
CALNO6S50
CALOQ660
CALO0670
CALO0680
CALOOQ690
CALOQ700
CALOOTLIO
CALOOT20
CALOOT30
CALQOT40
CALOOT50
CALOO7T60
CALOOTTQ
CALOO0780
CALOOT90
CALOOSO0
CALOO0810
CAL00820
CALQQ830
CALO0340
cALC0850
CAL00860
CALOO8TO
CALO08380
CAL00890
CALOO900
CALO00910
CALQ0920
CALO0930
CALOO940
CALOO950
CAL00960
CALOQOQ97O0
CALU0930
CALQ09%0
CALO01000
CALO1010
CAat0o1020
caLo1o3o0
CALO1040
CaLO1050
CALO1060
CALO1070
CALQ1080
CAL01090
CALO1100




FILE:

500

600
610

900

CALC FORTRAN A VM/IS

SUMX=SUMX + X
SUMY=SUMY+Y
SXSQ=SXSQex=x
SYSQ=SYSQeyvzy
SXY=SXYeX2Y
COUNT=COUNTe1.
GOTO 5

XMN=SUMX/COUNT
YMN=SUMY/COUNT
BONE=(SXY-(SUMX:SUHY/CUUNT))/(SXSQ-(SUHX:SUMX/COUNT)l
BZERO=(SUHY/CUUNT)-BDNE#(SUMX/CUUNT)
CLOSE (11
UPEN(UNIT=1’FILE='FORINP'vSTATUS='OLD')
READI L+6109END=900) X,Y
FORMAT(F104492X1F10.41
YPRED=BZERO+BONE=X

RESD=Y~YPRED

RESDSQ=RESO=RESD

SMRESD=SMRESD+RESD
SMRESQ=SMRESQ+RESDSQ
SMSQMN=SMSQMN+ { Y=YMN) = {Y—YM{)
SHSQAR=SMSQAR¢(Y-YPRED):(Y—YPRED)
SMSQDR=SHSQDR~lYPRED—YHN):(YPRED—VHN)
GOTQ 600

CLOSE (1)

RETURN

ENOD

CALOLll0
CaLoli20
CALOL130
CALOl140
CALOL1S50
CALOLLS50
CaLOl170
CAaLOl180
CALO1190
CAaLO1200
cato1lz1o
CALOQ1220
CALO1230
CALO1240
CaL01250
CALO1260
CALO1270
CALO1280
CALO1290
CatLol300
CALOl1310
CALO1320
CALO1330
CALO1340
CALOL1350
CALOL360
CALOL370
CALOL390




APPENDIX C2

"PREDICT" — FORTRAN PROGRAM FOR CALCULATION

OF PREDICTIVE DENSITY




FILE:

aoonO

[aNaNaNaNaNala)

10

20

Ely

32

34

40

[a) amao

PREDICT FORTRAN A VM/ILS

PROGRAM PREDIC

MAIN CONTROL PROGRAM FOR PREDICTION OF Y°*S (PERHAPS U235
LUNG COUNTS) BASED ON X*S (PERHAPS URINALYSIS MEASUREMENTS
OF URANIUM - MASS UNITS - )

OQU3LE PRECISION YNEWeXNER 9 BZER G 3ONE y SMRESQ 9 COUNT 4 XMN ¢ SSOEVX
CHARACTER = 10 ID

OPEN {UNIT = 2,4 FILE = *FOROUTY, STATUS = *OLD*)

YNEW=0.0
XNEW=0.0
BZERO=040
BONE=040
SMRESQ=0.0
COUNT=0.0
XMN=0.0
SSDEVX=0.

XNEW= NEW Xy YNEW=PRED Y, BZERO=INTERCEPT, SONE=SLOPE,
SMRESQ=5UM OF RESIDUALS - SQUARED, COUNT= NUMBR OF o8s
XMN=MEAN Xo SSDEVX= SUM OF SQUARED OEVIATIONS OF X FRQOM MEAN
ID=IDENTIFIER FOR RECORD

READ(2+10) OUMMY
FORMATI1AL)

SKIPPING A RECORD

READ(2+420) XMN¢sBZERDyBONE
FORMAT(1XyFl4e6v14X9Fleeb9Fl4ab)
READ{2+30) DUMMY

FORMATL(1A1)Y

READ(2+32) DUMMY

FORMAT(1Al)

READ(2+34) OUMMY

FORMATI1AL)

READ{2+40) SMRESQyCOUNT,SSDEVX
FORMAT(1XyFl4e69Fl4eb9F14e6)
CALL PRISZERO+BONEWSMRESQ+COUNT yXMNy SSDEVX)
CLOSE (2}

sTOP

END

SUBROUTINE PRUBZERO+BONEySMRESQsCOUNT ¢ XMNy SSDEVX)
DOUBLE PRECISION BZERGyBONE¢SMRESQeCOUNT ¢ XMN s SSOEVX
DOUBLE PRECISION S¢YNFACT+YNEwy XNEWyDF

CHARACTER = 10 ID

QPEN (UNIT = 34 FILE = *PRDIN', STATUS = *OLD')
OPEN (UNIT = 4, FILE = *PRDOUT', STATUS = *NEW®')

82

PREOOO1Q
PREOOO20
PREQOO30
PREQOO40
PREQOOSO
PREDOO6O
PREQOQTO
PREODOSO
PREQOQ90
PREQOL100
PRECOL10
PREQO120
PREOO130
PREDO140
PREOOLSO
PREQOL60O
PREQOL170
PREOO180
PREOOL90
PREQQ200
PREQO210
PREQOQ220
PREQO230
PREQO240
PREQOZ50
PREOO260
PREOO2TO
PREOO280
PREQO290
PREOO300
PREQJO310
PREDO320
PREQO330
PREQO340
PREOO350
PREQO360
PREQO370
PRECO380
PREQO390
PRED0400
PREQO410
PRE0O0420
PREQO430
PREQO440
PREQO450
PREQQ460
PREOQ4TO
PREQO482
PREQO490
PREQOSO00
PREQOSLO
PREQQGS520
PREQOOS30
PREQO540
PREQQ550




FILE:

20

500

PREDICT FORTRAN A VM/I1S

XNEW=0a.0
YNEW=0a0
YNFACT=0.0
5=0.0
DF=0.0

READ(3+10+END=500) XNEWs1D

FORMAT(Fl4e6v10A}

S=DSQRT(SMRESU/(COUNT~2.011)

YNEW=BZZRO+BONE#XNEW
YNFACT=S=DSQRT(l‘(l-O/COUNY)’II(XHEH—XMN)#:Z)/SSDEVX)I
DF=COUNT=-2.0

WRITE(4920) XNEW s YNEWsOF ¢ YNFACTy IO
FORHAT(leFl#.6vleFl%-élevFl4-6vleFl#-b-lOAl

GOTO 5
CLOSE (3)
CLOSE 4}

RETURN
END
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PREQOS60
PREQOSTO
PREQOS8BO
PREQQOS590
PREQOS0OC
PREQO&10
PREQOD620
PREQ0630
PREQQ640
PREQO650
PREDO660
PREVQ6TO
PREO0630
PREO0D690
PREQOTOO
PREQOT10
PRECOT20
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APPENDIX C3

"SIMU" — FORTRAN PROGRAM TO SIMULATE EFFECTS

OF VARIABLITY IN URINALYSIS DATA



FILE: SIMU FORTRAN A VM/LS

PROGRAM SIMy
C
c MAIN CONTROL PROGRAM
CEe TR e T RCLICTEETT R ESLE SRS sEEHSS et RURGETEE

C= THIS PROGRAM EXPLORES THE EFFECTS OF UNCERTAIN INPUT URINALYSIS
C+ DATA ON BAYESIAN LINEAR REGRESSION AND PREDICTION METHODSS
‘€= THE PROGRAM OPERATES ON A SUPPLIED SET OF URINALYSIS AND LUNG
C= COUNT MEASUREMENTS (FILE: FORINP DATA Ale EACH URINALYSIS
C# MEASUREMENT IS ASSUMED TO COME FROM & NORMAL DISTRIBUTION WITH
Cx MEAN=VALUE REPORTED AND STD DEV= (USER RUNTIME INPUT}.
Cz RUNTIME INPUT)e
C= A NORMAL RANDUM VARIABLE IS5 GENERATED FROM THIS DISTRIBUTION
C*= AND THE PROCESS IS REPEATED FOR ALL INPUT URINALYSIS VALUES.
Cx A LINEAR REGRESSION OF THE LUNG COUNTS VSe THE SIMULATED
C+ URINALYSES IS PERFORMED AND THE SLOPE (BONE) AND INTERCEPT
Cx (BZERQ) PARAMETERS ARE STORED. A LUNG COUNT PREDICTION IS MADE
C+ FOR A REPRESENTATIVE URINALYSIS VALUE AND THE RESULT IS STOREC.
Cx THE STANDARD DEVIATION FOR EACH IS ALSO CALCULATED AND STORED.
C+= THE VALUES ARE OUTPUT TO A FILE {PARMS DATA A) AND THE PROCESS
C* IS REPEATED N=-USER RUNTIME INPUT~ TIMESs SUMMARY STATISTICS
C# ARE GENERATED FOR THE INPUT DATA AND CALCULATED PARAMETERS AND
C= THESE ARE WRITTEN TO A SUMMARY FILE (SUMARY DATA A).
Cs MEAN OF EACH PARAMETER S CALCULATED=SUMIPARAMETER ) /N
C= STD DEV IS CALCULATED=SUM QVER I (PARAMETER(II-MEAN}=22 / N-1
C=
Cx B DOLAN FALL 1991
[ S T T Ty, = R T RIS T RETEBEEIST
INTEGER IYsIysd
REAL INDAToOUTDAT'PRINvPROUTvIFL'MNUR,MNLC
REAL SURvSLC.SLCSQvSURSQvSURxLCQNFLvSBO!SSQBO'SSOFvSSQBOFvSB[
REAL SSUBL;SBLFvSYNFvSSQYNF.SPR'SSQSPR.HNEOvMNBlpMNBOF.HNBlF
REAL HNYNFvHNPRvSDBOvSDﬁOFvSDBIvSDSlF.SDVNF.SDPR
REAL SSQDcBOFACT'BlFACT'SSDEVXvS'ESIGvSIGFAC
REAL HNESIG!SOESIG'SESIGOSSQESvMNSIGF,SDSIGFvSSIGFvSSQSGF

l)ﬁﬂﬂﬂﬂﬂ(lnﬂﬂﬂﬂﬂﬂﬂ“"ﬂﬂ”ll(b

REAL T1sT29T39T4ySDESHSDEFIMNES ¢MNEF
[
DIMENSION INDAT(3,1000}
DIMENSION DUTDAT(8,1000}
C
Cc INDAT{1+I1=URINALYSIS(I) ACTUAL MG/L FROM DATA PAIR
[« INDAT(24I)=LUNG COUNTI(I) ACT UG U235 FROM DATA PAIR
C INDAT{3,41)=SIMULATED URINALYSIS(I) SIMULATED URINALYIS MG/L
c
C OUTDAT(Ll,J1=BO(Y? MAX LIKL EST BO | DATa
[« OUTOAT(2,J)=BOFACT(J} CALC STD DEV 80
c QUTDAT(3,4)=811(J} MAX LIKL EST B1 | DATa
C OUTDAT(4¢J)=BLFACTIJ) CALC STD DEV B1
C QUTOAT{SJI=YNFACT( Y] CALC STD DEV PREDICTION
c OQUTDATI 64+ J)=PRED( J) MEAN OF PREDICTIVE DIST
C QUTDATI(7+J)=ESIGLJ) EXPECTATION OF SIGMA | DATA
[« OUTDATI(B,J)=SIGFAC(J} CALC STD DEV OF SIGMA
c
C I INDEX FOR INPUT DATA SET
c Iy SEED FOR NEXT CALCULATION OF RANDOM NUMBER
c J INDEX FOR OQUTPUT DATA SET
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SIMU FORTRAN A VM/IS

PRIN INPUT VALUE FOR PREDICTION

PROUT QUPUT PREDICTED VALUE

USDEV  ASSUMED STANDARD DEVIATION OF URINALYSIS VALS
N NUMBER OF SIMULATIONSs <=1000

SUR SUM OF URINALYSES

SLC SUM OF LUNG COUNTS

SLCSQ SUM OF SQUARED LUNG COUNTS

SURSQ SUM OF SQUARED URINALYSES

SURXLC SUM QOF PROD OF UlI1) # LC(I}

NFL=Ny i SIMULATION RUNSs FLOATED TO A REAL #
sBO SUM OF BO°*S

$SQB0 SUM OF SQUARED BO°*S

SBOF SUM OF BO "FACTORS™ (STD DEV)

SSQBOF SUM OF SQUARED BO SD

SB81 SUM OF B81l°S

SSQB1 SUM OF SQUARED Bl°'S

SB1F SUM OF Bl STD OEV'S

SSQ31F SUM OF SQUARED 81 STD DEV*'S

SYNF SUM OF YNEW STD DEV*S

SSQYNF SUM OF SQUARED YNEW STD DEV®S

SPR SUM OF PREDICTED YNEWS

SPSQPR SUM OF SQUARED PREDICTED YNEWS

MN30 MEAN BO

MNB1 MEAN 81

MNSOF MEAN BOF

MNBLF MEAN B1F

MNYNF  MEAN YNF

MNPR MEAN OF PREDICTED VALS

MNES MEAN OF CALCULATED EXPECTATIONS QF SIGMA
MNEF MEAN OF CALCULATED STD DEVIATIONS OF SIGMA
sDBoO STD DEV BO

s081 STD DEV Bl

SDBOF STD DEV BOF

SD31F SYD DEV ELF

SDYNF STD DEV YNEWF

SOPR STD DEV PREDICTED YNEWS

S EST STD DEV QOF ERRORS

ESIG EXPECTATION OF SIGMA

SIGFAC STD DEV OF SIGMA

MNESIG MEAN OF CALC SIGMA EXPECTATIONS

SDESIG STD DEV OF CALC SIGMA EXPECTATIONS

SESIG SUM OF SIGMA EXPECTATIONS

SSQES SUM OF SQUARED SIGMA EXPECTATIONS

MNSIGF MEAN OF CALC SIGMA STD DEVIATIONS

SOSIGF STD DEV OF CALC SIGMA STD DEVIATIONS
SSIGF SUM OF CALC SIGMA STD DEVIATIONS

SSQSGF SUM OF SQUARED CALC SIGMA STD DEVIATIONS
SOES STO DEV OF SIGMA EXPECTATIONS

SOEF STO DEV OF SIGMA STANDARD DEVIATIONS
TleeT4 TEMP VARIABLES

OPEN (UNIT = ly FILE = *FORINP*, STATUS = °*0LD")
OPEN (UNIT = 3+ FILE = *PROIN' , STATUS = °*0OLD")
OPEN {UNIT = 2y FILE = *PARMS' 4 STATUS = °*NEN*)
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FILE: SIMu FORTRAN A YM/IS

OPEN [UNIT = 44 FILE = *SUMARY®, STATUS = *NEW*) SIMOL110
c SIMO1120
c SIMOL130

PROUT=0. SIMO1140

PRIN=0. SIMO1150

$=0.0 SIM01160

1=0 SIMOL170

J=0 SIM01180

USDEV=1.0 SIMO1190

N=1 SIM01200

$5230=-0. SIMO1210

sB1=0. SIMO1220

SUR=0. SIMO1230

SLCSQ=0. SIMO1240

SSQ0F=0. $I1M01250

$5081=0. SIMO1260

SLC=0. SIM01270

SURSQ=0. SIM01280

$SQ80F=0. SIMG1290

SBLF=0. SIMO1300

SYNF=0. SIMO1310

SSQYNF=0. SIMOL320

SPR=0. SIMO1330

SSQPR=0. SIMO1340

MNBO=0. SIMO1350

MNB1=0. SIMO1360

MNSOF=0. SIMO1370

MNB1F=0. SIMO1380

MNYNF=0. SIM01390

MNPR=0. SIM01400

SD80=0. SIMO1410

SDBOF=C. SIM01420

sD81=0. SIMO1430

SD81F=0. SIMO1440

SOYNF=0. SIM01450

SDPR=0. SIM01460

580=0. SIMO1470

SDUR=0. SIMO1480

SOLC=0. SIK01490

SBOF=0. SIMO1500

S5381F=0. SIMO1510

£516=0. SIMO1520

SIGFAC=u. SIMO1530

MNESIG=0. SIMOL1540

SDESIG=0. SIMO1550

SESIG=0. SIM01560

SSQES=0. SIMO1570

MNSTIGF=0. SIMO1589

SDSIGF=0. SIMO1590

SSIGF=0. SIM01600

SSQSGF=0. SIMO1610

MNES=0. SIM01620

MNEF=0. SIMO1630

SDES=0. SIM01640

SDEF=0. SI401650
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FILE: SIMY FORTRAN A VM/IS

T1=0. SIM01660

T2=0. SIMOl670

T3=0. 5IMO1680

T4=0a. SIMO1590

- C SIMO1730
WRITE(6y1} SIMOl1710

1 FORMAT(54H INPUT INTEGER SEED FOR RANDOM NUMBER GENZRATOR (OONIz) SIMO1720
READ(Ss2)1Y SIMOL730

2 FORMAT(I3} SIMO1740
WRITE(6+3) SIMULT7S0

3 FORMAT(S4H INPUT EST. URINALAYSIS MEAS STD DEV-INCLUDE DECIMAL: ) SIMO1750
WRITE{ G644} SIMO1770

4 FORMAT(52H (USE "-" SIGN IF STDDEV IS FRACT OF URINALYSIS VvAL)} SIM21730
READU5451USDEV SIMO01790

S FORMAT(F843) SIiM0O1800
WRITE(G6,61 SIM01810

-} FORMAT(S54H INPUT INTEGER NUM3ER SIMULATION RUNS DESIRED (OOOON!:) SIMO1820
REAO(S.7T)IN SIM01830

7 FORMATIIS) SIMO1840
Ceeasusss FEERTTZTTEFES % FEFITLILIETIEITT L SR LSS eweRwE2SIMO1 850
C RANDOM NUMBER SEED MUST BE 3-DIGIT INTEGER #5IM01860
C STD DEV MUST BE REAL # WITH DECIMAL. MINUS SIGN MAY SE USED TO *SIMOL1870
C INDICATE THAT INPUT VALUE IS A FRACTION TQ MULTIPLY EACH MEASUREMENT *SIMO1880
C BY TO ESTIMATE STO DEV. *SIMO1890
C NUMBER OF SIMULATIONS, 5-1000 MuST S8E ENTERED AS INTSGER: 00000 =SIMO1900
C = =n‘t:tztt:::::::::::::::a::#a::c::a:::::c::::::z::aSIM019lo
C SIMO1920
[=1 SIMO1930

13 READ(lp14'ENO=15)INDAT(le)'INDAT(Z'I) SIM01940
14 FORMAT(F10e3¢F1043) SIM019s0
I=Te] SIM01960

GOTGQ 13 SIMO1970

15 CONTINUE SIMO1980
I=1-1 SIMO1990

C SIM02000
READI3,17}PRIN SIMO2010

17 FORMAT(F10.3) SIM02020
D0 99 J=14N SIMO2030

CALL DATSIMIIYs INDATyI+PRIN,PROUT,USDEVS SIM02040

CALL LRPR{INDAT yOUTDATsJeI+NePRIN,PROUT) SIM02050

99 CONTINUE SIM02060
C SIM02070
MNLC=0. SIMQ2080
MNUR=0. SIMQ2090
SUR=0. SIMo2100
SLC=0. SIMO2110
SLC=0. STMO2120
SLCSQ=0. SIM02130
SURSQ=0. SIM02140
SURXLC=0. SIM02150
SIM02160

D0 105 K=1l+1 SIMQ2170
IFL=FLOAT(T) SIMO2130
MNUR=MNUR+ INDATI1,K}/IFL SIM02190

MNLC=MNLC+INDAT(24K)/IFL SIM02200




FILE: SIMU FORTRAN A VM/ILS
SUR=SUR+INDAT(1+K) SIM02210
SLC=SLC+INDAT{2Z4K) SIM02220
SLCSQ=SLCSQ¢INDAT(2+K)SINDAT(24K) SIM02230
SURSQ=SURSQ+INDAT(L¢K)ISINDAT(LyK) SIM02240
SURXLC=SURXLC*INDAT(1+,KIZINDAT{2+K)} S$IM02250
105 CONTINUE S$IMQ2260
C SIM02279
SDUR=SQRT({ SURSQ-{ ( SURESURI/IFLII/(IFL-1.0)) SIM02280
SOLC=SQRTIISLLSQ-{{SLC=SLLI/IFLII/{IFL=1.01}) SIM02290
C SIM32300
DO 110 K=1sN SIM02310
NFL=FLOATIN) SIM02320
SBO=SBO*OUTDAT(1,K) SIM023130
S$5Q30=55QBO«QUTDAT(1+K)}=OUTDAT( LK) SIMC2340
SBOF=SBOF+0QUTDAT(2,4K) SINMO2350
SSQ30F=3SQBOF+QUTDAT(2,K)I=0UTDATI2,K) SIMO2360
SBl=S81+0UTDAT(3,K) SIMC2370
$S081=SS0BL+OUTDAT(3,K)S0UTDATI 34K} SIM32380
SBLF=SB1F+0UTDAT(4+K) SIM02390
SSQBLF=SSUBLF+0UTDAT(4¢K)=QUTDAT(4¢K]) SIMO2400
SYNF=SYNF+OUTDATIS,K} SIM0O2410
SSOYNF=SSQYNF+OUTDATIS+K)SOUTDAT(S5+K] SIM02420
SPR=SPR+QUTDAT{6+K) SIM02430
SSOPR=SSQAPR*OUTDATI64KIZQUTDATI 64K) SIM02440
SESIG=SESIG*QUTDAT(7,4K) S$IM02450
SSQES=SSQES+OUTDATITyK)ISQUTDATIT+K) 5IM02460
SSIGF=SSIGF+CUTDAT! 84K} SIMJ2470
SSQSGF=SSQSGF+OUTDATIB8,K)2OQUTDATL 84K SIM02480
110 CONTINUE SIM02490
C SIM02500
MNBO=SBO/NFL SIM02510
MNB1=SB1/NFL SIM22520
MNSOF=SBOF/NFL SIM02530
MNBL1F=SBLF/NFL S$IM02540
MNYNF=SYNF/NFL SIM02550
MNPR=SPR/NFL SIM02560
MNES=SESIG/NFL SIM02570
MNEF=SSIGF/NFL SIM02580
SD3C=SQRT((SSQBO-(SBO=SBOI/NFL} /INFL-1.01}) 5IM0253%0
SD80F=SQRT{ (SSABOF-{SBOF=S80F ) /NFL)/(NFL=1.0)} SIMO2600
SOBL=SORT({S55Q8B1-1SBL1=SBL)/NFLI/INFL~1.0)) SIM02610
SOBLF=SQRTI(SSQBLF-{SBIF*SB1F)/NFL)/INFL-1.0)} SIM02620
C SIM02630
c /% HANOLE NUMERICAL PROBS W/ DATA HAVING NO VARIATION =/ SIM02640
c = SIMQ2650
TL={SSQYNF-(SYNF#SYNF}/NFL)}/{NFL-1e0} SIM02660
IF (Tl «GT. O.) GATO 190 SIM02670
T1=.000001 SIM02680
190 SDYNF=SQRT(TL1) SIM02690
T22{SSQPR-(SPR=SPRI/NFL)/INFL=1.0) SIM02700
IF (T2 .GT« 0a) GOTO 192 sIM02710
T2=.,000001 SIMQ2720
192 SDPR=5QRTI(TZ2) SIM02730
C SIM027T40
T3=(SSQES-{SESIGS#SESIGI/NFL)/(NFL~-1.01 SIM22750
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194

196

201
203
205
207
209
210
211
212
213

215

223
225
227
229
231

233

237
239

241

SIMY FORTRAN

A VM/IS

IF (T3 «GT. Q.) GOTO 194

T3=.000001
SDES=SQRT(T3)

T4=1SSQYSGF=(SSIGF=SSIGF)/NFLI/INFL-1.0)

IF (T4 «GT. 0.) GOTO 196

T4=.000001
SOEF=SQRT(T4)

WRITE(4+201)MNSO
FORMAT(F10e6915H
WRITE(4,4203)5D80
FORMAT(F10e6915H
WRITE(4y205 )MNBOF
FORMAT(F10.6¢15H
WRITE(4¢207)SDBOF
FORMATIFLlCe69L5H
WRITE(49209)1MNBL
FORMATIFlO0«6¢15H
WRITE(4+21215DB1
FORMATI{F1046915H
WRITE{4+211)MNBILF
FORMAT{Fl0e6¢LSH
WRITE{442121SOBLF
FORMAT(F1046915H
WRITE(49213)MNYNF
FORMAT{Fl0a6915H
WRITE(49215)SDYNF
FORMATIF10e6915H
WRITE(4921T7)IMNPR
FORMAT(F10.6v15H
WRITE(49219)S0DPR
FORMAT{F10.6¢15H
WRITE(49221)1

FORMAT{I8+15H

WRITE{4+223IN

FORMATUI8415H

WRITE(49225)MNUR
FORMAT{Fl0s06915H
WRITE(44+22T1SOUR
FORMAT({F10e6915H
WRITE(49229)MNLC
FORMAT(F1l046+15H
WRITE(4+231)SDLC
FORMAT{F1042¢15H
WRITE{4+233)USDEV
FORMAT(F10e4924H
WRITEU492351MNES
FORMATIFLOeb¢1l5H
WRITE(4¢237}SDES
FORMAT(F10e6915H
WRITE{4+239)MNEF
FORMAT(F10.6916H
WRITE(4+241)SDEF
FORMAT(Fl0a6922H

MEAN B0 )
STD DEV BO )
MEAN BOF )
STD DEV B0F )
MEAN Bl )
STD DEV 81 )
MEAN BIlF )
STD DEV B81F )
MEAN YNEWF )
STO DEV YNF )
MEAN PRED )
STD DEV PRED}
Iy & DATA
Ny & SIMU
MEAM URN )
STO OEV URN )
MEAN LUN CNT)
STD DEV LC )

ASSUM URINALYSIS SDEV)

MEAN ESIGMA )
STD DEV ESIG)

MN SDEV SIGMA)

STD D&V STOEV SIGMA}
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FILE: SIMU FORTRAN A VM/IS

DO 300 K=1,N SIMO3310
HR!TE(ZIZqo,OUTDAT(vi)vOUrDAT(Z'K)vUUTDAT(}vK,'OUTDAT‘4vK)v SIMO3320

1 OQUTDAT(64K)e OUTDAT(SsK) yOUTDAT(T+K) yOUTDAT(84K) SIM03330

290 FORMAT(IH ,8F9.5) SIM03340
300 CONTINUE SIM03350
C SIM03360
400 CLOSE t1) SIM03370
CLOSE 13} SIM03380

CLOSE (2} SIM03390

CLOSE t4) SIM03400

c SIMO3410
sTOP S5IM33420

END SIM03430

c SIM03440
C SIMO3450
SUBROUTINE LRPRUINDATsOUTDATeJy [eNsPRINyPROUT} SIM03460

C SIM0O3470
CHEETRRLBTT ISR U ISEITS2STRESRES T3 L e e Y Y T SIM03480
C+= REGRESSION OF INPUT ARRAY INDAT, INDAT(2+I) —LUNG COUNTS- ON %= 5IM03490
C+# INDAT(3,I) -SIMULATED URNALYSES-. OUTPUTS PARAMETERS. % SIMO3500
Cz = SIMO3S510
(o] %= S§$IM03520
C= % SIMO3530
C= & SIMO3540
- E 3 ¥ ST LTRB -3 13 = SIM03S550
C SIMO3560
REAL SeYNFACT9YNEwWs XNEW+DFy SSOEVX ¢ INDAT y OUTDAT9ESIGy SIGFAC SIMO3570

REAL X9 YeZySUMXeSUMY9SYSQeSXSQeSXYCOUNT 9BZERO+BONE YPRED SIM03580

REAL RESDsRESOSQeSMRESDySMRESQs SMSQMN SMSQAR ¢ SMSQDRy YMN ¢ XMN SIMG3590
INTEGER I+JeKoeNyH SIM035600

C SIMO3s10
DIMENSION INDAT(3,1000} SIM03620
OIMENSION OUTDAT(8.1000} SIM03630

c SI1M035640
XMN=0a SIM03650
YMN=Q. S1M03660
RESD=0. SIMO3570
RESDSQ=0. SIMQ3680
SMRESD=0. SIMG3690
SMRESQ=0. : SIM037T00
SMSQMN=0. SIM03710
SMSQRG=0. SIM03720
SMSQAR=0. SIMU3730
SMSQDR=U X SIMO3T740
BONE=0a SIMO3750
BZERO=0. SIMO3740

YI=0e SIMO3770
COUNT=0. SIMO3780

SUMX= 0. SIM03790

SUMY= 0. SIM03800

SYSJ= 0. SIM03810

S$X5Q= 0. SIM03820

SXY= 0e SI1M03830
XNEW=0.0 SIM03840
YNEW=0.0 SIM03850
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SIMU FORTRAN A VM/IS

YNFACT=0.0
$=0.0
DF=0.0
ESIG=0e
SIGFAC=0.

COUNT=FLOATI(]])

00 10 H=1,I
X=INDAT(3,H)
Y=INDAT(2,H)
SUMX=SUMX +X
SUMY=SUMY +Y
SXSQ=SXSQexsXx
SYSQ=SYSQev=xY
SXY=SXYeXaY
CONTINUE

XMN=SUMX/COUNT

YMN=SUMY/COUNT
50NE=(SXY—(SUMX‘SUHY/COUNT)l/(SXSQ-(SUMX#SUMX/COUNT))
BZERO=(SUMY/COUNT )-BONE= ( SUMX/COUNT)

DO 20 K=1,I
X=INDAT (34K}
Y=INDAT(2+K)

YPRED=8ZERO+BONE=X

RESD=Y~YPRED

RESDSQ=RESD=RESD

SMRESD=SMRESD¢RESD
SMRESQ=SMRESQ+RESDSQ
SMSQMN=SMSQMN+ (Y-YMN) 2 {Y=-YMN)
SMSQAR=SMSQAR+(Y~YPREDI=(Y-YPRED)
SMSQOR=SMSQOR+ ( YPRED-YMN )& ({ YPRED~YMN)

CONTINUE

SSQD=SMRESQ/(COUNT=2.0)
SSDEVX={SXSQI-{SUMXSSUMX)/COUNT}
BOFACT=1-0/SQRT(SSDEVX/((SSQD/COUNT)#SXSQ)l
BIFACT=SQRT(SSQD)/SARTISSDEVX)

S=SQRT(SMRESQ/(COUNT=2.0})

XNEW=PRIN

YNEW=3ZERO+3ONESXNEW
YNFACT=S¢SQRT(10(L-O/COUNT)O(((XNEH—XHN):(XNEH-XHN))/SSOEVX)’
OF=COUNT=-2.0
ESIG=(GAHHA((COUNT-B-OI/Z-O)/GAHMA((COUNT—Z-O!/Z.O)l#

L SQRT{(COUNT~2,0)/2.0)%S
SIGFAC=SDRT(((COUNT—Z.O)#(SMRESQ/(COUNT—Z-OI)/(CDUNT-Q.O))
1 ={ESIG=ESIG})

OUTDAT(1+J)=BZERO
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GE

FR

TEXIL[ITTIRTVXTEIFSARET =

SIMU FORTRAN A vmM/ILsS

OUTDAT(2+J)=30FACT
QUTDAT(34J)=BONE
OUTOAT(49J)=B1FACT
OUTDATI(S+JI=YNFACT
OUTDATI6vJ)=YNEW
DUTDAT(7+J)=ESIG
OUTDAT(89J})=SIGFAC

RETURN
END

SUBROUTINE URAND(IYsP)

sesas sos rause

=
NERATES UNIFORM RANDOM NUMBER BETWEEN O AND 1.

OM NETLIBIURNLAGOVe

INTEGER 1Y

INTEGER IA+ICs»ITWOsM24MoMIC
DOU3LE PRECISION HALFM

REAL SeURND

DOUBLE PRECISION DATANsDSQRY
DATA M2/0/+41TW0/2/

IF (M2 oNEe. 0} GO TO 20

M=1

M2=M

M=ITWOEM2

IF (M .GT. M2) GO TO 10
HALFM=M2
IA=8=IDINT(HALFM&DATAN{1D0)/84001+5
IC=2+I0INTIHALFM=(04500-0SIRT(3.D0)/6.D0)) ¢l
MIC=(M2-IC) +M2

S=0.5/HALFM

IY=1Y=IA

IF (IY .GTe MIC) IY=(IY=M2)~M2
IY=1Ye+IC

IF (IY/2 «GTe M2) IY=(IY-M2)}=-M2
IF (IY oLTe 0) IY={IY*M2) ¢ M2
P=FLOATI(IY)=S

RETURN

END

SUBROUTINE RNDNOR(P¢XP)

CHTTTCETRESSSRVILTAIR =

C=
C=
C=
C=
Cx
c=
C=
Cx

GENERATES A RANDOM NORMAL VARIABLE N(O,1)

RA

AN

1

GIVEN FRACTION (-

ALGORITHM

ZEEEVREILEIFZETIVNIRITAVITIEE

=
%

-
F

ERBLREVVELESUATTE RIS ERTTVIST LS

USING INPUT UNIFORM

NOOM VARIABLE FROM URANDs THEN GENERATES A SIMULATED
URINALYSIS VALUE USING MEAN=INPUT URINALYSIS VALUE —INDAT{1lsI)~
O STD DEV=sUSDEVe USDEV IS INPUT BY USER AT RUNTIME. A POSTIVE
VALUE OF USDEV IS USED THE STANDARD DEVIATION VALUE. -EXz
UNIT OR 10 UNITS-. A NEGATIVE INPUT VALUE, 3ETWEEN O AND -1,
INDICATES THAT THE STANDARD DEVIATION SHOULD BE CALCULATED AS THE

93

SIGN STRIPPED) OF THZ INPUT URINALYSIS VAL —.5

LR LI A AR )

it 74

SIM04410
SIM04420
SIM04430
SIM04440
5IMC4450
SIM0O4460
S1M04470
SIMQ4480
SIM04490
SIMD4500
SIM04510
SIM04520
$1MQ4S530
SIM04540
SIM04550
SIM04560
SIMO4570
SIM04580
SIM04590
SIM04600
SIM04610
SIM0O4620
SIM04530
$IM04540
SIM04650
SIMO4660
SIMU4670
SIM04680
SIM04690
SIM04700
5IM04710
SIM04720
SIM04730
SIM04740
SIM34750
SIM04T53
SIM04TT70
SIM04780
SIM04790
SIM04800
SIM04810
SIM04320
SIM04830
SIM04840
SIM043850
SIM04B860
SIM04870
$IM0O4B880
SIM04890
$IMD4900
SIM04910
S1M04920
SIM04930
SIM04940
SIMU4950



FILE:

SImMyU FORTRAN A VM/IS

C¢ INDICATES TO CALCULATE STO D&V =1/2
C= VALUE.

Cosux

[aNsNaNaNaNal

20

25

SXSES BTREER TExX

OF EACH MEASURED URINALYSIS

SVRI|BHE TR

REAL PyT9CO9C14C2+D1402+D34XP
C0=2.515517

C1=.802853

C2=.010328

D1=1.432788

02=,189269

D3=.001303

COEF=1.

IF (P «GT+ 0e5) COEFz=1.0
IF (P «GTe 0.5) P=1.0-P
T=SQRT{ALOGIL/(PsP)))

XP= COEF=(T—((CO+(CL&T)+{C2%T=T)) /(1+(DL=T)+(D2xTaT)+(D3aT=e31)))

RETURN
END

SUBROUTINE DATSIMIIY,INDAT+I+PRINyPROUTyUSDEV]

REAL PeXPyPRINsPROUT,yINDAT
INTEGER IYsIsK

DIMENSION INDATI(3,1000!

P =RANDOM Z FROM UNIFORM DISTR

URAND IS FUNCTION WHICH RETURNS Py GIVEN SEED IY

IBUTION

ERERXRBLIATTELDN

Xp =NORMAL "I SCORE"™ CORRESPONDING TO PRO%. OF P

K INDEXES THROUGH INDAT

>x v X

=0
=0e
P=Ce

DO 20 K=1,1

CALL URAND(IY,P)

CALL RNONOR(P,XP}
INDAT{3+K)I=INDAT( 1K} +{XPSUSDEV)
IF (USDEV «GTe Oe} GOTO S
INDAT(34K)I=INDAT(LloK)S(lat{XP=(—
CONTINUE

CONTINUE

CALL URAND(IYP)

CALL RNONOR(PyXP}

PROUT=PRIN* {XP=aUSDEV)

IF (USDEV «GTe 0a} GOTO 25
PROUT=PRINZ(1e¢ (XP2(=1e2USDEV)))
CONTINUE

RETURN

END
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«XUSDEVI))

LR K 1)

STMO4960
SIM04970
SIM04980
SIM04990
SIM0SQ00
SIMOS010
SIM05029
SIM05030
SIMO5040
SIM0S5050
SIM05060
SIM0S070
SIM0O5080
SI405090
SIM05100
SIMO5110
SIMQOSL20
SIMO5130
SIM0S5140
SIM05150
SIMOS160
SIMO5170
SIMO5180
SI405190
S1M05200
SIMQ5210
SIM0S5220
SIM0S230
SIM0S240
SIMD5250
SIM05260
SIM05270
SIM05280
$IM05290
SIM0S300
SIMO5310
SIMOS320
SIM0S5330
SIMOS340
SIM05350
SIMOS5360
SIMQS5370
SIM05380
SIM05390
SIM05400
SIM05410
SIM0S420
SIM0S430
SIMO5440
SIM05450
SIM05460



APPENDIX C4

OUTPUT FROM COMPUTER PROGRAMS




FILE:

SUMARY

Olé6 A

SUMMARY STATISTICS QUTPUT

50.877335
2.828427
6.462816
0.334960
0.757153
0.265932
0.420287
0.053840

46.677032
0.410083

55420837
1.259200

102
1000

10.901917
8937086

59.083740

47«03
-05000

46758789
0.432651
3.331172
0.030888

MEAN BO

STD DEV 30
MEAN BOF

STD DEV BOF
MEAN 81

STD DEV 81
MEAN BLF

STD OEV BIF
MEAN YNEWF
STD DEV YNF
MEAN PRED

STO DEV PRED
I+ & DATA

Ne # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STO DEv LC
ASSUM URINALY
MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA
STD DEV STODEY

VM/IS

FROM SIMULATION PROGRAM *SIMU FORTRAN At.

MEAN OF MAX. LIKELIHOQOD ESTIMATES FOR BO
SD OF MAX. LIKELIHOOD ESTIMATES FOR BO
MEAN SO OF 80 DENSITIES
SO OF SD OF BO DENSITIES OVER SIMULATIONS
MEAN OF MAX. LIKELIHOOD ESTIMATES FOR B
SO OF MAXe. LIKELIHOOD ESTIMATES FOR Bl
MEAN SD OF Bl OENSITIES OVER SIMULATIONS
SO OF SD OF 81 DENSITIES OVER SIMULATIONS
MEAN SD OF YN DENSITIES OVER SIMULATIONS
SO OF SD OF YN DENSITIES OVER SIMULATIONS
MEAN OF MODAL VALUES FOR PREZD DISTRIBUTIONS
SO OF MODAL VALUES FOR PRED DISTRIBUTIONS
# DATA PAIRS IN CALIBRATION DATA SET
# SIMULATIONS
MZAN URINALYSIS IN CAL DATA SET
SO URINALYSIS
MEAN U=235 LUNG CT IN CAL DATA
SO OF U-235 LUNG COUNTS

SIS SOEeV ASSUMED URINALYSIS SD

MEAN OF EXPECTATIONS OF SIGMA

SD OF EXPECTATIONS OF SIGMA

MEAN OF SD OF DENSITIES OF SIGMA
SIGMA SO OF SD OF DENSITIES OF SIGMA

96




FILE: SUMARY

50.512848
2878977
6.443330
0.348212
0.780140
0263464
0.412828
0.054744

4646509482
0567424

554193542
1.369076

102
100

10.901917
8937080

59.083740

47.03
-0.5000

46.690033
0.568535
3.326249
0.041489

D15 A

MEAN 30

STD DEV BO
MEAN 30F

STD DEV BOF
MEAN Bl

STD DEV Bl
MEAN B1F

STD DEV BIF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
I, # DATA

Ny # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DEV LC

VM/IS

ASSUM URINALYSIS SDEV

MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA

STO DEY STDEV SIGMA
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FILE: SUMARY

52.455612
3.417048
64353666
0«340539
0.616548
0.310805
0.412595
0.055827

464875671
0.445853

56.154907
1.577016

102
10

10.901917
8.937085%

59083740

47.03
-0.5000

464963562
0.455007
34345727
0.032106

Dl4 A

MZAN 80

STD DEvV BO
MEAN 80F

STD DEV BOF
MEZAN B1

STD DEV Bl
MEAN BLF

STD DEV BLF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
Iy # DATA

Ne # SIMU
MEAN URN

STO DEV URN
MEAN LUN CNT
STD DEv LC

ASSUM URINALYSIS SDEV

MEAN ESIGMA
STO OEV ESIG

MN SDEV SIGMA

VM/IS

STD DEV STOEV SIGMA
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FILE: SUMARY

544512451
3e531112
6360235
0<30929¢
0445397
0«331735
0.430173
0+043683

47T.130081
0467707

57.184814
le545849

102
5

10.901917
8.937085%

59.083740

4T.03
-0.5000

47223663
0.471865
3.364221
0.033829

D13 A

MEAN 30

STO DEV BO
MEAN BOF

STD DEV BOF
MEZAN 81

STD DEV Bl
MEAN BLF

STD DEV B1lF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
Iy # DATA

Ne # SIMU
MEAN URN

STD DEV URN
HMEAN LUN CNT
STD DEV LC

ASSUM URINALYSIS SDEV

MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA

VM/1S

STD DEV STOEV SIGMA
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FILE: SUMARY

46.094879
0.780134
7.169995
0163660
1192769
0.081931
0.508510
0.019977

46299438
0.001000

53.252014
0.100050

102
100G

10.901917
8.937086

59.083740

47203
~0.1000

46357254
0.001000
3.302564
0.001000

D12 A VM/IS

MEAN BQO

STD DEV 30
MEAN BOF

STD DEV BOF
MEAN B1

STD DEV Bl
MEAN B1F

STD DEV BIF
MEAN YNEWF
STD DEV YNF
MZAN PRED

STO DEV PRED
Iy # DATA

Ne # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DevV LC
ASSUM URINALYSIS SDEV
MEAN ESIGMA
S5TD DEV ESIG
MN SDEV SIGMA
STD DEV STDEV SIGMA
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FILE: SUMARY

46020966
0.897176
T.158410
0«137620
1.196703
0.084709%
0.505969
0.019704

464280731
0.189697

53.201050
Ce437365

102
100

10.901917
84937086

59.083740

47.03
-0.1000
46+338425
0.192996
3.301215
C.015625

o111 A VM/IS

MEAN B0
STD DEV B8O
MEAN BOF
STD DEV BOF
MEAN 81

‘STD DEvV Bl

MEAN 381F

STO DEV BIlF

MEAN YNEWF

STD DEV YNF

MEAN PRED

STD DEV PRED

Iy # DATA

Ne # SIMU

MEAN URN

STO DOEV URN

MEAN LUN CNT

STC DEv LC

ASSUM URINALYSIS SDEV
MEAN ESIGMA

STD DEV ESIG

MN SDEV SIGMA

STDO DEV STDEV SIGMA
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FILE: SUMARY

46582199
1066984
T.150089
0.138389
1.152836
0.096166
0507741
0.020729

46374039
0.190941

53.499191
0.511585

102
10

10.901917
8.937086

59.083740

4T03
-0.1000

46433685
0190941
3307963
0.013656

D10 A

MEAN 80
STD DEV B8O
MEAN BUF
STD DEV BOF

_MEAN Bl

STO DEV Bl
MEAN BI1F

STD DEV 31F
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
I+ # DATA

Ny # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DEV LC

ASSUM URINALYSIS SOEV

MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA

VM/ IS

STD DEV STDEV SIGMA
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FILE: SUMARY

4T«073425
1.002926
T7.183200
0.111853
1117676
0.086685
0.515670
0.013165
464472916
0.190086
53.779434
0.4921256

102

5
10901917
8.937086
59.083740
4703
-0«1000
46533615
0.190086
34315039
0.014084

09 A

MEAN 80

STD DEV BO
MEAN BOF

STD DEV BOF
MEAMN 31

STD DEV Bl
MEAN BI1F

STD DEV BIL1F
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
Iy # DATA

Ne # SIMU
MEAN URN

STD DEVY URN
MEAN LUN CNT
STD DEV LC

ASSUM URINALYSIS SDEV

MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA

VM/ IS

STD DEV STDEV SIGMA
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FILE: SUMARY

45.986618
0.531302
7.180245
0.123758
1.201644
0.057657
0.509395
0.009522

464289139
0.001000

53.197052
0.001000

102
1000

10.901917
8.937086

59.083740

4703
1.0000

46346466
0.001000
3.301785
0.001000

D4 A VM/IS

MEAN BO

STD DEV BO
MEAN B80OF

STD DEV BOF
MEAN Bl

STD DEV 81
MEAN 81F

STD DEV B1F
MEAN YNEWF
STD DEV YNF
MEAN PRED

STD DOEV PRED
Iy ## DATA

Ny # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DEV LC
ASSUM URINALYSIS SDeEV
MEAN ESIGMA
STD DzV ESIG
MN SDEV SIGMA
STD DEV STDEV SIGMA
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FILE: SUMARY

45979324
0«676070
T«187636
0.070789
1.200077
0.059168
04509215
0.006522

46293076
0.172255

S3.179688
0371830

102

100
10.901917
8.93708%6
59.083740
4703
1.0009

46349915
0.152835
3.302021
0.014046

D3 A

MEAN B0

STD DEV 80
MEAN BOF

STD DEV B8OF
MEAN BL

STD DEV 81
MEAN BLlF

STD DEV BIF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
Iy # DATA

Ne # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DEV LC

VM/IS

ASSUM URINALYSIS SDev

MEAN ESIGMA
STD DEV ESIG
MN SDEV SIGMA

STD DEV STDEV SIGMA
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FILE: SUMARY

46.491028
0.606318
Tel65442
0.056816
le161008
0.048280
0509475
0.006354

464371887
0.110240

53457047
0.332682

102
10

10901917
8.937086

59.083740

47403
1.0000

464430969
O0.112191
3.307817
0.008337

D2 A VM/IS

MEAN BO
STD DEV BO
MEAN BOF
STD DEV BOF

.MEAN B1

STD DEV Bl
MEAN BLlF

STD DEV BIF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
I+ # DATA

Ny # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD Dev LC

ASSUM URINALYSIS SDEV
MEAN ESIGMA

STD DEV ESIG

MH SDEV SIGMA

STD DEV STDEV SIGMA




FILE: SUMARY

46.813049
0.515388
T«175302
0.063948
1.137032
0.038824
0.512737
0.004367
46.432693
0.062500
534635193
0296464

102

5
10.901917
8.937086
59.083740
47.03
1.0000
460492661
0.062500
3.312164
0.005167

(V) A

MEAN 80

STD DEV B8O
MEAN BOF

STD DEV BOF
MEAN Bl

STD DOEV Bl
MEAN BLF

STD DEV BLlF
MEAN YNEWF
STD DEV YNF
MEAN PRED
STD DEV PRED
Ie # DATA

Ne # SIMU
MEAN URN

STD DEV URN
MEAN LUN CNT
STD DEV LC

ASSUM URINALYSIS SOEV

MEAN ESIGMA
STD DEV ESIG

MN SDEV SIGMA

VM/1S

STO DEV STDEV SIGMA
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FILE: FOROUT DATA A VM/IS
XMNsYMN+BO,B1
10.901960 59.084137 454795166 1.218951

SUMX;SUHY,SYSQ,SXSQvSXY
1112.000000 60264582030 5794664187000 20190.000000 75534.812500
SMRESQvCOUNT,SSDEVXvS

211401.750000 102.000000 8067.023437 45978444
B80FACT,81FACT
7.202208 0.511915
ESIG,SIGFAC
466326913 3313262
SIGMOD
454750262
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DATA

A

vM/1S
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FlLE:

PROJUT

60000090

DATA

A VM/LS

53.108372

110

100.30200020

464271375



FILE: PARAMS JATA A VM/LS

43400192 6471419 1400366 2.40939 56.02323 45250545 4657042 3431766
49473906 6425418 0.31794 0437356 564454673 4544014 46452093 3.31423
49416710 0434590 0.99423 0.44186 55.13240 36436931 4546146 3.30992
47452839 673415 1.013818 0.43899 53.59749 46432513 46439150 3.30512
51483929 6423300 0.67399 U0.390l1 55.33319 46.83839 4552789 3434320
49.64490 6.30893 0454751 04350399 55.33003 46.71997 46480313 3.33417
54436703 7.022565 0639166 0.48754 57.21700 47.39958 4747015 3438190
5375015 £.92862 32443713 0446870 56.57293 47429750 47436794 3437449
43451984 6473236 0.96828 045979 54.32951 46453044 40460092 3.31983
S0417500 6421841 Ue76030 0435911 54473682 45451031 46459026 3.31920
S4e4C941 6453417 Ge4ll39 0.41530 56487776 4731685 47+39153 3.37612
51434230 6425687 0469367 0437995 55.31028 46.76331 404£4877 3433765
49028014 6435338 0492279 Ce4l558 54.31088 46040549 46449068 3.31217
51499803 5.83590 0e66893 0.34720 56.0L167 45465457 456.76305 3433139
43427779 5.79725 0489213 Ca29946 53.57083 45.59753 4568199 3425443
50441003 6419599 Ca75993 0436542 54.969564 46254222 464062553 3.3215%6
49299993 6420920 0485902 0439662 55414810 46445683 46454636 3.31600
50071104 6.50141 0.30949 0445191 55.51393 46481041 46489310 3.34094
50014253 5.39340 Je75882 0431769 54.59545 46423201 40432001 3.29980
5061714 5473998 0.800636 246838 55.45823 46485291 46493179 3.34342
53446245 7.05726 0.52093 0.49163 56.58804 47.28938 47.35900 3.37377
49435528 0442035 0494292 0.43707 55.02281 4646503 46455205 3.31622
4944281 6493637 CeB8B6TT 0.47742 54476343 46675429 46482227 3.4335060
52470872 65.32841 0e61238 0441443 56.33300 47202040 47411154 3435639
51456347 6.90621 0465395 0447018 55.88715 47409836 4T7.1690% 3.356021
47225661 7429911 1+08153 0449655 53.74577 45447171 456453214 3.31501
5388112 5.85565 0Q«4%0l2 N.30850 56.55785 47.0338% 4T«13312 3435767
54440698 6437412 0449061 0446255 57.33563 47425012 47.35100 3437348
49.15364 6.35514 Ge84980 0437827 5425241 4633991 4546493 3.31003
46087458 6e51318 1409453 0.41967 53.44186 46.00856 4608157 3.28281
48452682 6.01374 0484459 (0432061 53459437 45497354 46405132 3.28095
48457690 6.54368 Ce93310 0.42803 54417552 46445979 46453030 3.31493
574110 5476551 0453323 0428963 54.84076 46426100 404350583 3.30213
52450503 6.47583 0.59411 5.40881 56.07063 47404693 47.12798 3.35752
53425266 6407004 Q.54317 C.36910 56+.54167 47.01085 47.10637 3.35585
54204294 6479274 C.45748 0.45868 56.84779 47430122 47437769 3.375907
49.71l640 6445995 0.96574 0.47067 $5.51086 46455833 46465125 3.32343
51443500 6450845 2.79353 2.4699% 55.135616 406488135 46.97473 3.34652
5145335 6439390 0475820 0.44003 50400252 46483945 40.93147 3.34349
52466335 6485837 0.54840 Ge43118 55.95374 4Te179T3 47.24251 3.36547
53465138 6.534l6 $.50347 0.42939 50470221 47420921 47.29341 3.35932
44.59943 6432205 l=23491 0.38036 52.0039L 45.22629 45.29553 3.22674
5072345 6431756 0474456 0444705 55.19583 «6.90784 45.97600 3.34678
5348239 6481093 0.57506 0.50372 5685275 47422905 47431580 3.37077
45475610 6.69082 1418403 0.47218 53.86229 46011577 46419293 3.29087

111



FILE: PaRMS

5691187
5798679
50442345
51.00125
56423501
43416467
51.70778
4537581
52475793
49.18835
4758625
5306096

3485794
46420844
54492233
4T7.12135%
43+16908
55459766
5le72583
5026120
56435548
52447531
43.04713
53.78152
50.66703
51.50561
5J.34333
4%.91016
43.28568
43.88197
51.22289
53.12555
46.85785
Sled2447
48.96181
50430220
47+33695
49.03684
47438593
52.03168
5235703
5066817
45445662
47.18268
47.69151
47221732
43436542
Slew4E62
43.86160
49445070
49.1729)
55453162
4198897
52.18712
4T.64093

DATA

54373930
5039525
6.232394
615790
6437520
6.87419
5.93637
€.63527
6.01961
6.1701°%
6.53702
6.01126
5411233
692740
64246223
640641
706375
Te20949
6435535
6.80336
6474971
T.01665
5.81489
5748066
5.40358
5372123
6431564
6.26592
6e44495
65449786
653815
6453900
Ee31266
5«29239
654578
6415147
5637044
S«3U832
6423345
673403
603954
640674
6.50982
6458177
650946
6433521
6.82R46
6.60280
6.19499
5417164
b5.14154
645908
0632252
6.02579¢4
64354650

A

Q020996
Cs11C16
Je81656
O« 78465
J«30505
Q93138
0e58530
Ca91196
0.50998
Je4d9987
le 06515
0.75199
081049
109352
Je370°1
1l.09219
0.95215
J¢34103
0«600206
0.76680
0.20147
057331
le44352
04350475
078403
Ce06747
Ce230751
CeB1721
0481785
0.80581
Ca74752
0e5324%
106226
0.70565
D.91335
0.34052
l.10025
0.83311
l«22958
J«63008
Ce57158
C.78333
le14338
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APPENDIX D

CORRECTIONS TO CALIBRATION DATA SET

A difficulty often encountered in the measurement of
radiocactivity at near-background levels is that the sample
net counting rate may be negative due to random
fluctuations in the source and background emissions.

Little (1982) points out that, when it is known that the
net counting rate must be positive, there are approaches
for estimating the net counting rate which incorporate this
prior information.

These approaches result in probability density
functions for the net count rate which contain zero
probability for negative net count rates. The expectation
and mode of these densities can be used as estimates of the
true net counting rates; these quantities are always
positive.

Eleven of the record pairs in the calibration data set
utilized in this thesis initially contained negative
estimates for Uranium-235 lung burden. Smith et. al.

(1987) indicate that the Uranium-235 lung burden estimates

were calculated using gross counts of gamma emissions in
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the 186 keV range along with background count data. They
further indicate that this process could and did sometimes
result in negative Uranium-235 lung burden estimates.

It would be appropriate to apply the techniques
suggested by Little to correct the negative Uranium-235
lung burden estimates found in the calibration data set.
However, these techniques require information concerning

the source and background counting rates and times which
‘ was not available. Therefore, it was simply recognized

that negative Uranium-235 lung burdens were physically

impossible and, as a first approximation toward correcting
them, the negative values were set to zero.

|

|
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