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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

radioactive 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

epidemiologic 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-l 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-l. 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 1-2 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 1-2. 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

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



1.3 Review of Related Research

Other researchers have addressed related problems

involving inference of certain bioassay 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 U3O8,

"black oxide".

Plant 4 converted UO3 to UF4, "green salt", in a

continuous flow chemical reactor system. UO3, also referred

to as orange oxide, was reduced with hydrogen to form UO2

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

13



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

14



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

15



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-l depicts average urinalysis

values by year for FMPC workers.

16



Table II-l. Annual Mean Urinalysis and Lung Count Values

Year

Mean Urinalysis
(Micrograms per liter)

Mean

U-235

Lung Count
(micrograms)

Mean

U-238

Lung Count

(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 5

1974 7 75 16

1975 8 52 8

1976 7 47 6

1977 6 30 6

1978 6 45 9

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-l.
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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 1-2 on page 5, and the mean quantities of Uranium-235

and Uranium-238 measured are identified in Table II-l.
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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-l on page 5

and average urinalysis values are summarized in Table II-l.
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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 = {Xi, Yi,

i = 1, 2, ..., n}, for imputations of lung burdens in

workers for whom only urinalysis results are available. If

Yn denotes the lung burden of Uranium-235 and Xn, a new

urinalysis result for an individual for whom Yn is not

measured, then a procedure is needed to infer a probability

distribution for Yn based on the observation of Xn and the

calibration data, D. Symbolically, the predictive density

of p(Yn|Xn,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 relation'ship 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
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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) , 0, 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|0)

denotes the probability of the data conditional on 0, 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 10) p(0)
p (01 DATA) =

I p (DATA 10) p(0) d0

Since the denominator is not dependent on 0, this

expression is generally rewritten:

p (01 DATA) oe p (DATA 10) p (0)

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:

Y j_ I Xi = Bq + B^Xi + P-i, i=l, 2, . . . , n
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where Xi and Yi represent the i-th observation on

independent and dependent variables respectively. The

random errors of Yi are represented by |li. For simplicity,

these errors are assumed to be independent and identically

distributed as N(0,a2). The unknown parameters of the

model, then, are Bq, Bi, and O. These parameters must be

estimated from the data.

The likelihood function in this case is given:

p{i, X I Bo, Bi, a) « -L e
a"

(Yi-Bo-BiXi)'

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(Bo) «= CONSTANT p(Bi) « CONSTANT p (O) « 1/a

0<O<oo, 0<Bo<®®, 0<Bl<eo

p(Bo, Bi, a) = p(Bo)p(Bi)p(a) oc 1/a

This implies that the probabilities of Bq and Bi

falling into any interval of fixed size between 0 and +00 are

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

multiplying the likelihood and the prior:

(Yi-Bo-BiXi)

p(Bo, Bi, a I X, Y) « e\ 20

n

2 ̂

^n+l

The maximum likelihood estimators, Bq and Bi, 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):

E Yi - BiX Xi
i=l i=l

Bo =
n

n  n

Bi =

n X - E Yi
i=l i=l i=l

n  / " \2

n E - E Xi
i=l U=1

The posterior density of the parameters Bq and Bi may

be obtained by integrating a out of the joint posterior

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

distributions with n-2 degrees of freedom:

2 (Xi-X)
i=l

n
•'■I

i=l

1/2

X  (Bo - Bo) I X, X ~ tn-2

2 (Xi-X)
ll/2

U=1 X  (Bi - Bi) I Y, X ~ tn_2

An unbiased estimator for is (Walpole and Myers,

1989) :

2(^1 - Bo - BixJ'
s2 = iiL

n-2

The posterior densities of Bq and Bi were calculated

for the sample data set by the FORTRAN program "CALC"

(Appendix Cl) written for this purpose.

MODE (Bo I X, X) = Bo = 45.8

SD (bo I X, x) = 7.20
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MODE(Bi I X) = Bi = 1.22

SD (Bi I X, x) = 0.51

The posterior densities may then be represented;

(bo - 45.80)
I  X

7 .20

(bi - 1.22)
0.51

, X ~ tioo

X, X ~ tioo

These distributions are displayed in figures III-l 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 Bq, for

instance, is given:

p[(45.80 - 1.64 * 7.20) < Bq < (45.80 + 1.64 * 7.20)] = .9
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P(34.0 < Bo < 57.6) = .9

By integrating Bq and Bi out of the joint density one

obtains the posterior density for O:

Jo Jo

P  (a I X, X) = I I p(Bo, Bi, a I X, Y) dBo dBi

oc —1— fo < O < oo ; n > 2)
^yn-l ^ >

Recognizing this as an inverted gamma distribution, the

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

if]
if)

E  (a I X, X) = ; ̂  [ I—S

f(n-2)£ 2
vl

SD (a I Kf 1) = ~ I

Using the "CALC" program, these values were calculated

using the sample data set:

E  (a I X, X) = 46.3 SD (a I X, X) = 3.3
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3.3 Predictive Distribution for Uranium-235 Lung

Burden

Using the calculated parameters and the calibration

data set, it is possible to determine predictive intervals

for lung counts imputed from new urinalysis data. If a new

urinalysis measurement, Xn, is provided, the relation

between Yn and Xn given by the model is:

I  Xn — Bq + BiXn + p. |i = N(0, a2)

The predictive density of Yn is:

p(Yn I Xn, X, x) =

J*00 0OO 0OO
I  I p(yn I Xn, Bo, Bi, o) p (bq, Bi, gIx, x) dBo dBi dCT

0  Jo Jo

This integral is evaluated to yield the following

expression for the density of Yn:

Ym ~ Bn - BiXil-^N

1+1+ (xn - x)'
S(xi - xf

n  n

i=l

I  X, X ~ tn-

34



The FORTRAN program "PREDICT" (Appendix 02) was

written to perform the necessary calculations. Using the

calibration data set and a test record with known lung

count, Yn*,

Xn = 6 micrograms/liter , Yn' = 33 micrograms,

the following predictive distribution resulted:

Yn - 53.1
~ bioo

46.3

The 90% probability interval is given:

p[(53.1 - 46.3 * 1.15) < Yn < (53.1 + 46.3 * 1.37)] = .9
= p(0 < Yn < 117.0)

The actual Uranium-235 lung burden value of Yn' = 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.

36



D
e
n
s
i
t
y

0
.
0
1
0
0
1
 -

0
.
0
0
9
0
1
 -

0
.
0
0
8
0
1

0
.
0
0
7
0
1

0
.
0
0
6
0
1

0
.
0
0
5
0
1
 -

0
.
0
0
4
0
1

0
.
0
0
3
0
1

0
 .
0
0
2
0
1
 -

0
.
0
0
1
0
1
 -

0
.
0
0
0
0
1
 -

I
 I
 

I
1

 1
1

 I

2
0
0

1
0
0

3
0
0

Y
n

F
I
G
U
R
E
 
I
I
I
-
3
 
P
r
e
d
i
c
t
i
v
e
 
D
i
s
t
r
i
b
u
t
i
o
n
 
f
o
r
 
Y
n
.
 
(
M
i
c
r
o
g
r
a
m
s

U
2
3
5
.
 

M
e
a
n
 
5
3
.
1
,
 
S
D
.
 
4
6
.
3
,
 
D
F
 
1
0
0
)

M
i
c
r
o
g
r
a
m
s
 
U
-
2
3
5



o
o

D
e
n
s
i
t
y

0
.
0
0
7

O
.
O
O
B

0
.
0
0
5

0
.
0
0
4

0
.
0
0
3

0
.
0
0
2

0
.
0
0
1

0
.
0
0
0
 -

I
 1 

1
—
T
 
1
—
T
 

1 
1
—
1
 

1 
r
—
I
 

1 
1 

1 
I 

I 
I 

I 
I 

I 
1 

I 
I 

I 
I 
'

1
 I 

1 
I
 

I
 

I

4
0
0

3
0
0

2
0
0

1
0
0

Y
n

F
I
G
U
R
E
 
I
I
I
-
4
 

P
r
e
d
i
c
t
i
v
e
 
D
i
s
t
r
i
b
u
t
i
o
n
 
f
o
r
 
Y
n
.
 
(
M
i
c
r
o
g
r
a
m
s

U
2
3
5
.
 

M
e
a
n
 
1
4
3
,
 
S
D
 
5
8
.
2
,
 
D
F
 
1
0
0
)

M
i
c
r
o
g
r
a
m
s
 
U
-
2
3
5



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, Xi,

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 Yn given a

supplied urinalysis measurement, Xn. This process was
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repeated multiple times to generate a distribution of

estimates for Bor Bir and Yn.

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 Bi decreases and the

estimate for Bq increases. Bi may 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, Bq niay be

expressed as the mean of the lung counts minus the product

of Bi and the mean of the urinalyses. As Bi decreases, Bq

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 Bq Mean 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

ICQ 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 netlib0ornl 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 standard

deviation of the urinalysis measurement and then this

quantity 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 Bq, Bi, and Yn by the same

methods as the "CALC" program. At the end of the step,

Bi, and the mode of Yn are written to a "FARMS 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 Dl, SUMARY D2, etc.

4.3 Results of Computer Simulation

Simulation runs of 5, 10, ICQ, 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-1., 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 04. 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

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.

This research identified a means whereby one of the

most common biological monitoring measures, urinalysis,

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

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 to 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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SAMPLE DATA SET



FILE: FORINP TEMP A VM/IS

DATA SET

PAIRED URINAUYSES AND LUNG COUNTS
OCCURRING IN SAME MONTH
PLANT 8 WORKERS

NEGATIVE VALUES SET TO ZERO

URINALYSIS LUNG COUNT
MICROGRA.MS EST- BURDEN

PER MICROGM. U235

LITER

17.00 27.00

7.00 19.00

3.00 0.00

1.00 97.00

10.00 S.OO

10.00 0.00

0.00 28.10

8.00 129.00

1.00 112.00

1.00 70.00

21.00 125.00

5.00 79.00

9.00 95.00

20.00 98.00

7.00 102.00

7.00 102.00

10.00 119.00

10.00 33.00

6.00 90.00

1.00 19.00

9.00 58.00

16.03 101.00

8.00 0.00
18.00 116.00

55.00 116.00

9.00 2.80

7.00 30.00

11.00 90.00
18.00 222.00

11.00 73.00

39.00 159.00

9.00 89.00
10.00 32.00

7.00 33.00

3.00 33.00

6.00 33.00

3.00 92.00
28.00 33.00

18.00 0.00

7.00 0.00

11.00 57.00

16.00 93.00
8.00 28.00

11.00 0.00
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file: FQRINP temp A VM/IS

;.00 58.34

3.00 23.00

5.00 O.OO
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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 Bq and Bi while integrating their

joint posterior density to determine the marginal densities:

(0 < Bo^ Bi <

Symbolically, we wish to determine p(Bo, Bi, al X, i) ,

the posterior density. This may be obtained by multiplying

the likelihood function:

p(X, X I Bof Bi, CT)

by the prior density:

p(Bo/ Bi, O)

and dividing by the normalizing factor:

^OO AOO AOO

I  I IJo Jo Jo

X  I Bq, Bi, O) p(Bo, Bi, O) dBg dBi do
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Subsequently, we will not consider the normalizing factor

but will simply express:

p(Bo, Bi, ajx, X) oc p(X, X I Bo, Bi, a)p(Bo, Bi, a).

The simple linear regression model is:

Yi I = Bq + BiXi + |li^ i=l,...,n

Bq and Bi are unknown regression parameters. If fli...|ln sre

assumed i.i.d. N(0, a^), the model parameters are Bq, Bi, a;

and the likelihood of observing X^^, Yi is:

p(yi, Xi I Bo, Bi, a) oc X e
- -i-(Yi-Bo-BiXi
2a

The likelihood of observing X = (Yi, . ..Yn) with

X = (Xi, . . .,Xn) is:

p(x, X I Bo, Bi, a) oc X ei 2a

Assuming a vague prior density:

P(Bo) oc const. P(Bi) oc const P (a) oc 1/a

p(Bo, Bi, O) = p (Bo)p (Bi)p (CF) oc 1/a
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The joint posterior density, then, is:

p(Bo, Bi, a I X, X) ^ e I (Yi-Bo-BiXi)
-2a

^n+l

- ̂  I (Yi-Bo-BiXi)
2a

where Bq^O, Bi>0, a>0. The maximum likelihood

estimators for Bq and Bi are equivalent to the least squares

estimators. The sum of the squared residuals is:

5^(Yi - Bo - BiXj'
i=l

This expression may be differentiated to obtain the partial

derivatives with respect to Bq and Bi.

5^(Yi - Bo - BiXi)^ = -2X(Yi - Bo - BiXi)
i=l i=l

aBii.i
X (^1 - B„ - BiXiF - -2^ (^i - Bo - BiXj Xi

1 = 1

Setting these expressions to zero and rearranging, the

normal equations may be obtained:
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n  n

nBo + Xi = X Yi
i=l i=l

n  n n

BoX Xi + BiS = S
i=l i=l i=l

and the estimators for Bq and Bi may be expressed:

X Yi - BiX Xi
_ i=l i=l

hSo -
n

n  n

nX - X
T-. _ i=l i=l i=l

"S - S ''i
i=l Vi=i

An unbiased estimator for is (Walpole and Myers, 1989)

s^ =
y (yi - Bp - BiXi)'
h  n - 2

2

Noting that:

(yi - Bo - BiXi)^ =

[(yi - Bo - BixJ - (bo - Bo) - (bi - B^jxif^
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the density of the parameters Bq and Bi may be obtained by

integrating the joint posterior density over a:

fplBo, a I ii, xlda ^ f da

This can be reduced to a standard integral by substituting

n

a = S (Yi-Bo-BiXi)^
1=1

and performing a change of variables, letting

T = (a/2) a"2

dT = -a o"^da

da = -dT/aa"^

= (T/(a/2))-^^^

to obtain
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.1
a L\a/2

-1/2 2-n

e  dT = - — -^r
(a/2r^ - ̂  Jo

n/2 - 1 _m
T  e ̂  dT

This is equivalent to (Beyer, 1991):

—-— tm
{a/2r^

a
-n/2

Before substituting

E (Yi-Bo-BiXi)
1=1

for a, we rearrange:

I (Yi-Bo-BiXi)^ =
1=1

I [(Yi-Bo-BiXi) - (bo-Bo) - (bi-BiIxJ
1=1

S [(Yi-Bo-BixJ + (bo-BoF + (Bi-Bi)'xi'.
1=1
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- 2^ [(yi-Bo-BiXiKBo-Bo) + (Yi-Bo-BixjBi-Bilxi]
i=l

2X [(bo-Bo) (bi-BiIxJ+

1=1

The second term of this expression may be eliminated if we

note that:

S (yi-Bo-BiXi) = 0 and I (yi-Bo-BiXi)xi = 0
1=1 1=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, Bi I i) «

{n-2)s2 + n(Bo - Bof + (bi - Bif^ + ̂ (bo - BqKbi - bJ^ Xi
1=1 1=1

Bo and Bi, given X and Y, are jointly distributed as a

bivariate t-distribution. By integrating, the marginal

univariate posterior distributions for Bq and Bi are

obtained:

p(bo I X, y) =
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j  p(bo, Bi I X, X) dBi
Jo

(n-2)s2 + n(Bo-Bof + (bi-bJ^^ + 2(bo-Bo)(bi-Bi)X Xi
_ n

2
dBi

i=l i=l

If we substitute

A = (n-2)s^ + n(Bo - Bq)

B = X
i=l

C = 2(bo - Bo)X Xi
i=l

The integral may be expressed:

A - (bi - Bi) +
4B I 2Vb/ -

dBi

Taking

2 = TV _ c:a^ = A -
4B

;  and = jfB (bi - bJ + -^|
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This reduces to the standard form

foo

^ f (Vb Jo

)_ n
2 dx 2L

(2n - 3) ! ! i_
fe 2 {2n - 2) ! ! a2" - 1

(Gradshteyn, 1965) This is proportional to:

.2(n - l)/2

(n-2)s2 + hIbi - BiF
j(bo - Bof

/ n

Vi=l

4lxi=
i=l

(n-1)

nX (Xi -
1 +

i=l

(n-2)s2X Xi^
i=l

(bo - BoF

(n-l)

A t-distribution with \) degrees of freedom is distributed;

So, the normalized distribution of Bqis given;
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i=l

n

ifSx/
i=l

1/2

X  (Bo - Bo) I Y, X ~ tn_5

The distribution of Bi may be evaluated in a similar manner;

p(bi I X, x)

(n-2)s2 + n(Bo-Bo) + (bi-Bi^ Xi + 2(bi-Bi)5^ XiIbo-Bo)
i=l i=l

_ n_

2 dBo

by letting

= [{n-2)s2 + (bi - bJ'

B = n

C = 2(bi - bJX Xi

i=l

and then integrating as before, the normalized distribution

of Bi is found:
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Bi -Bi

E (xi - 3^
\l/2

X, X ~ tn-

^^1=1

Likewise, the predictive density of Yjj may be obtained:

p(yn I Xn, X, x) =

POO POO POO

I  I I p{xn I Xn, Bo, Bi, a) p (bq, Bi, a IX, x) dBo dBi da
Jo Jo Jo

which yields the following distribution for Y^:

Yn Bq - BiXn

1 + i - 3'
n  n

I k - xf
i=l

I  X, Y tn-n-2

The posterior density of O may be obtained by integrating Bq

and Bi out of the joint posterior density:

,  {- (Yi-Bo-BixJ'
1  ̂ 20 .p(a I X, x) I —^— e\ ) dBo dBi

Jo Jo "•n + 1

Substituting
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X (Yi - Bo - BiXi)' =
i=l

(n-2)s2 + nlso - Bof + (bi - Bif X + ^(bo - BqKbi - bJ^ Xi
i=l i=l

and integrating, we obtain

p(a I X, X)
^jn-l

2

The expectation is given:

^—) /
E«j I X, X) = ; ̂ F-2.r|^) U

1/2

S

and

SD (a I X, Y) = " [e(<7 I X, Y)
a

2 12
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APPENDIX C1

"CALC" - FORTRAN PROGRAM FOR CALCULATION

OF REGRESSION PARAMETER ESTIMATES
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APPENDIX C2

"PREDICT" - FORTRAN PROGRAM FOR CALCULATION

OF PREDICTIVE DENSITY



file; predict Fortran a vm/is

c

c

c

c

c

c

c

10

c

20

30

32

34

40

PROGRAM PREOIC

MAIN CONTROL PROGRAM FOR PREDICTION OF r*S (PERHAPS U235
LUNG COUNTS! BASED ON X'S (PERHAPS URINALYSIS MEASUREMENTS
OF URANIUM - MASS UNITS - 1

DQU3LE PRECISION YNEW,XNEHtBZEROf30NE»SMRESOtCOUNT«XMN»SSDEVX
CHARACTER « 10 ID

OPEN (UNIT = 2. FILE = 'FOROUT', STATUS = 'OLD')

YNEW=0.0

XNEW=0.0

B2ERO=0.0

B0N£=0.0

SHReSO=0.0

COUNT=0.0
XMN=0.0

SSDEVX=0.

XNEw= NEW X, YNEW=PRED Y, 8ZER0=INTERCEPT, 30NE=SL0PEt
SMRESQ=SUM OF RESIDUALS - SOUARED» COUNT= NUM3R OF DBS
XMN=MEAN Xt SSDEVX= SUM OF SQUARED DEVIATIONS OF X FROM MEAN
IO=IDENTIFIER FOR RECORD

R£AD(2tlO) DUMMY
FORMATIlAll

SKIPPING A RECORD
READ(2.20) XMNtBZEROtBDNE
FORMATI1X,F14.6,14X»F14.6,FI4.6I
REadiztBO) dummy
FORMATIlAll

READ(2,32) DUMMY
FORMATIlAI)

REA0(2»34) dummy
FORMAT! lAl I

reao(2»40i s.mresq,count,SSDEVX
FORMATILX,F14,6,F14,6,Fi4,6 I
CALL PRI3ZER0,BONE,SMRESQ,COUNT,XMN,SSDEVX)
CLOSE (2)
STOP

ENO

subroutine PR IBZERO,bone,SMRESO,count,XMN,SSDEVX)

DOUBLE PRECISION BZERO,BONE,SMRESQ,COUNT,XMN,SSDEVX
DOUBLE PRECISION S,YNFACT,YNEW,XNEW,DF
CHARACTER a 10 ID

OPEN (UNIT = 3, FILE = *PR0IN», STATUS = 'OLOM
OPEN (UNIT = 4, FILE = "PRDOUT*, STATUS = 'NEW')

PREOOOIO

PRE00020

PRE00030
PRE00040

PRE00050

PRE00050
PRE00070

PRE00030
PRE00090
PREOOlOO

PREOOIIO

PRE00I20

PRE00130

PRE00I40
PRE00150

PRE00160
PRE00170

PRE00180
PRE00190

PRE00200

PRE00210
PRE00220

PRE0023Q

PRE00240

PRE00250
PRE00260

PRE00270

PRE002B0

PRE00290
PRE00300

PRE00310
PRE00320

PRE00330

PRE00340
PRE00350

PRE00360
PRE00370

PRE00380

PRE00390

PRE00400

PRE00410
PRE00420

PRe00430
PR600440

PRE00450
PRE00460

PRE00470

PRE00483
PRE00490
PRE00500

PREO05I0
PRE00520

PRE00530

PRE00540

PRE00550

82



2
2
S
2
2
®
°
®
®
®
®
0
0
0
0
0
0
0
0
0
0
0
0

2
2
2
2
2
2
2
2
^
®
°
®
®
o
o
^
o
o
o
o
o
o
o

?
 ®
 ®
 ®
 
Q
 O
 O
 O
 O
 O
 O
 O
 O
 O
 o
 Q
 
o
 o
 o

Q.
c
i
.
o
.
C
L
Q
.
e
L
Q
L
o
.
a
.
^
a
.
a
.
O
L
C
L
O
L
(
L
a
.
e
i
,
Q
.
c
L
Q
.
O
L
Q
.

VzI
-
u

o
 o
 o

•
 •
 
M

O
 O
 K
 
O

li 
n
 
u
 o
 
t

3
 3
 <
 
t
 
O

U
J
 t
U
 
u
.
 O
 

II
z
 z
 z
 
n
 
u
.

X
 
>
-
 
>
.
 1/1 o

«
<
p

AX>U
J

ot
o

4
/
>

Vs.
<

•
»

o
•
V

»

u
t

z
4
-

z
p
-
4

K1
u
.

3
X

l
U

zX
O
 ̂
0

w
1

w»
H
 
-
4

*
o
 u
.

«
<

•
»

H
U
.
 X

o
Z

z
»
-
l
o

3
>
•
 

*-
»

t
O

»
 >
0

3
r
u

u
u
.
 
•

U
J

1
N
»

Q
 
si-

z
1
-

O
»

X
z
3
•

3
 u
.

D
 
U
J

U
J
 
»

•
*

O
Z
w

Z
 X

o
•
»
U
X

¤
>
-
 
-
-

o
<

•
p
*

t
f
\
O
 
N
.
 U
J
w

3
M

•
-
I
3
z
 ►

-
U

J 
•

O
1/1 

o
a

:
z
 

-i-
z

•O
 

U
J

C
D

n
 
o

X
 

<-4
U

J
•

o
;

♦
«

/i 
»

u
.

vj-
z

O
 
O

 
INJ

o
 

••
o

i/>
or.

4» 
1

fu
 
X

u
.

w
:u

to
 
t
.

»
 
w

i
w

1
-

K
l

II 
Z

s
f 

w
m

K
C

i 
03 H

 
D

w
 
1
-

<
O

M
U

 O
 

U
J 

<
o
 
z

to
3

<
 
O

 
1
- 
z

<
0
^

o
U

J U
. 

II
o
c

U
J o

II
Z

z
 

u
.

QC 
O

o
c

U
.

4
/1

>
-

>
• 

o
3
 

U
.

m
 

yf-
—

 
—

 
z0£

U
l U

J 
=>

(/> 
1/1 ^

 
Q

O
 O

 U
l 
z

^
 
^
 rt 

U
J

u
 
u

oo

too
o



APPENDIX C3

"SIMU" - FORTRAN PROGRAM TO SIMULATE EFFECTS

OF VARIABLITY IN URINALYSIS DATA



FILE: SIMU FORTRAN VM/IS

PROGRAM SIMU
C

C  MAIN CONTROL PROGRAM

PROGRAM EXPLORES THE EFFECTS OF UNCERTAIN INPUT URINALYSIS s
OaTa on BAYESIAN linear regression and prediction METHODS.
the PROGRAM OPERATES ON A SUPPLIED SET OF URINALYSIS AND LUNG I
COUNT MEASUREMENTS (FILE: FORINP OATA Al. EACH URINALYSIS #
measurement is ASSUMED TO COME FROM A NORMAL DISTRIBUTION WITH s
HEAN=VALUE reported and STO DEV= (USER RUNTIME INPUT).
RUNTIME INPUT). '
A normal random variable is generated from THIS DISTRIBUTION »
AND THE PROCESS IS REPEATED FOR ALL INPUT URINALYSIS VALU'^S. »
A LINEAR REGRESSION OF THE LUNG COUNTS VS. THE SIMULATED i
URINALYSES IS PERFORMED AND THE SLOPE (BONE) AND INTERCEPT s
(BZERQ) Parameters are stored, a lung count prediction is made »
FOR A representative URINALYSIS VALUE AND THE RESULT IS STORED. 9
TUC deviation for each is also calculated and STORED. s
Ic oeSc OUTPUT TO A file ( PARMS DATA A) AND THE PROCESS sIS REPEATED N=-USER RUNTIME INPUT- TIMES. SUMMARY STATISTICS

CALCULATED parameters AND ^these are written to a summary file (SUMARY data A). ft
MEAN OF EACH PARAMETER IS CALCULATED=SUM(PARAMETER)/N ft
STO DEV IS CALCULATED=SUM OVER I IP ARAMETER ( I )-MEAN) «2 / N-1 s

C«

Cs

C*

c«

c»

Cs

Cs

C«

c«

c~

Ca

Ca

Ca

Ca

Ca

ca

Ca

Ca

Ca

Ca

c* B DOLAN FALL 1991

INTEGER IY,I,J
real INOAT,OUTDaT,PRIN.PROUT,IFL.MNUR,MNLC
real SUR.SLC.SLCSOt SURSUtSURXLC »NFLtS30rSS0B0»S30F.SS0B0F.SBl
REAL SSU3I.SBIFtSYNF»SSaYNF.SPRtSS3SPRtMNe0TMN3l»MN30F»MNB1F
REAL MNYNF,MNPR,SD80,S0BDF,SDBltSD31F,SOYNF,SDPR
real ssoo.bofact.bifact.ssdevx.s.esig.sigfac
real NNESIG.SDESIG»SESIGtSSQES»MNSIGF,SOSIGF»SSIGFfSSQSGF

^  REAL Tl,T2tT3»TA.S0£S.SDEF,MNEStMNEF
dimension INOATO.IOOO)
DIMENSION OUTDATIBf1000)

INOaT(1,1)=URINALYSIS(I)
INDaT(2,I)aLUNG COUNT(I)
INDAT(3,I)aSIMULATED URINALYSIS(I)

OUTOAT(l,J)
OUTOATI2,J)

0UTDAT(3,J)
OUTDAT(l,J)
0UT0AT(5,J)
0UTDAT(6,J)
OUTDAT(7,J)
OUTDAT(8,J)

aBO(J)
=BOFaCT(J)

=311J)

a8IFACT(J)

=YNFACT(J)

=PR£D(J)
=ESIG(J)

aSIGFAC(J)

ACTUAL MG/L FROM DATA PAIR
ACT UG U235 FROM OATA PAIR
SIMULATED URINALYIS MG/L

MAX LIKL EST BO I DaTa
CALC STO DEV BO
max LIKL EST B1 I DATA
CALC STD DEV Bl
CALC STD DEV PREDICTION
MEAN OF PREDICTIVE DIST
expectation of SIGMA I DATA
CALC STD DEV OF SIGMA

lY
INDEX FOR INPUT DATA SET
SEED FOR NEXT CALCULATION OF RANDOM NUMBER
INDEX FOR OUTPUT DATA SET

SIMOOOlO

SIM00020

SI.M00030

SIMOOOAO
SIMOOOSO
SIH00060

SIM00070

SIM00030
SIM00090

SIMOOlOO
SIMOOIIO

SIM00I20
SIM00130
SIMOOIAO

SIM00150

SIM00160
SIM00170

siMooiao

SI MOO 190

SIM00200

SIM00210

SIM00220
SIM00230
SIM002A0

SIM00250
SIM00260
SIM00270
SIH00280

SIM00290
SIH00300

SIM003I0

SIM00320

SIM00330

SIM00390

SIM00350

SIM00360
SIM00370

SIM00330
SIM00390

SIMOOAOO
SIMOOAIO

SIM0OA20
SIM0OA3O
SI MOOAAO
SIM00A50

SIM00A60
SIM00A70

SIMOOAaO

SIM0OA9O

SIM00500

SIM005IO

SIM00520
SIM00530

SIM005A0

SIM0D55O

85



FILE; SIMU FORTRAN VM/IS

FRIN INPUT VALUE FOR PREDICTION

PROUT OUPUT PREDICTED VALUE
USDEV ASSUMED STANDARD DEVIATION OF URINALYSIS VALS
N  number of SIMULATIONSt <=1000

SUR SUM OF URINALYSES

SLC SUM OF LUNO COUNTS

SLCSQ SUM OF SQUARED LUNG COUNTS
SURSO SUM OF SQUARED URINALYSES

SURXLC SUM OF PROD OF Udl « LC (11
NFL = Nf S SIMULATION RUNS. FLOATED TO A REAL I!

SBO SUM OF BO'S

SSQ80 SUM OF SQUARED BO'S

SBOF SUM OF BO "FACTORS" (STD OEV)
SSQBOF SUM OF SQUARED BO SD

SB! SUM OF Bl'S

SSQBl SUM OF SQUARED Bl'S
SBIF SUM OF Bl STD OEV'S

SSQBIF SUM OF SQUARED 81 STD OEV'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

MN81 MEAN 31

MN30F MEAN BOF

MNBIF mean BIF

MNYNF MEAN YNF

MNPR MEAN OF PREDICTED VALS

MNES MEAN OF CALCULATED EXPECTATIONS OF SIGMA
MNEF MEAN OF CALCULATED STD DEVIATIONS OF SIGMA

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
SDSIGF STD OEV OF CALC SIGMA STD DEVIATIONS

SSIGF SUM OF CALC SIGMA STD DEVIATIONS
SSQSGF SUM OF SQUARED CALC SIGMA STD DEVIATIONS
SDES STD OEV OF SIGMA EXPECTATIONS
SDEF STD DEV OF SIGMA STANDARD DEVIATIONS

TI..T4 TEMP variables

SIM00560

SIMG057G

SIMGOSaO
SIMG059G

SIM00600

SIM00610
SIM0062G

SIM0063D

SIM006AG

SIM0G65G

SIMG0660

SIMGG670

SIM0D68D

SIMG0690

SIMOGTOG

SIMGGTIG

SIMG072G

SIMGG730

SIM007A0

SIM00750

SIMGD750

SIM0G770

SIMOG730

SIM00790

SIM0G300

SIMOGBIG

SIMGOaZO

siMGoaao

SIMGGaAD

SIMGGaSG
SDBG STD DEV BO SIMG0860
SDBl STD DEV Bl SIMGGBTO

SDBGF STD DEV BGF SIMDOBBG
SD31F STD DEV eiF SIMGGBRO
SDYNF STD DEV YNEWF SIMG090G
SDPR STD DEV PREDICTED YNEWS SIMGG910

S EST STD DEV OF ERRORS SIMOG920

SIM0G93U
SIM0G9A0

SIMGG95G

SIMG0960

SIMG097G

SIM009aO

SIM00990

SIMOIOOG

SIHOlOlO

SIHDIG2G

SIM01030

SIHGIOAG

SIMGIG50

SIMG1G60

SIM0I070

OPEN lUNIT = I. FILE = 'FDRINP' . STATUS = 'OLD'1 SIMOIOBQ
OPEN [UNIT = 3. FILE = 'PROIN' . status = 'OLD'1 SIMGIGPO

OPEN [UNIT = 2. FILE = 'PARMS' . status = 'NEW I SIMGllOO
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FILE: SIMU FORTRAN VM/IS

OPEN lUNIT = FILE = 'SUMARY*, STATUS = 'NEK*1 siNomo

SIM01120

SIM01130
PR0UT=0. SIMOllAO
PRIN=0. SIM0H50
S=0-0 SIM0H60
1 = 0 SIM01170
J=0 SIM01180
USDEV=l.O SIN01I90
N=1 SIM01200
ssaao=-o. SIM01210
SBI=0. SIM01220
SUR=0- SIM01230
SLCS0=0. SIM012'V0
SSOOF=0. SIM01250
SSQB1=0- SIM01260
SLC=0. SIM01270
SUR$3=0. SIM01280
SS030F=0. SIM01290
SBlF=a. SIM01300
SYNF=0. SIH013XO
SSQYNF=0. SIM0l32a
SPR=0. SIH01330
SS0PR=0. SIM01340
HNBO=Q. SIM01350
HNBI=0. SIM01360
MN30F=Q, SIM01370
MNBIF=0. SIM01380
MNYNF=0. SIM01390
MNPR=0. S I MO 1 LOO
3030=0. SIM01410
SDB0F=0- SIM01A20
SD31=0. SIM01430
SDaiF=0. 31301940
S0YNF=0- SIM01950
SDPR=0- SIMO1960
SBO=0. SIM01970
SDUR=0. SIM01980
SDLC=0. SIM01990
SB0F=0. SIH01500
SS03IF=0- SIM01510
ESIG=0- SIM01520
SIGFAC=0. SIM01530
MNESIG=0. SIM01590
S0ESIG=0. SIM015S0
SESIG=0. SIM01560
SS0£S=0- SIH01570
MNSIGF=0, SIMOlSao
S0SIGF=0. SIM01590
SSIGF=0. SIM01600
SS0SGF=0. SIM01610
MNES=0- SIM01620
MNEF=0. SIM01630
SOES=0. SIM01690
SDEF=0. SIM016S0
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FILE: SIMU FORTRAN A VH/IS

T1 = 0.
T2=0.

13=0.

T4=0.

WRITE(6,I I

SI101660
SIM01670

SIM01680
SIM01&90
SIM01700
SIM01710integer seed FOR RANDOM NUMBER GENERATOR (CON I: I SIM01720

REA0t5,2)IT

FORMAT!I3J

WRITE!6,3)

F0RMATI54H INPUT EST.
WRITE{6,4)

REAStslsfuSOs" """ URINALYSIS VADI
F0RMATIF8.3)~
WRITE(6,6I

URINALAVSIS MEAS STD DEV-INCLUDE DECIMAL:

SIM01730

SI MO 1740

SIM01750
I  SI MO 1750

SIM01770

SIMO 1730

SIM01790
SIH01800

SIM01810

RFaS?!!??;] SIMULATION RUNS DESIRED (OOOON):. S^MOl'L'SREADIStTIN
SIM01830

SIM01340
7  FORMATdSI

0=*===========*— SI MO 1340
C RANDOM NUMBER SEio'Mui^

C tNDrr!Tp''Tu%®f decimal. mJnUS SIGN MAY 3E USED TO 'si^oIb"
C B?"o EStX^E S^O^DeCI:''' ' "ACTION TO MULTIPLY EACH MEASUREMENT 9SIM01880

« integer: 00000 ^'sJmSI^OO, "-**'*-«-F_«„===«««a;.„„sss«s:«««=«s==s=«s««s»siM019l0

13

14

15

17

99

1=1

READ! 1 f 14, E.ND=15) INOATI 1, IJ , INDATI 2 , I)
FORMAT!F10.3,F10.3)
I=I«-1

GOTO 13

CONTINUE
1=1-1

R£AD!3,17IPRIn
F0RMAT!F10.3I
DO 99 J=1,N
CALL OATS I MllY,INOAT,I,PR IN,PROUT,USD£VI
CALL LRPR!INDAT,OUTDAT,J,I,N,PR IN,PROUTI
CONTINUE

MNLC=0.

HNUR=0.
SUR=0.

SLC=0.

SLC=0.

SLCSQ=0.
SURS0=0.

SURXLC=0.

DO 105 K=l,I
IFL = FLOaTII I

MNUR=MNUR»IN0ATI1,K1/IFL
MNLC=MNLC*INOAT!2,K)/IFL

SIM01920
SIM01930

SIM01940

SIM01950
SIM01960
SIM01970

SIM01980
SIM01990

SIH02000
SIM020ia

SIM02020
SIM02030

SIM02040

SIM02050

SIM02060

SIM02070

SIM02080

SIM02090
SIM02100

SIM02110
SIM02120
SIM02130

SIM02140
SIM02150
SIM02160
SIM02170

SIM02180

SIH02190

SIM02200
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FILE: SIMU FORTRAN VM/IS

290

300

<V00

DO 300 K=1.N

WRITE(2.290J0UTDATI 1,KJ .OUTOATIZtR) »0UT0AT(3.KI «01ITDAT( ) ,
I 0UTDAT(5»K), OUTOATt 5»KI tOUTDAK 7»KJ ,0UTDAT( 8»tC)
FORMAT!IH ,aF9.5)
CONTINUE

CLOSE 111

CLOSE 131

CLOSE 121

CLOSE I^rl

STOP

END

subroutine LRPR11 noat tOUTDAT.J,I.N.PR IN,PROUT1

C9 REGRESSION OF INPUT ARRAY INOAT, IN0AT(2,I1 -LUNG COUNTS- ON «
C« INDAT(3,II -SIMULATED URNALYSES-. OUTPUTS PARAMETERS. s

!
CF I
c» Z
C«»»sss«««s!s»»«»«««sasis:ss<=ifs--a------s4:«s»»<!s««e4!ss<i-s!eses»aesssis

REAL S.YNFACT,YNER,XNEH.OF,SSOEVX,INOAT,OUTDAT,ESIG,SIGFAC
real X,Y,Z,SUMX,SUMY,SYso,SXSQ.SXY,COUNT,BZERO,bone,YPRED
real RESD,ReSOSQ,SMRESD,SMRESO,SHSQMN,SMSQAR,SMSQDR,YMN,XMN
INTEGER I,J,K,N,H

C

DIMENSION IN0AT(3,10001
DIMENSION OUTDATI 8,10001

C

XMN=0-

YMN=0.

RESD=0.

R£SDSQ=0,

SMRES0=0.

SHRES0=0-
SHS0MN=0.

SMS0RG=0.

SMSQAR=0.
SMSQ0R=O.

B0NE=0.

BZERO^O.

YI = 0.

COUNT=0.

SUMX= 0.
SUMY= 0.

SYS3= 0,
SXSQ= 0.
SXY= 0.

XNEW=0.0

YNEW=0.0

SIM03310

SIM03320

SIM03330

SIM033'V0
SIM03350

SIM03360

SIM03370

SIM03380

SIM03390

SIMOSifOO

SIMOBI-IO
SIMDS-jZO

SIM03«30

SIMOB-jAO

SIM03450

SIMOBASO

SIM03470

SIM03480
SIM03490

SIH03500

SIM03510
SIM03520

SIM03530

SIM035A-0
SIM03550

SIM03560

SIM03570

SIM03530

SIM03590

SIM03600

SIM03610

SIM03620

SIM03630

SIMOBS^fO
SIM03650

SIM0366a

SIM03S70

SIH03680

SIM03690

SIM03700
SIM03710

SIM0372D
SIMO3730

SIM037'VO

SIM03750
SIM03760

SIM03770

SIH03780

SIM03790
SIM03800

SIM03ai0
SIM03820

SIM03830

SIM033L0

SIM03850

91
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FILE: SIKU FORTRAN VM/IS

C« INDICATES TO CALCULATE STO DEV =1/2 OF EACH MEASURED URINALYSIS «
Cs VALUE. «

real P»TtC0fCl,C2.Dl,D2tD3.XP
C0=2.515517

Cl=.802853

C2=.010328

Dl=l.'t32788

D2=.189269

D3=.001303

C0EF=1.

IF (P .GT. 0.5) C0EF=-1.0
IF (P .GT. 0.5) P=l.O-P

T=S0RT(AL0Gtl/(P9P)))
XP= COEF=(T-((CO*(C19T)♦(C2sT9T))/(1♦(D1«T)♦(D2=T«T)♦(D3»Ta93))))
RETURN
END
SUBROUTINE DATSIMIIY,INDAT,I,PR IN,PROUT,USDEV)

C
C

REAL P.XP.PRIN,PROUT.INDAT
INTEGER lY.I.K

DIMENSION INDAT(3.I000)

P  =RANOOM S FROM UNIFORM DISTRIBUTION
URAND IS FUNCTION WHICH RETURNS P. GIVEN SEED lY
XP =NORMAL "Z SCORE" CORRESPONDING TO PROS. OF P
K  INDEXES THROUGH INDAT

K=0
P=0.
XP=0.

DO 20 K=1,I
CALL URAND(lY.P)
CALL RNONOR(P,XP)
INDAT(3,K)=IN0ATt1,K)*(XP«USDEV)
IF (USDEV .GT. 0.) GOTO 5
INDAT( 3.K) = INDAT( l.K)s( l.*( XPS!(-1 .6US0EV ) ) )
CONTINUE

CONTINUE
CALL URANO(IY.P)
CALL RNDNOR(P.XP)
PROUT=PRIN.(XP»USDEV)
IF (USDEV .GT. 0.) GOTO 25
PROUT=PRIN«(l.»(XPtt(-l.#USD£V)) )
CONTINUE
RETURN
END

20

25

SIM0A960
SIM09970
SIM0A980
SIM0A990
SIM05000
SIM05010
SIM05020
SIM05030
SIM050't0
SIM05050
SIM05D60
SIM05070
SIM05080
SIM05090
SIM05100
SIM0511D
SIM05120
SIM05130
SIM051A0
SIM05150
SIM05160
SIM05170
SIM05180
SIM05190
SIHD5200
SIM05210
SIM05220
SIM05230
SIM052A0
SIM05250
SIMD5260
SIM05270
StM05230
SIM05290
SIM05300
SIM05310
SIM05320
SIM05330
SIM05390
SIM05350
SIM05360
SIH05370
SIM0S380
SIM05390
SIM05A00
SIM05A10
SIM05420
SIM05:.30
SIH056-90
SIM05't50
SIH05960
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APPENDIX C4

OUTPUT FROM COMPUTER PROGRAMS



FILE; SUMARY 016 VM/IS

SUMMARY STATISTICS OUTPUT FROM SIMULATION PROGRAM 'SIMU FORTRAN AV

5a.a7T335

2.a23A-2T

6.462816

0.334960

0.757153

0.265932

0.420287

0.053840

46.677032

0.410083

55.420837

1.259200

102

1000

10.901917

8-937086

59.083740

47.03

-0.5000

46.758789

0.432651

3.331172

0.030888

MEAN BO

STD DEV 30

MEAN BOF

STD DEV BOF

MEAN B1

STD DEV B1

MEAN BIF

STD DEV BIF

MEAN YNEWF

STD DEV YNF

MEAN PRED

STD DEV PRED
I, 1i DATA

N, SIMU

MEAN URN

STD DEV URN

MEAN LUN CNT

STD DEV LC

ASSUM URINALYS
MEAN ESIGMA

STD DEV ESIG
MN SDEV SIGMA

STD DEV STOEV

MEAN OF MAX. LIKELIHOOD ESTIMATES FOR BO
SD OF MAX. LIKELIHOOD ESTIMATES FOR BO

MEAN SD OF BO DENSITIES

SD OF SD OF BO DENSITIES OVER SIMULATIONS
MEAN OF MAX. LIKELIHOOD ESTIMATES FOR B1

SD OF MAX. LIKELIHOOD ESTIMATES FDR B1

MEAN SD OF 31 DENSITIES OVER SIMULATIONS

SO OF SD OF B1 DENSITIES OVER SIMULATIONS
MEAN SD OF YN DENSITIES OVER SIMULATIONS

SD OF SD OF YN DENSITIES OVER SIMULATIONS

MEAN OF MODAL VALUES FOR PRED DISTRIBUTIONS

SD OF MODAL VALUES FOR PRED DISTRIBUTIONS
» data pairs in calibration data set

a simulations

MEAN URINALYSIS IN CAL DATA SET

SD URINALYSIS

MEAN U-235 LUNG CT IN CAL DATA

SD OF U-235 LUNG COUNTS

IS SDEV ASSUMED URINALYSIS SD
MEAN OF expectations OF SIGMA

SD OF EXPECTATIONS OF SIGMA
MEAN OF SD OF DENSITIES OF SIGMA

SIGMA SD OF SD OF DENSITIES OF SIGMA
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PILE: SUMARY 015 VM/IS

50.5128A-8

2.878977

6,A43330

0.3-^8212

0.7801^0

0.263464

0.412828

0.054744

46.609482

0.567424

55.193542

1.369076

102

100

10.901917

8.93703O

59.033740

47.03

-0.5000

46.690033

0.568535

3.326249

0.041489

MEAN 30

STD DEV BO

MEAN 30F

STD DEV BOP
MEAN B1

STD DEV B1
mean sip

STD DEV BIP

MEAN YNEWP

STD DEV YNP

MEAN PRED

STD DEV PRED

I, 1'r DATA

N, ff SIMU

MEAN URN

STD DEV URN

MEAN LUN CNT

STD DEV LC

ASSUM URINALYSIS SDEV

MEAN ESIGMA

STD DEV ESIG

MN SDEV SIGMA

STD DEV STDEV SIGMA
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FIL£: SUMARY 014 VM/IS

52.455612 MEAN 30

3.417048 STO OEV BO

6.353666 MEAN 30F

0.340539 STO OEV BOF

0.616548 MEAN B1
0.310805 STO OEV B1

0.412595 MEAN BIF

0.055827 STO OEV BIF

46.875671 MEAN YNEWF

0.445853 STO OEV YNF

56.154907 MEAN PREO

1.577016 STO OEV PREO

102 I, « OATA
10 N. » SIMU

10.901917 MEAN URN

8.937086 STO OEV URN
59.083740 MEAN LUN CNT

47.03 STO OEV LC
-0.5000 ASSUM URINALYSIS SOEV

46,963562 MEAN ESIGMA

0.455007 STO OEV ESIG

3.345727 MN SOEV SIGMA
0,032106 STO OEV STOEV SIGMA
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file: SU^'.ARY D13 VM/IS

5A-.5I2't51 MEAN 30
3.53H12 STO OEV BO
6.360235 MEAN BOF
0.309298 STO OEV BOF
0.^45397 MEAN 31
0.331735 STO OEV B1
0.430173 MEAN BIF
0.043683 STO OEV BIF

47.130081 MEAN YNEWF
0.467707 STO OEV YNF
57.184814 MEAN PRED
1.545849 STO OEV PRED

102 I, ii. DATA

5  Nf Ii SIMU
10.901917 MEAN URN
8.937086 STO OEV URN

59.083740 MEAN LUN CNT
47.03 STO OEV LC

-0.5000 ASSUM URINALYSIS SDEV
47.223663 MEAN ESIGMA
0.471365 STO OEV ESIG
3.364221 MN SOEV SIGMA
0.033829 STO OEV STOEV SIGMA
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FILE: SUMARY 012 VM/IS

^6.09A379 MEAN BO

0-780134 STO OEV 30

7.169995 MEAN BOF

0.163660 STO OEV BOF

1.192769 MEAN B1

0.081931 STO OEV B1
0.508510 MEAN 31F
0.019977 STO OEV BIF

46.299438 MEAN YNEWF

0.001000 STO OEV YNF
53.252014 MEAN PRED
0.100050 STO OEV PRED

102 I, S DATA

1000 Nt a SIMU
10.901917 MEAN URN

8.937086 STO OEV URN
59.083740 MEAN LUN CNT

47.03 STO OEV LC
-0.1000 ASSUM URINALYSIS SOEV

46.357254 MEAN ESIGMA

0.001000 STO OEV ESIG
3.302564 MN SOEV SIGMA
0.001000 STO OEV STOEV SIGMA
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FILE: SUMaRY Oil VM/IS

46.020966 MEAN 50
0.397176 STO OEV 30
7.158410 MEAN BOF
0.137620 STO OEV BOF
1.196703 MEAN 31
0.084709 STO OEV B1
0.505969 MEAN 31F
0.019704 STO OEV BIF

46.280731 MEAN YNEWF
0.189697 STO OEV YNF

53.201050 MEAN PRED
0.437365 STO OEV PRED

102 I, « data
100 N, 1i SIMU

10.901917 MEAN URN
8.937036 STO OEV URN

59.083740 MEAN LUN CMT
47.03 STO OEV LC

-0.1000 ASSUM URINALYSIS SOEV
46.338425 MEAN ESIGMa
0.192996 STO OEV ESIG
3.301215 MN SOEV SIGMA
0.015625 STO OEV STOEV SIGMA
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FILE: SUMARY DIO VM/IS

^6.582199 MEAN BO

1.06698A- STD DEV BO
7.150089 MEAN BOF

0.138389 STO OEV BOF
1.152836 .MEAN B1

0,096166 STD DEV Bl

0.507741 MEAN 31F

0.020729 STD DEV 31F
46.374039 MEAN YNEWF

0.190941 STD DEV YNF

53.499191 MEAN PRED

0.511585 STD DEV PRED

102 It ;; DATA

10 N, a SIMU

10-901917 MEAN URN

8.937086 STD DEV URN

59.083740 MEAN LUN CNT

47.03 STO DEV LC

-0.1000 ASSUM URINALYSIS SDEV
46.433685 MEAN ESIGMA

0.190941 STD OEV ESIG
3.307963 MN SDEV SIGMA

0.013656 STO DEV STOEV SIGMA
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FILEt SUMARY 09 VM/rS

47.073425 MEAN 30
1.002926 STD DEV BO
7.183200 MEAN BOF
0.111353 STD DEV BOF
1.117676 MEAN 31
0-086685 STD DEV Bi
0.515670 MEAN BIF
0.013165 STD DEV BIF

46.472916 MEAN YNEWF

0.190086 STD DEV YNF

53.779434 MEAN PRED
0.492126 STD DEV PRED

102 I, S DATA
5  N. 5 SIMU

10-901917 MEAN URN
8-937086 STD DEV URN
59-083740 MEAN LUN CNT

47-03 STD DEV UC
-0-1000 ASSUM URINALYSIS SDSV

46-533615 MEAN ESIGMA
0.190086 STD DEV ESIG
3.315039 M.N SDEV SIGMA
0.014084 STD DEV STOEV SIGMA
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FILci SUMARY 0^ VM/IS

45.986618 MEAN BO

0.531302 STD DEV 80
7.180245 MEAN BOF

0.123758 STO OEV BOF

1.201644 MEAN B1
0.057657 STO OEV 31

0.509395 MEAN BIF

0.009522 STO OEV BIF
46.289139 MEAN YNEWF

0.001000 STO OEV YNF

53.197052 MEAN PREO

0.001000 STO DEV PREO

102 I, n OATA
1000 N. S SIMU

10-901917 MEAN URN

8.937086 STO OEV URN

59.083740 MEAN LUN CNT

47.03 STO OEV LC

1.0000 ASSUM URINALYSIS SOEV

46-346466 MEAN ESIGMA

0.001000 STO DEV ESIG

3.301785 MN SOEV SIGMA

O.OOIOOO STO DEV STOEV SIGMA
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FILE: SUMARY 03 VM/IS

45.97932A- MEAN 30

0.676070 STO OEV BO
7.137636 MEAN 90r
0.070789 STO OEV EOF
1.200077 MEAN 81
0.059168 STO OEV Bl
0.509215 MEAN BIF
0.006522 STO OEV BIF
A-6.293076 MEAN YNEWF

0.172255 STO OEV YNF
53.179668 MEAN PREO

0.371830 STO OEV PREO

102 It « OATA

100 Nt a SIMU
10-901917 MEAN URN

8.937086 STO OEV URN

59,083740 MEAN LUN CNT

47.03 STO OEV LC

1.0000 ASSUM URINALYSIS SOEV
46.349915 MEAN ESIGMA

0.152835 STO OEV ESIG

3.302021 MN SOEV SIGMA

0.014046 STO OEV STDEV SIGMA
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FILE: SUMARY 02 vM/rs

46.A-91028 MEAN EG

0.606318 STD DEV BO
7-165442 MEAN EOF
0-056816 STD DEV EOF
1-161008 .MEAN B1
0-048280 STD DEV El
0-509475 MEAN EIF
0.006354 STD DEV EIF
46-371887 MEAN YNEWF
0.110240 STD DEV YNF
53.457047 MEAN PRED
0-332682 STD DEV PRED

102 I, n DATA
10 Nt » SIMU

10.901917 MEAN URN
8-937086 STD DEV URN

59-083740 MEAN LUN CNT
47-03 STD DEV LC
1.0000 ASSUM URINALYSIS SDEV

46-430969 MEAN ESIGMA

0-112191 STD DEV ESIG
3.307817 MN SDEV SIGMA
0-003337 STD DEV STDEV SIGMA
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FILE: SUMaRY 01 VM/IS

^6-8l30A-9 MEAN 30

0-515380 STD DEV BO

7.175302 MEAN 30F
0.0639A^8 STD OEV BOF
1.137032 MEAN 31

0.038824 STD OEV 31
0.512737 MEAN BIF

0.004367 STD DEV BIF
46.432693 MEAN YNEWF
0.062500 STD DEV YNF
53.635193 MEAN PRED
0.296464 STD DEV PRED

102 I, a DATA

5  N, S SIMU
10.901917 MEAN URN
8.937086 STD DEV URN

59.083740 MEAN LUN CNT
47.03 STD DEV LC
1.0000 ASSUM URINALYSIS SDEV

46.492661 MEAN ESIGMA
0.062500 STD DEV ESXG
3.312164 MN SDEV SIGMA
0.005167 STD DEV STDEV SIGMA
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FILE: FOROUT DATA
v«/rs

XMN,YMN,B0,B1

SUMX,SUMY,SYS3,SXSo"xY^^^^^ ^5.795166 1.213951
S«REs;';S???S0E5Sf|-"'"° 5'«".187000 801,0.000700 7553,.818500
eO«c?.'5"»??° "^•■"><'"0'' 8067.083,37 ,5.,78,„

SIOMoS""'"'"
45.750262
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rIL = : PKOIN DATA A V.«/IS

6.00
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FILc: PROOUT DATA A VM/IS

6.000000 53.106372 lOO.OOjOOO 46.271375
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ILE: PAR.IS OATA A

43.00192 6.91419 1.00366

49.73906 6.25413 0.81794
''9.16710 6.34590 0.99^.23

47.53839 6.73415 1.01813

51.33929 6.23300 0.67399
49.644Po 6-30393 0.94751
54.36703 7.02265 0.39166

53.75015 6.92862 3.49713

43.51934 6.79236 0.96828
50.17500 6.21341 0.7 6030

54.40941 6.63417 0.41139

51.34830 6.25639 0.69367

49.28014 6.35338 0.92279
5 1.99305 5.B8590 0.66893

43.27779 5.79725 0.83213

50.41003 6.19599 0.75993
49.99998 6.20920 0.35802
50.71104 6.60141 0.30049

50.14253 5.39340 0.75832
50.61714 6.73998 0.80636

53.46245 7.05726 0.52093
49.36528 6.4203a 0.94292
49.44231 6.93637 0.88677

52.70372 6.32841 0.61238
51.96347 6.90621 0.65395
47.25661 7.09911 1-03153
55.83112 5.36565 0.44ol2
54.40693 6.37412 0.49a61
49-15364 6.35514 0.84930
46.87463 6.51318 1.09453
48.62682 6.01974 0.84459
48.57690 6-64368 C.93310
50.74110 5.76651 0.63328
52.50603 6.47583 0.59411
53.25266 6.37004 0.54817
54.04294 6.79274 C.4 67 43

49.71640 6.46995 0.96574
51.43500 5.53385 3.73353
51.45335 6.39390 0.75320
5 2.6633 5 6.35337 0.54840
53.65138 6 . 5 8410 0.50347
44.59943 6 .30205 1.23491

50.72845 6..81755 0.74456
53.40239 6.81093 0.57506
46.75810 6.69032 1.18403

VM/IS

0.37356

0.<V4lb6

0.h3399

0.390U

0.50399

0.4875^

0.46S70

0.45979

0.35911

0.41580

0.37995

0.41558

0.34720

0.29946

0.36542

0.39662

0.45191
0.31769

0.46338

0.49163

0.43707

0.47742

0.41443

0.47013

0.49656

O.3O80O

0.46255

0.37327

0.41967

0.32061

0.42303

0.23963
0.40381

0.36910

0.45363

0.47067

0.46995

0.44003

0.43118

0.42939
0.33036

0.44705

0.50372

0.47218

54.02333

54.64670

55.13240

53.69749
55.33319

55.33003

57.21700

56.67293
54.32951
54.73o82

56.87776

55.51023

5t.31o83

56.01167

53.57083

54.96964

55.14310

55.51393

54.69543

55.45323

56.53304
55.02281

54.76343

56.33300

55.83715
53.74577

56-55785

57.33663

54.25241

53.44186

53.69437

54.17552
54.64076

56.07068

56.54107

5 6.84779

55.51086

56.13614

5o.00252

55.95374

5o.70221
52-00391

55-19533

56.35275
53.66229

4b,

46.

46.

46.

46.

46,

4-',

47-

46.

9 6.

47.

46.

46.

46,

45.

46.

46.

4 6.

46.

46.

47.

46.

46.

47.

47.

4 6.

47.

47.

46-

46.

45

46.

46

47

47.

47.

46.

4 6.

4 6.

47.

47

45

46

47

46

.50545

.44014

.36931

.32513

.83339

.71997

.39958

.29750

.53044

. 5103 I

.31685

.76331

.40549

.66457

.59753

.54222

.45633

81 04 1

23201

.35291

28938

46 503

75429

02040

09836

471 71

03385

25012

33991

00356

97354

45979

26100

04693

0103a

30122

55338
83 135

63945

17973

20921
22629

90784

22905

11577

46

46

46

46

46

46

47

47

4b

46

47

46

46

46

45

46

46

46.

4o.

46,

47.

46,

46.

47.

47.

46.

47.

47.

46 .

46.

46.

46.

4o.

47.

47-

47.

46 .

46 .

4o •

47.

47.

45.

46 .

47.

46 .

.57042

.52098

•46146

.39160

.92789

.60313

.47015

.36794

.60092

.59026

.39153

.84377

.49068

.75306

-63199

.62553

.54636

.89310

-32001

.93179

.35300

.55205

.32227

.11154

.16904

.53214

.13312

.35100

.46493

.08157

.05132

.53030

.35063

.12793

10637

37769

65125

97473

93149

2 4251

29341
29553

97600

31530

19293

3.31766

3.31423

3.30992

3.30512

3.34320

3.33417

3.33190

3.37449

3.31983
3.31920

3.37612

3.33765

3.31217

3.33139

3.25443

3.32166

3.31600

3-34094

3.29980

3.34342

3.37377

3.31622

3.335o0

3.35639

3-36021

3.31501

3.35767

3.3734S

3.31003

3.23281

3.28095

3.31493

3.30213

3.35752

3.35535

3.37507

3.32343

3.34652

3-34349

3.36547

3.36932

3.22674

3.34678

3.37077

3.29037
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FILE: FARMS  'JATA A

56.91187 6.37390 0.20996
57.98679 6.09525 0.11Q16

50.42345 6.23294 0.81656

51.00125 6.16790 0.78465
56.23901 6.37620 0.305o5
49.16467 6.87410 0.93138
51.90773 5.98637 0.63530

48.97581 6.63527 0.91196
52.75793 6.01961 0.50993
49.18835 6.17015 0.89937

47.58C25 6.33702 1.06615
5 0.06096 6.01126 0-751O9
43.85794 6.11233 0-81049

46.20344 6.92740 1.09352
54.92233 6.24623 0.370''l
47.12136 6.40641 1.09219
49.16908 7.06375 0.95215
55.59766 7.20949 0.34103
51.72583 6.35535 0.60026
50.26120 6.30336 0.76630
56.35548 6.74971 0.20147
52.47531 7.01665 0.57331
43.04713 5.51439 1.44362
53.73152 5.748 66 0.50475
50.66703 6-40358 0.78403
51.60561 5.92123 0.66747

50.34333 6.315 64 C.30751
49.91016 6.26592 0.81721
49.23568 6.44495 0.81765
49.88197 6.497 86 0.80531
51.22239 6.53315 C-74752
53.12555 6.53900 0.53246
46.05736 6.31266 1.06226
51.62447 6-29230 0.70565
43.96181 6.64570 0.91335
50.30220 6.16147 0.34052
47.33696 6.37084 1.10025
49.03684 5.30892 0.33311
47.38593 6.233t6 1.02958
52.03168 6.73403 0.63003

52.85703 6.03954 0.57158
50.66817 6.40674 0.73333
46.45662 6.56982 1.14333
47.18266 6.58177 1.10970

47.69151 6.50946 0.98016
47.21732 6.33621 1.08498
49.36542 6.82846 0.83363
51.44662 6.60280 0.63979
43.86160 6.19499 0.35395
49.45070 6.17164 0.83240
49.17291 6.14154 0.90234
55.53162 6.45908 0.29660
41.98397 6.92252 1.75156
52.18712 6.0o794 0.61130
47.64093 6.54650 1.09041

Vf'/IS

0.^8770

0.39226

a.A-0977

0.39972

0.46641

0.48012

0.36586

0.43919

0.31126

0.37R67

0.44760

0.34318

0.32434

0.44403

0.37094

0.41406

0.51465

0.53722

0.35652

0.43557

0.44013

0.45635

0.35101

0.32507

0.41510

0.33397

0.40102
0.38143

0.37894

0.40235

0.44C50

0.41162

0.33374
0.40503

0.43454

0.39477

0.41985

0.30467

0.37821

0.43671

0.35695
0.41784

0.4J140

0.44429

0.40085

0.40539

0.43323

0.42619
0.35349

0.38102
0.37573

0.37293

0.54293

0-34972

0.44874

53.17163
58.64774
55.32280

55.70912
58.07294

54.75294

56.01959

54.44759

55.81783

54.58757

53.97714

55. 17290

53.72084

52.7o955

57.14720

53.67499

54.88197

57.64366

55.32741

54.36198

58.06430

55.91513

51 .73886

56.81000
55.37126

55.61043

55.13389

54.81343

54.19275

54.71684
55 .70798

56.32028

53.23140

55.85333

54.44188

55.34534

53.93846

54.03549
53.56340

55.81216

56.23650
55.39816

53.31693

53.84085

53.57243

53.72722
54.36722

55.58737
54.01529

54.74507

54.58994

57.31122

52.49334

55.85490

54.18338

47.49841

47.50177
46.594/,5

46.63731

47.41846

46.67921

46.71179

46.55656

4o.91238
46.24686

46.25212

46.45996

46. 12807

46.13360

47.29912

45.96996

46.75771

47.45337

46.83839

46.83717

47.49760

47.19203

43.9391J

46.95541

46.71123

46.60640

46.60057

4o.48 386

46.48135

46.62360

46.85731
47.15099

45.82245

46.82701

46.53135

46.48694

45.93553

45. 8494-»

45.87213
47.06297

4o.93005

46.71251

45.96140

46.12721

46.19087

45.92772
46.70375

46.93460

4o. 19911

46.30836

46.21337

47.39803

45.24756
«»6.32207

46.1960^

47.57903

47.60t32
46-68265

46-73126

47.52110
46.75151

46-80901

46-62336

46-99637

46-33272

46-32697

46.54979

46.20233

46-24168

47-38684

46-04300

46-62840

47.52742
46.96205

46-90184

47.57324

47.25165

44.02139

47.05910

46.79568

4o.69952

46.6 8 594

46.56633

46.55122

46.69798

46.95130

47.22952

45.89703

46.9lo53

4o.60472

46.57899

46.06746

45.93652

45.95090

47.L3503

47.02397

46.79747

46.03363

46.20364

46.26022

46.00763

46.76514

47.01128

46.27641

46.39517

46.30501

47-47321

45.32332

46.91176

4o.27641

3.33954

3.39124

3.32573

3.32915

3.38540
3.33076

3.33472

3.32185

3.34805

3.3CCS0

3.30050

3-31640

3.29135

3.29436

3.37594

3.23073

3.33611

3.38594

3.34565

3.34152

3.38926

3.36634

3.136U0

3.35263

3.33331

3.32699

3.32592
3.31747

3.31637

3.32680

3.3-1-483

3.36479

3.26973

3.34240

3.32016

3.3L846

3.28190

3.27276

3.27373

3.35778

3.35010

3.33338

3.27958

3.29172

3.29580

3.27753
3.33157

3.34904

3.29695

3.30538

3.29898

3.38197

3.22397

3.34218

3.29684
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APPENDIX D

CORRECTIONS TO CALIBRATION DATA SET

A difficulty often encountered in the measurement of

radioactivity 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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