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Delayed neutron counting (DNC) is a variation of neutron activa-

tion analysis applicable only to fissionable elements. Briefly, it

involves exposing a sample to the neutron flux in a reactor to induce

fission, then quickly retrieving the sample to count the delayed

fission neutrons emitted. These are proportional to the amount of

the fissionable element in the sample. This technique has been used

for over two decades to assay uranium in geological and water samples.

I investigated its applicability to biological tissues, specifically

soft tissues and bones.

Only the simplest sample preparation was required. Samples

needed only to be freeze dried, weighed and encapsulated in polyvials

before activation. This allowed rapid preparation of large numbers

of samples at low cost (about half that of conventional chemical

analyses). The minimum level of detection (MLD) for 1.1 gram samples

was about 10 nanograms for natural uranium. Precision was comparable

to values attained for other methods of uranium analysis. Accuracy

was determined by using a relative accuracy. Prepared standard



solutions were analyzed for uranium content by an outside laboratory

and then all counting data were compared to these values. The effects

on precision and accuracy of a variety of factors in sample prepara-

tion, activation, and neutron counting were evaluated. DNC appears

to have substantial advantages for uranium analysis over conventional

methods, while achieving similar precision, accuracy, and MLD.

The DNC method was used to study the uptake, distribution, and

clearance of an acute dose of uranium in weanling rats. The dose was

administered by gavage. Animals were killed and various tissues were

collected at several times post gavage. The absorption of uranium

in the GI tract occurred primarily in the stomach within 15 minutes,

and appeared to be dependent upon the acidity of the stomach contents.

Uranium absorbed from the GI tract entered the blood and deposited in

the skeleton. Uptake and loss in the skeleton followed two patterns.

A transitory uptake was observed in the skull, while a slower, longer

term uptake associated with bone growth or degree of bone mineraliza-

tion was observed in the remainder of the skeleton. Uptake and loss

in the kidney followed a similar pattern as observed for the skeleton

(excluding the skull). In addition, the relative distribution of

uranium in the skeleton, i.e., the fractional burdens of the indi-

vidual bones of the skeleton, appeared to be independent of time post

gavage, age, route of administration, and sex.



@Copyright by Philip D. Nelson
April 27, 1984

All Rights Reserved



The Use of Delayed Neutron Counting for Uranium Analysis
in Biological Tissue and Its Application to a

Pharmacokinetic Study in Weanling Rats

by

Philip D. Nelson

A THESIS

submitted to

Oregon State. University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed April 27, 1984

Commencement June 1984



APPROVED:

Redacted for Privacy
Professor of General Science in charge of major

Redacted for Privacy
Chairman of Department of General Science

Redacted for Privacy

Dean of Gradua

I
School

Date thesis is presented April 27, 1984

Typed by Karla Russell for Philip D. Nelson



TABLE OF CONTENTS

1.0 INTRODUCTION 1

1.1. Uranium in the Environment 1

1.2. Toxicity of Uranium 1

1.3. Analytical Methods for Uranium 5

1.4. The DNC Method and Neutron Detection 10
1.5. Objectives 11

1.5.1.. Use of DNC with biological tissues 12
1.5.2. A practicable application 12

2.0 MATERIALS AND METHODS 13
2.1. The DNC System 13
2.2. Standard and Sample Preparation 18

2.3. Determination of Uranium Content and Other
Parameters in Rat Tissue 19

2.4. Sources of Error in the DNC Method 20
2.4.1. Standard preparation errors 20
2.4.2. Sample preparation errors 21

2.4.3. Reactor flux gradient errors 21
2.4.4. Errors arising during counting of the sample 22
2.4.5. Other interferences 22

2.5. Application of the DNC Method to Biological Tissue 23

3.0 RESULTS FOR DELAYED NEUTRON COUNTING 26
3.1. Errors Associated with Standard Preparation 26

3.1.1. Standard preparation and sensitivity 26
3.1.2. Standard preparation and accuracy 28
3.1.3. Why does sensitivity vary with moisture

content? 30

Geometry 30
Loss of mixed fission products 30
Cobalt 31
Thermalization during counting 31

3.2. Errors Associated with Sample Preparation 34
3.2.1. Moisture content 36
3.2.2. Size differences 36

3.3. Errors Associated with Activation and Counting 38

3.3.1. Rabbit position in the reactor core 38

3.3.2. Sample position in counter 38

3.3.3. Reactor flux 40
3.3.4. Side reactions and interferences 40

3.4. Precision, Sensitivity, MLD, and Critical Level 44

3.4.1. Precision 44

3.4.2. Sensitivity 46

3.4.3. MLD 46

3.4.4. Critical level 47



4.0 RESULTS FOR ANIMAL STUDIES 48
4.1. Gastrointestinal Clearance Time for Gavaged Uranium 48
4.2. Body Burdens of Uranium 51
4.3. Relative Burdens of Skeletal Compartments 52
4.4. Estimate of Percent Absorption of Gavaged Uranium 52

5.0 DISCUSSION OF THE DNC TECHNIQUE 56
5.1. Precision 56

5.1.1. Weighing errors 56
5.1.2. Differences between samples 56

Volume or size differences 56
Moisture content 57

5.1.3. Errors arising from the DNC system 57
Errors arising at the reactor level 57
Errors arising at the pneumatic transfer
facility level 58

Errors at the counting assembly level 58
5.1.4. Statistical errors 59

5.2. Accuracy 60
5.2.1. Standard preparation 60
5.2.2. Choice of reference material 63

5.3. Advantages 64
5.3.1. Sample preparation 64
5.3.2. Level of training 64
5.3.3. Limited interferences 66
5.3.4. MLD 67
5.3.5. Cost 68

5.4. Disadvantages 69
5.5. Summary 70

6.0 DISCUSSION FOR ANIMAL STUDIES 71
6.1. Clearance and Absorption of Uranium from the GI Tract 71
6.2. Ion Deposition in Bone 75

6.2.1. Bone chemistry 75
6.2.2. Bone physiology and uptake 77

6.3. Deposition of Uranium in the Skeleton 78
6.3.1. Uptake in the skull 78
6.3.2. Uranium uptake in the remainder of the skeleton 81

6.4. Relative Distribution 83
6.5. Summary 83

7.0 BIBLIOGRAPHY 86

8.0 APPENDIX 91



LIST OF FIGURES

Figure Page

2.1 Cutaway and overhead view of reactor core 14

2.2 Cross section of DNC assembly 15

2.3 Overhead view of DNC assembly 15

2.4 Block diagram of DNC electronics 17

4.1 Clearance of a gavage dose of uranyl
nitrate from the gastrointestinal tract
of Wistar weanling rats 49

4.2 Uranium burden of body compartments in
Wistar weanling rats 50

6.1 Cross-section representation of a
hydroxyapatite crystal 76

6.2 Uranium burden of skull and skeleton
(excluding skull) in weanling rats 79

6.3 Uranium burden of the skull in juvenile
rats 80



LIST OF TABLES

Table Page

1.1 Analytical methods for uranium 6

1.2 A brief review of the application of DNC
to non-biological material 8

1.3 Reported uses of DNC for uranium analysis
in biological material 9

3.1 Observed count rates in a series of
preparations with identical uranium
content 27

3.2 Accuracy of a series of prepared uranium
standards 29

3.3 A comparison of the effect of changing
vials to determine possible loss of gaseous
mixed fission products 32

3.4 Count rates in three sets of wet and dry
cobalt samples 33

3.5 The effect of a Cd cover around activated
uranium samples during counting 35

3.6 A comparison of count rates for ground and
unground tissue with known amounts of uranium
added 37

3.7 Observed counts of uranium samples as a
function of vertical displacement in the
reactor core 39

3.8 Changes in count rate with sample position
in the DNC counter 41

3.9 Reactor flux variations on a given day 42

3.10 Reactor flux variations from day to day 43

3.11 Precision, sensitivity, MLD, and CL of
DNC uranium assay 45

4.1 Relative burdens of skeletal components
(excluding skull) 53

4.2 Relative burdens of skeletal components
(including skull) 54

5.1 Sample preparation time for 100 dry samples 65

6.1 Reported U absorption values in various
animals 74

6.2 Relative burdens of the skeleton components
in rats that were exposed by different
routes of administration 84



Table

1

2

3

4

5

6

7

8

9

LIST OF APPENDIX TABLES

Page

Uranium burdens in rat bones and tissues
at 14 hr 91

Uranium burdens in rat bones and tissues
at 11 hr 92

Uranium burdens in rat bones and tissues
at 1 hr 93

Uranium burdens in rat bones and tissues
at 2 hrs 94

Uranium burdens in rat bones and tissues
at 4 hrs 95

Uranium burdens in rat bones and tissues
at 8 hrs 96

Uranium burdens in rat bones and tissues
at 24 hrs 97

Uranium burdens in rat bones and tissues
at 48 hrs 98

Uranium burdens in rat bones and tissues
at 96 hrs 99



THE USE OF DELAYED NEUTRON COUNTING FOR URANIUM ANALYSIS IN
BIOLOGICAL TISSUE AND ITS APPLICATION TO A
PHARMACOKINETIC STUDY IN WEANLING RATS

1.0 INTRODUCTION

1.1. Uranium in the Environment.

Uranium is ubiquitous in the environment. It is found in a vari-

ety of rocks and minerals and its concentration can be as high as 120

ppm in phosphate rocks (Roessler et al., 1979). However, its average

concentration in the earth's crust is only about 2 ppm (Luckey and

Venugopal, 1977; Gittus, 1963). Seawater contains about 3.1 to 3.5

ppb uranium (Rona et al., 1956).

Uranium is utilized in both the nuclear and non-nuclear indus-

tries, but, exposure of the general population to uranium normally

does not occur through these industrial routes. Instead, exposure

occurs through diet and drinking water. The average daily dietary in-

take of uranium by man is 1 to 1.5 Og (Hamilton, 1972). The uranium

content of some foods (expressed in ng uranium per g) is: fat and

oil, 2.0; starch tubers, 1.0; vegetables, 0.8; and meats and eggs,

0.4 (Hamilton, 1972). For drinking water, most of the elevated levels

of uranium are observed in ground water due to leaching. In the

United States, average surface water (rivers and streams), ground

water (wells), and domestic (those surface and ground water supplies

identified as domestic water sources) were reported to be 1.5 Itel,

4.5 ug/1, and 3 4g/l, respectively (Cothern and Lappenbusch, 1983).

These levels may be a health concern, although no maximum concentra-

tion level has been established by the U.S. Government.

1.2. Toxicity of Uranium.

Uranium is both radiotoxic and chemically toxic. Toxicity de-

pends upon several factors such as solubility, route of administra-

tion, animal species, and -type of exposure (acute versus chronic).
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The solubility of a compound can have a direct effect on its

toxicity since more soluble compounds are absorbed much more readily

across the gastrointestinal wall. Durbin and Wrenn (1975) have re-

viewed the toxicity of the identifiable uranium compounds. The more

soluble uranium compounds exert a greater toxic effect. These in-

clude, primarily, the +4 and +6 oxidation states of uranium. The +6

oxidation state, however, is much more soluble than the +4 state, and

is predominant in the environment. When U
+6

is put into solution, it

forms the uranyl ion (UO2+2). This ion can form soluble salts with

many compounds except phosphate (Lingane, 1966). The uranyl ion most

commonly complexes with bicarbonate, carbonate (Yamamoto et al.,

1973), fluoride, and phosphate (Katz and Rabinowitch, 1951). The

phosphates will precipitate out.

The +6 and +4 oxidation states of uranium have different uptake

and distribution patterns. In the +4 state, uranium is poorly ab-

sorbed from the gastrointestinal tract (0.05 to 0.5%). In this oxi-
_

dation state it is deposited chiefly in the liver and bone and little

is excreted (Neuman, 1953). Conversely, the +6 oxidation state has a

higher GI absorption (0.5 to 2%) and is deposited in the kidney and

the skeleton. The uranium deposited in the kidney is cleared rapidly

with a biological half-life of about 10 days.

Route of administration can also affect the toxicity of a com-

pound. Toxic agents generally exhibit the greatest potency and pro-

duce the most rapid response when given by the intravenous route. An

approximate descending order of effectiveness for other routes would

be: inhalation, intraperitoneal, subcutaneous, intramuscular, intra-

dermal, oral, and topical. With the oral route, the severity of

effects are usually influenced by the stomach contents. Absorption is

more rapid and complete from an empty stomach.

The dose of UO2(NO3)2.6H20 that gave a similar toxic effect

(expressed as
50/30

LD ) in rats was significantly different for various

rates of administration. The LD50/30 for a single injection, 30 daily

i.p. injection, 30 daily feedings, and 30 daily inhalation exposures

were 2 mg/kg, 0.38 mg/kg, 1070 mg/kg, and 8 mg/kg, respectively

(Durbin and Wrenn, 1975, p. 101). Similar responses were also ob-
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served .for the dog, rabbit, and mouse. The intravenous route was the

most toxic for all three species.

Different animal species vary considerably in their toxic re-

sponses. Different animal species given an infected dose (expressed

as mg/kg) of uranyl nitrate showed the following LD
50/30

responses:

rabbit, 0.1; guinea pig, 0.3; dog, 2.0; mouse, 6 to 8. Other routes

of administration also gave different toxic responses in different

species (Durbin and Wrenn, 1975).

Toxic effects may be produced by acute or chronic exposure to

chemical agents. Acute exposure is defined as a single exposure or

multiple exposures occurring within a short time (usually less than

24 hrs). For many agents, the toxic effects of acute exposure are

different from those produced by chronic exposure. In uranium toxi-

city, an acute exposure can produce kidney damage, whereas fraction-

ation of the dose given chronically may produce little or no

effect. This is observed when metabolism or excretion occurs between

successive doses or when the injury produced by each administration

is partially or fully repaired prior to the next administration. For

example, rats injected intraperitoneally with a 30 mg/kg dose died

within days, whereas rats given lower doses survived significantly

longer even though the total adminstrated dose was greater than in

the 30 mg/kg animals (Maynard and Hodge, 1953). In another study, the

total LD
50/30

dose of uranium given in 30 daily injections was 0.38

mg uranium per kg x 30 = 11.4 mg/kg. This was about 8 times greater

than the LD
50/30

dose administered in a single injection. Durbin and

Wrenn (1975) suggested that the higher dose may result in greater kid-

ney damage. If enough of the kidney tissue is damaged, death occurs.

The difference in response to acute and chronic administration of

uranium has also been observed for other routes of intake, such as

inhalation (Stokinger et al., 1953).

Acute radiotoxicity is not possible since the dose necessary to

deposit enough uranium in bone to create radiation levels of any sig-

nificance would be far in excess of uranium doses producing lethality

by kidney destruction (NAS, 1980). However, with the more active

alpha-emitting uranium isotopes, 233U, 234U, 235U, the bone becomes
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the critical organ of concern for radiotoxicity at chronic doses. The

long term radiation effects of intravenously injected 232U and 233U

were shown to induce malignant bone tumors in mice of greater than

control frequency (Finkel, 1953).

For acute and subchronic doses of uranium, chemical toxicity is

a concern since the kidney is the target organ (Durbin and Wrenn,

1975), and to a lesser extent, the cardiovascular, endocrine, hemato-

poietic, and immunological systems (Novikov and Yudina, 1970). At high

doses (greater than 30 mg/kg given intravenously) a significant amount

of kidney damage results. This is characterized by large segments of

the tubule being reduced to a mass of necrotic debris. Depending upon

subsequent exposure, the kidney mass appears structurally typical in

appearance, or after extensive cellular destruction, a large propor-

tion of the new cells lining the tubules consist of flattened atypical

epithelium. Changes in the other physiological systems mentioned

earlier are not as life threatening as those observed for the excre-

tory system. Disturbances in the hematopoietic system were detected

with a dose of 0.1 mg/kg given chronically (via drinking water).

There was also an impaired permeability of the cutaneous capillaries,

as well as EKG changes. In addition, disturbances were noted in the

basal metabolism (Novikov and Yudina, 1970).

Many metallic compounds, such as mercury and cadmium, are found in

the environment and are known to be toxic. As a result, the Environ-

mental Protection Agency has established guidelines for the maximum

contamination levels of these metals. However, this has not been done

for uranium. Very few studies have been performed on the levels of

uranium in drinking water that will produce a toxic effect. As a re-

sult, the E.P.A. contacted Dr. Willis to conduct a study on the phar-

macokinetics and chemical toxicity of uranium in drinking water.

To study the distribution of uranium in animals, many samples

should be collected and analyzed. In reviewing the literature, it

was observed that many analytical techniques are available for uranium

analyses, but a majority of these have involved and time-consuming

sample preparations. This is not desirable for animal studies where

many samples need to be collected. However, one method, the delayed
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neutron counting (DNC) method, has been used by several investigators

to analyze thousands of samples without complex sample preparations.

Many of the previous studies had been completed with non-biological

material. It seemed appropriate to me that a study should be com-

pleted to assess the use of DNC for uranium analysis in biological

tissue.

1.3. Analytical Methods for Uranium.

Many of the methods for trace uranium analysis are difficult to

complete with biological tissue since sample preparation is time con-

suming, precision is variable, the sample is destroyed during analy-

sis, and sensitivity is low. Table 1.1 presents a comparison of the

major analytical methods available for uranium. Many of these are

laborious and lack the necessary sensitivity for the determination of

trace quantities of uranium.

Neutron activation analysis or Y-spectrometry, is the only de-

structive technique which has both a high sensitivity and no blank

errors. However, radiochemical procedures are laborious, time con-

suming, and require a high degree of analytical expertise to obtain

consistent results.

The fluorometric and mass spectrometric techniques are two addi-

tional destructive methods that have a high sensitivity. When uranium

is fused with NaF into a pellet and irradiated in long-wavelength

ultraviolet light, it fluoresces. The level of fluorescence is di-

rectly proportional to the uranium content. This is the basis of the

fluorometric technique. It has been used successfully to measure

uranium masses as small as 10-10 grams. However, this level of detec-

tion requires careful and time consuming sample preparation.

Mass spectrometry is based upon the measurement of a known spike

containing an isotopic ratio much different than the sample. Here, if

the analyst knows the isotopic ratios of the sample, spike and spiked

sample, and the quantity of spike added in the spiked sample, he can

calculate the uranium content. The lower limit of detection is com-

parable to the fluorometric method. But, again, sample preparation
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Table 1.1. Analytical methods for Uranium (Modified from Gale, 1967)

Required Time Blank Range Typical
Method Steps Required (h) Errors (0g) Error

Colorimetric Dissolution 5 Yes 10-10" 1-5
Wet Chemistry
Colorimetric
process

Fluoranetric Dissolution 3-8 Yes 10
4

-1 5- 50 %
Liq extraction
Fluoride
pellet prep

Fusion., Fluorometry

Polarographic Dissolution 5 Yes 10
2
-10

4
2-5 c,'S

Wet chemistry
Separation

Mass Spect. Dissolution 5 Y e s 10
4

& up 2-10 %
Wet Chemistry
Separation

X-ray Fluor, Tablet prep
Counting

1-3 Yes 1 & up 5-50 %

a-counting Packing 50 No 50-10
3

15 %
Counting

y-counting Packing 15 No 25-10
4

15 %
Counting

NAA with
radiochem
separation

Activation
Dissolution
Wet Chem Sep

5 No 10
4
-10

4
2-5 %

DNC Freeze dry 3 mint No 10
4
-104 1-5 %

Activate
Count

tExcludes the 24 hr freeze-drying step
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for mass spectrometry is time consuming, and requires long isolation

and preconcentration steps of the uranium in the sample.

Of the non-destructive techniques, those based on counting

a-particles or y-rays are far too insensitive, time consuming and

inaccurate. Emission spectroscopy is too insensitive, while x-ray

fluorescence is subject to self-absorption.

It appeared from the onset of the study that the DNC method

showed promise for cost effectiveness, ease of sample preparation,

precision, accuracy.and non-destructiveness in the analysis of uranium

in biological tissue. The DNC method has been used extensively for

the analysis of uranium in sea water, rocks, and other non-biological

material. Table 1.2 is a brief summary of a few of the reports made

by previous investigators on the use of DNC for non-biological mate-

rial. All of the authors had favorable reviews of the DNC method.

For example, Cummings (1974) reported that a precision of 1-2% was

obtained for terrestrial rocks with one irradiation. Accuracy was

also reported to be within 5%. Comparable results for precision and

accuracy are given by other authors for the DNC method.

Many of the problems associated with the DNC method for geologi-

cal samples have been solved. Scherpelz (1978), Gale (1967), Dyer

et aZ. (1962) have reviewed problems and interferences with the DNC

method. Sample and standard preparations for non-biological material

have been investigated and reported by several authors (Scherpelz,

1978; Dyer at al., 1962; Gale, 1967; Amiel et aZ., 1967). They re-

ported that standards and samples should be in the same physical form

to obtain accurate results. Interferences such as the side reaction

[170(n,p)171N], the presence of other elements with high neutron ab-

sorption characteristics, and ganma interferences have been discussed

by several authors (Scherpelz, 1978; Gale, 1967; Amiel, 1963; Dyer

at al., 1962).

However, reports on the analysis of uranium by the DNC technique

in biological material are limited in number. Table 1.3 is a listing

of the DNC analyses of uranium in biological material. Essentially,

most of the reports are very brief and do not give any details on

problems, interferences, precision, and accuracy for biological



fable 1.2. A brief review of the application of DNC to non-biological material.

Minimum Accuracy & Precision for a given amt of U
Level of

Accuracy Precision U contentApplication Detection Investigator

Sea Water 7 ug 1-5 % 3-5 % 0.1-1 ug Echo & Turk (1957)

Rocks & Minerals 0.03 ug 1-3 % 6 % 1 ug Amiel (1961 & 1962)

Meteorites Amiel et a/. (1967)

Ores, Granites 0.7 ug 2 % 3 % 0.1 ug Dyer et al. (1962)
Sea Sediments,
Graphites

Geol. Samples 0.15 ug 3 % <3 % 1 ug Gale (1967)

Geol. Prospecting
for Uranium

0.03 ug Cstle (1971)

Meteorites <5 % 1-2 % 2.5 ppm Cumming (1974)

Dental Porcelian 0.01 ug 5 % 4 % 100 ug Binney & Scherpelz (1977)

Th, Sea Water, 0.01 ug Scherpelz (1978)
Isotopic
Composition

CO
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Table 1.3. Reported uses of DNC for uranium
analysis in biological material.

Application Reference

Sea Sediment Dyer et aZ. (1962)

Urine
Davies and Coleman (1964)

Urine
Kramer et al. (1967)

Plant Tissue Nass (1969)

Sea Shells, Human Hair Reddy and Das (1974)

Human Tissue Hamilton (1972)

Urine
Brits and Holemans (1979)

NI3S Reference Material Gladney et aZ. (1980)
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samples. The work of Gladney at al. (1980) is perhaps the first at-

tempt to discuss problems associated with DNC and biological material.

They noted that DNC can be used quite successfully in the analysis of

nanogram quantities of uranium in NBS reference materials.

1.4. The DNC Method and Neutron Detection.

Measurement of uranium by the DNC technique is based on counting

delayed neutrons from the fission reactions of the uranium in the

sample. When uranium is exposed to a neutron flux, some of the neu-

trons will be captured inducing fission. Each fission event results

in the emission of two or three neutrons, the vast majority of which

are "prompt" neutrons, i.e., emitted within 10-14 seconds; however, in

a small fraction of the fissions, neutrons are emitted from 0.2 sec-

onds to 1 minute later (these are really t1/2's for the fission pre-

cursors, not the time of emission as such) and are referred to as

"delayed" neutrons. The quantity of neutrons emitted by the fission

reactions is proportional to the mass of uranium present in the

sample. To count the delayed neutrons in the sample, one must quickly

remove the sample from the neutron flux and place it in a counting

system. Trace amounts of uranium will result in the emission of a

sufficient number of delayed neutrons during a short counting inter-

val

One can count delayed neutrons from either 235U or 238U but these

two isotopes differ in the dependency of their fission rates on the

energy of the incident neutrons. Absorption of fast neutrons for 235u

is quite low (about 5 barns)1 while its absorption of thermal neutrons

is very high, about 582 b for neutrons of 0.025 eV. Uranium-238 has a

much different fission behavior. Essentially no fission occurs with

slow (<<0.001 b) but some with fast neutrons (1 b).

The counting of neutrons presents special problems since radia-

tion detection is usually based on how the radiation interacts with

1
1 barn (b) = 10 24 CM

2
. This is an indication of the probability that

a particle (neutron) will interact with a nucleus.
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a surrounding medium. Generally, radiation particles are charged and

can ionize atoms in the surrounding material. Neutrons are not

charged and normally do not directly engage in such ion-producing re-

actions. Neutron detection is, therefore, dependent upon intermediate

reactions, such as (n,a), (n,Y), or (n,p) reactions. Here a charged

particle is produced which in turn can interact with the encompassing

medium.

Neutron detectors most commonly used are gas-filled proportional

counters. The detectors either have a special coating or are filled

with gases which contain nuclides having high neutron cross sections

for absorption reactions that emit a charged particle. These charged

particles create ions in the gas as they interact. The created ions

are collected by a potential difference between the detector wall and

central wire electrode. Such a detector can be made from a gas-filled

detector with a coating containing 10B. Boron-10 has a very high

cross section, 3837 b at 0.025eV. Upon capture, the nuclide undergoes

an (n,a) reaction. The emitted alpha produces ionization in the

chamber. Alternatively, the 10B can be incorporated into the detector

in the form of BF3, a gas in which boron is enriched in 108, usually

to 96%.

Several characteristics make BF3 detectors unique in neutron de-

tection. Since the detector is usually made of Al or stainless steel,

ionizing radiation such as alpha or beta particles do not penetrate to

the sensitive volume of the tube. High energy photons can penetrate

the detector walls, but this is usually a minor problem since they

interact very little with gases. Although 10B has a high capture

cross section for neutrons of thermal energies, the cross section de-

creases by a factor of 1000 for the capture of fast neutrons. This

means that the fast neutrons emitted must be slowed down to thermal

energies to be effectively detected. Delayed neutrons have energies

much greater than thermal neutrons and therefore must be slowed down

with a moderator of low density, such as water, graphite, or paraffin.

1.5. Objectives.

The purpose of this work was to investigate the use of DNC for
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uranium analysis in biological samples, and the applicability of DNC

fo a practical problem such as the study of uranium metabolism admin-

istered by gavage in male Wistar weanling rats.

1.5.1. Use of DNC with biological tissues. Several thorough

studies of the use of DNC for non-biological material have been com-

pleted (Amiel, 1961; Dyer et al., 1962; Gale, 1967; Scherpelz, 1978).

However, a comparable work for biological samples was not found in the

literature. This laboratory study was designed to investigate several

questions. These included: (1) How should samples and standards be

prepared when using DNC for the analysis of uranium in biological

tissue? Should one use standards that are in the same physical form

as the test samples, or should another method be used? (2) How accu-

rate is the DNC method when applied to biological tissue? Does one

use a National Bureau Standards reference material to determine accu-

racy, or should other reported techniques be utilized? (3) Are there

any interferences that should be investigated? Other authors have

reported that interferences may be a problem with geological samples.

Are these a concern with biological samples? (4) What is the pre-

cision, sensitivity, and minimum level of detection (MLD) of delayed

neutron counting for biological samples? In Table 1.2, precision and

MLD's are listed for studies performed on non-biological samples. Can

these levels also be obtained for biological tissue?

1.5.2. A practicable application. If delayed neutron counting

was found to be useful for the analysis of uranium in biological

tissue, then could it be utilized for studies designed to follow the

uptake and distribution of a gavaged dose of uranium in a mammal?

Numerous investigations have been performed on the metabolism of

uranium by other routes of administration, however, the fluorometric

technique was utilized for the analysis of uranium in the tissue

samples. In this thesis, it was hoped that I could demonstrate the

advantages of using the DNC method over other conventional techniques.
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2.0 MATERIALS ANn METHODS

Topics in this section are covered in the following order:

(1) brief description of the DNC system, (2) preparation of standards

and samples, (3) determination of accuracy, precision, MLD, etc., of

the DNC method for biological tissue, (4) identification or analysis

of sources of error in the DNC technique, and (5) application of the

DNC method for assaying uranium in biological tissue.

2.1. The DNC System.

All DNC systems consist of three components: a neutron source,

a sample transfer system, and a counting assembly.

The neutron source for the DNC system used in this study was the

Oregon State TRIGA Mark II light water reactor. This reactor is

capable of steady state operation at a power level of 1 MW. Neutron

fluxes at this power level range from 1011 to 1013 neutrons per cm2

per second. Sample irradiations occur in the pneumatic transfer ter-

minus located in the outer ring of fuel rods in the reactor core. The

pneumatic transfer terminus is at the end of the "pneumatic transfer

tube" in Figure 2.1.

The transfer system that carries the sample into the reactor and

then back into the counting room is a pneumatic transfer facility.

The sample is loaded into a polyethylene capsule ("rabbit") which is

then placed into an aluminum tube connecting the reactor and the

rabbit terminal in the counting room. The operator manually loads the

capsule into the tube before and after irradiations at the rabbit

terminal. The aluminum rabbit tube is about 34 meters long and sample

transit time is 5 seconds. The system can be operated in a manual or

an automatic mode. In the latter, a timer controls the time between

launching and the start of the return trip of the rabbit. The auto-

matic mode was used predominantly in this study.

The counting assembly consists of the detector system and asso-

ciated electronic components. Figure 2.2 shows a cross section of the

DNC detector system. The twelve BF3 detectors are contained in a
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55 gallon drum filled with about 150 kg of paraffin. The paraffin is

separated into an outer and inner section by a cadmium sheet. The

inner and outer paraffin segments, although made up of the same mate-

rial, serve two different functions. The latter serves as a moderator

of stray neutrons from the reactor that are then absorbed by the Cd

sheet. The former serves as a moderator of the fast neutrons emitted

by the sample.

The BF3 detectors, themselves, are arranged in two rings, the

inner six contained in acrylic tubes and the outer six placed directly

in holes drilled in the paraffin. The outer ring is staggered with

the inner ring to increase detection efficiency. The sample is placed

in a removable sample tube, located so that the center of the sample

will lie in the horizontal plane which bisects the active volume of

the detectors. During counting, the sample is located at the bottom

of the tube. After counting, the sample is quickly removed from the

tube so that a dose rate measurement can be made for health physics

purposes. An overhead view of the DNC detector system is shown in

Figure 2.3.

Preliminary experiments showed that dose rate can limit the size

of a sample. Generally, tissue samples weighing between 0.2 and 1.0

gram will give a contact dose reading of less than or equal to 500

mR with a Cutie Pie radiation detector 11/2 minutes after irradiation.

The dose rate measurement can be significantly greater if activated

samples contain greater than 100 pg natural uranium. Gut samples

collected from animals, killed from 1 to 4 hours post gavage, can con-

tain up to 1000 pg uranium. Activating samples containing this amount

of uranium at 1 MW can result in very high levels of radiation (great-

er than 5000 mR at the window open @ contact reading). As a result,

considerations of limiting the sample size or decreasing the reactor

power level should be made to reduce the radiation dose rate to within

health physics limits.

Figure 2.4 is a block diagram showing the arrangement of the

electronic components associated with the DNC detector system. A

cable from a high-voltage power supply (1) in the NIM-bin leads into

an electronic junction box (2) that is positioned directly above the
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counting assembly. The high-voltage is then routed via the 12 cables

(3) to the 12 detectors (4). The signal (5) from the detectors is

routed to a preamplifier (6). The signal from the preamplifier is

then sent to an amplifier (7). Here the signal is electronically

processed further. Next the signal is routed to a single chamber

analyzer (SCA) (8), where the discriminator settings of the SCA will

result in one standard pulse each time an input signal is above one

voltage level and is below another preset voltage level. The standard

pulses from the SCA are then counted by a scaler (9).

Two electronic timers operate in conjunction with the mechanical

irradiation timer of the pneumatic system to precisely control the

irradiation of the sample. The signal from the irradiation timer (10)

also starts the delay timer (11). When the delay timer switches off

it sends a signal to start the counting timer (12) and initiate the

scaler (9). When the counting timer turns off, it sends a signal to

stop the scaler. After the scaler reading is manually recorded, a

reset button sets the scaler to zero and resets the delay and counting

timers.

A more complete description of the DNC system can be found in the

work of Scherpelz (1978). He describes more fully the function of

each of the electronic units associated with this DNC counting assem-

bly. In addition, a thorough presentation of the development of the

DNC system is given.

2.2. Standard and Sample Preparation.

Ideally, standards and samples should be in the same physical

form to reduce the effect of activation differences between matrices.

However, as will be discussed below, in this study, standard solutions

were used to calculate uranium content in dry tissue samples.

Gladney et al. (1980) noted that standard solutions used in con-

junction with dry samples produced data consistently lower than NBS

certified values. However, early experiments in my work demonstrated

that standard solutions were more accurate than other preparations.

As a result, solutions were used throughout the study to calculate the
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uranium content in tissue samples. Standard solutions within the same

range of uranium concentration as the tissues were doubly encapsulated.

Uranium concentration (11g) in the tissue was calculated from the

counts per ug value obtained from the activated standard solutions.

Accuracy of the uranium solutions was based upon a relative accu-

racy. With this method, the uranium content of the stock solutions

used to make up the standard solutions was analyzed by an outside

laboratory. All the results obtained in this thesis were then stan-

dardized against this value.

Double encapsulation refers to the placement of a sample within

a 2/5 dram vial, sealing the vial, and in turn placing it within a

larger 2 dram vial. The placement of a sample in a 2 dram vial only

is referred to as single encapsulation.

Tissue samples were freeze-dried for 24 hours and singly encap-

sulated. Since wet samples can leak and contaminate the pneumatic

system, the use of dry tissues eliminated the need for double encap-

sulation. In addition, double encapsulation limits the sample size

to about one cc whereas single allows one to use a dry sample as large

as 8 cc.

2.3. Determination of Uranium Content and Other Parameters in Rat

Tissue.

Perhaps, for the sake of clarification, a definition of several

analytical parameters should be made before the general experimental

protocol for the determination of these same criteria is given. A

great deal of confusion exists in the literature regarding the terms

sensitivity, minimum level of detection (MLD), and critical level

(CL). Many authors equate sensitivity, MLD and CL. In addition,

criteria for these parameters have usually not been specified. Currie

(1968) has presented a clarification of the MLD. He defines this

parameter as the net signal required to give a "detection limit" at

which a given analytical procedure may be relied upon to lead to

detection. Sensitivity, on the other hand, refers to the number of

counts obtained per unit mass of a given element. Finally, CL refers
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to the "decision limit" at which one may decide whether or not the re-

sult of an analysis indicates detection.

To determine the uranium content, precision, sensitivity, criti-

cal level and MLD, a series of rat tissues were activated twice for

60 seconds during the same activation run. About 10 minutes tran-

spired between each time a given sample was activated. After activa-

tion, each sample was allowed to decay for 20 seconds to reduce the

effects of the 17N delayed neutron reaction. The samples were then

counted for 60 seconds, This procedure was completed at several

reactor power levels and on different days to determine the above

parameters as a function of power level and time. The same uranium

standard solutions were used throughout the study.

2.4. Sources of Error in the DNC Method.

Errors arising from standard preparation, sample preparation,

neutron flux gradients in the reactor, counting of samples, and other

interferences were investigated.

2.4.1. Standard preparation errors. Several methods of standard

prepatation were utilized to observe the accuracy of that method.

Wet- and dry-singly and doubly encapsulated standards, and spiked

tissue standards were prepared, activated, and the "best" accuracy

determined by comparing each group to a NBS oyster tissue standard.

Differences were observed indicating that the uranium solution stan-

dards gave the greatest sensitivity and the best accuracy.

Two hypotheses to account for these differences were tested.

The first, the loss of mixed fission products ( MFP's), could be a

concern if gaseous fission products escaped from a dry sample to a

greater extent than a liquid sample. This idea was tested by acti-

vating a series of dry standards six times. After three of the acti-

vations, the outer vial was opened and the inner 2/5 dram vial was

removed and placed into a new outer 2 dram vial. If the loss of

MFP's was occurring, one should have observed a greater loss of

MFP's in the opened vials.

The second hypothesis was that internal thermalization of epi-

thermal neutrons might result in a greater activation in the wet
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samples. In a nuclear reactor, a spectrum of neutron energies exists.

Essentially, one can divide this spectrum into three categories:

thermal, epithermal, and fast neutrons. Epithermal and fast neutrons

can be slowed down or thermalized by interacting with nuclei of low

density, such as water. If thermalization occurs to any significant

degree in a 1 cc wet sample, then a greater activation of that sample

might result than in a dry sample of the same volume.

Several experiments were done to test this hypothesis. (1) Co

solutions and solutions that had been evaporated to dryness were acti-

vated, counted, normalized, and compared. (2) Wet and dry blood

samples, spiked with cobalt, were activated, counted, normalized to

wet weights, and a paired t-statistic calculated. (3) Cobalt wire was

inserted into a series of vials. In one set of vials, the wire was

doubly encapsulated. In the second set, the wire was prepared as

above, but the inner vial was filled with water. In all vials, the

wire was placed so that the geometry wou]d be the same.

2.4.2. Sample preparation errors. Physical differences, such as

wet and dry samples, could lead to error. This effect was investi-

gated by activating a series of wet and dry blood samples containing

equal amounts of uranium. Each sample was counted, counts normalized,

and a paired t-test calculated.

In addition, small geometry differences can lead to appreciable

error in other analyses of uranium such as gamma-spectroscopy. This

effect in the DNC method was determined by comparing a series of

unground and ground bone and kidney samples.

2.4.3. Reactor flux gradient errors. A vertical flux gradient of

thermal neutrons in this reactor has been shown to exist by Scherpelz

(1978). He observed a 2.7% change with each cm vertical displacement.

Since his work was done at a much lower reactor power level (10 kW)

and the reactor core assembly had been changed significantly since

1978, it was decided that a reevaluation of the vertical flux gradient

would be appropriate.

Six dry blood samples containing equal amounts of uranium were

sealed in a 2/5 dram vial. These vials were then vertically displaced

with polyethylene spacers by 0.5 cm increments in a larger 2 dram vial.
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All samples were activated several times, counts averaged for each

sample and then the means were plotted against the vertical displace-

ment. The slope of the line represented the average change per cm

displacement.

2.4.4. Errors arising during counting of the sample. Gladney

at al. (1980) noted that delayed neutrons could be thermalized by the

presence of water in a sample. He postulated that this thermaliza-

tion might induce additional fission of the uranium present in a

sample, and therefore, account for a greater number of counts. Since

BF3 neutron detectors are only sensitive to thermal neutrons, it is

also possible that only an increase in thermal neutron flux had oc-

curred. This hypothesis was tested by placing a Cd shield around the

removable sample tube in the DNC assembly. Standard solutions and

standard solutions that had been evaporated to dryness were activated,

counted and compared to observe if the Cd shield absorbed the ther-

malized neutrons arising from the sample. It was postulated that if

this factor was important, the Cd would normalize the counts observed

in the wet and dry standards.

This hypothesis was also tested by counting a wet and dry uranium

standard with a bare BF3 detector, i.e., a detector without the sur-

rounding moderator material. It was postulated that if thermaliza-

tion was occurring within the wet sample to a greater degree than the

dry sample, then more counts should be recorded for the wet sample.

Sample geometry differences can lead to error. Scherpelz (1978)

observed a significant decrease in counts as a sample was displaced

vertically in the sample counting tube in the DNC assembly. Since

tissue samples, especially bone, differ in their centers of mass, an

error might be induced. A 5 mCi AmBe neutron source was placed at

varying heights in the counter to determine if this error was sig-

nificant with the samples used in this study.

2.4.5. Other interferences. Other fissionable elements, such as

Th, Pu, and Np, that are delayed neutron emitters, are not a concern

in biological tissue since these elements are not found in living or-

ganisms. However, oxygen, a lighter element, can interact with a

neutron, emit a proton, and produce 17N. This radionuclide is a
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delayed neutron emitter. Previous investigators have shown that a

delay period of 20 seconds after activation and before counting the

sample will greatly reduce this interference, since 17N has a half-

life of 4.2 seconds (Amiel, 1961; Gale, 1967; Scherpelz, 1978).

Boron or cadmium can induce self-absorption errors if present in

sufficient quantities. However, since neither element is normally

present in biological tissue, this error can be ignored. Uranium, on

the other hand, if present in concentrated amounts can act as a thick

target. Errors can be reduced if a comparable standard is used to

calculate the uranium content in the sample.

Coincidence losses are present if samples with mg quantities of

uranium are activated. This error can be corrected for if a standard

of the same concentration is used.

High energy gamma-rays can induce gamma, neutron reactions and

may be a concern with the activation of 15N to 16N or 23Na to 24Na,

since both radionuclides emit high energy gammas. In addition, high

energy photons often produce pulse heights above the electronic dis-

criminator level set to eliminate the generally smaller gamma-induced

pulses. Since others (Binney and Scherpelz, 1978; Scherpelz, 1978)

have demonstrated the presence of 16N and its associated gammas,

empty vials were activated and placed in the DNC assembly to observe

if significantly higher than normal backgrounds were noted. Sodium

samples were also activated and placed in the counter to see if the

same effect was observed.

Gale (1967) noted that very high levels of gamma radiation would

induce up to a 20 percent error in his standard values. However,

since he used gamma levels in the Curie range to induce these errors,

it was postulated that the lower gamma levels observed in biological

tissue, primarily due to
24
Na and

38
C1, would not induce such errors.

Control tissue samples were activated and counted to check the hypo-

thesis that background levels would remain unchanged.

2.5. Application of the DNC Method to Biological Tissue.

To demonstrate the practical use of DNC and its advantages over

conventional methods of uranium analysis, a study of the uptake and
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distribution of a gavage dose of uranyl nitrate was completed with

male Wistar weanling rats. The study was designed so that the uptake

and distribution of an acute dose of uranium could be observed for a

period of 15 minutes to 4 days. Eight animals were used for each

time interval. The uranium content of several body compartments was

analyzed at these time intervals. Tissues that were routinely ana-

lyzed included the kidneys, liver, skeleton, blood, stomach, small

intestine, cecum and large intestine. Groups of animals were killed

and tissues collected at nine time periods (14, 1/2, 1, 2, 4, 8, 24, 48,

and 96 hrs) after gavage.

For a given time interval, the following procedure was utilized.

First, the animals were gavaged with a dose of uranyl nitrate. The

administered dose was based on the body weight of the animal. Thirty

milligrams of uranium was given per kg body weight. The animals were

kept in metabolic cages until they were killed by CO2 asphyxiation.

Second, tissues were collected by dissection. Both kidneys, the

right femur, a blood sample, the liver, the stomach, small intestine,

cecum, and large intestine (includes the rectum) were collected. The

blood sample was obtained by cardiac puncture. The femur was pres-

sure-cooked for 10 to 15 minutes, flesh removed, and placed into a

polyvial. The other samples were then freeze dried for twenty four

hours, weighed, and heat sealed.

The remainder of the skeleton was prepared by first skinning the

carcass, removing the contents of the abdomen, and then feeding the

remaining carcass to a colony of Dermestid beetles. When all the

muscle tissue had been eaten, the skeletons were removed, disarticu-

lated, and their individual bones grouped, placed into polyvials,

weighed, heat sealed, and then analyzed for uranium content.

In all, seventeen samples were collected from each animal. This

represents 136 samples per time period. For the entire study, about

1200 samples were collected and analyzed.

Soft tissues and bones were activated and counted at the OSU

Radiation Center. Each sample was irradiated for 60 seconds, allowed

to decay for 20 seconds, and then counted for 60 seconds. The 20

second decay period minimized the interference of the 17N delayed
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neutron activity. Gut samples were irradiated at 30 kW to 100 kW

reactor power levels, while the other samples were activated at 1 MW.

A lower reactor power level was necessary for the gut samples since a

radiation dose level exceeding the maximum permitted by the Health

Physics staff was obtained at the higher reactor power levels.
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3.0 RESULTS FOR DELAYED NEUTRON COUNTING

Errors associated with standard preparation, sample preparation,

activation, and counting were investigated as a part of a study of the

applicability of DNC for uranium analysis in biological samples. In

addition, precision, accuracy, sensitivity and minimum level of detec-

tion (MLD) were defined. The results for each topic will be pre-

sented separately.

3.1. Errors Associated with Standard Preparation.

For other forms of neutron activation analysis, samples and stan-

dards are usually in the same physical form to reduce the effect of

activation differences between matrices. However, for DNC this pro-

cedure was found to produce inaccurate results.

Experiments demonstrated that both the hydration and the encap-

sulation state of prepared uranium solutions had a significant effect

on sensitivity and accuracy. The results for each will be presented

separately. Following this, experimental results to account for the

observed differences in sensitivity between standard preparations will

be presented.

3.1.1. Standard preparation and sensitivity. Uranium standards

were prepared in the following manner:

Type 1 - doubly encapsulated uranium solutions
Type 2 - doubly encapsulated uranium solutions, evaporated

to dryness
Type 3 - singly encapsulated uranium solutions, evaporated

to dryness
Type 4 - singly encapsulated uranium spiked tissues

Four different uranium concentrations of each sample type were pre-

pared. Each series was then activated and counted three times.

Sensitivity (or count rates) for the different standard preparations

are given in Table 3.1. Note that the Type 1 samples gave the highest

sensitivity, while Type 3 samples gave the lowest sensitivity. For

the four sample types at the three higher uranium concentrations

tested, analysis of variance (ANOVA) showed that the observed differ-



Table 3.1. Observed count rates in a series of preparations with identical uranium content. The sets
of samples were prepared as follows: (1) a uranium solution was doubly encapsulated, (2)
a uranium solution was evaporated to dryness and doubly encapsulated, (3) a uranium solution
was prepared as in (2) but singly encapsulated, and (4) ground bone and kidney samples were
spiked with uranium, freeze dried and singly encapsulated. Four uranium concentrations
were tested. The values for the four sample types at each of the three highest concentrations
are significantly different (ANOVA and paired t-statistic @ p=0.05). Each sample was activated
and counted three times.

Type 1 Type 2 Type 3 Type 4
pg U added to
preparation

2x encap U
solution

2x encap U

evap solution

lx encap U

evap solution

lx encap

spiked tissue

15 28,651 + 308 25,456 + 1,226 23,573 + 214 27,176 + 202

1.5 2,914 + 115 2,536 + 71 2,423 + 57 2,824 + 48

0.15 305 + 10 262 + 9 240 + 18 284 + 14

0.015 46 + 13 38 + 11 32 + 7 39 + 5
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ences in count rate are significant at the 5% level of confidence. In

addition, paired t-tests also gave significant differences between

these data.

3.1.2. Standard preparation and accuracy. For any analytical

method, accuracy of prepared standards is usually determined by com-

parison to a known NBS reference material. In this study, accuracy

was determined by calculating the uranium content in NBS reference

oyster tissue from the counts per microgram value obtained in the

prepared uranium standards (Table 3.2). The value reported by NBS

as the uranium content for the oyster tissue was 0.116 t 0.006 ppm.

The Type 1 standards gave the best accuracy, while the Type 3 stan-

dards gave the poorest. This pattern was observed for the three

highest uranium concentrations tested. However, at the lowest ura-

nium sample concentration tested (0.015 pg), the Type 3 standards

gave the best accuracy. Analysis of variance of these data shows

that the calculated ppm values for the oyster tissue are signifi-

cantly different (p-0.05). For the three higher uranium concentra-

tions tested, it is interesting to note that the Type 4 standards

gave accuracy values that were 18-21% different from the NBS reported

value (Table 3.2, column 5), while the Type 1 standards gave accuracy

values that were 7-14% different from the reported value (Table 3.2,

column 2).

The use of NBS reference material containing nanogram quantities

of uranium to determine accuracy may result in misleading conclusions.

The NBS oyster tissue samples used in this study were normally about

0.30 g. This mass of tissue contains about 35 ng of uranium.

Assuming that the sensitivity for natural uranium is 2000 cts /ug U,

this would give a count rate of 70 cpm for a 0.30 g sample. The

counting statistics error associated with this count rate can be es-

timated by /x, which equals V76/70 or 12%.

Since a considerable degree of uncertainty in the accuracy

exists with the use of an NBS reference material containing nanogram

quantities of uranium, other methods for the determination of accuracy

were investigated. Ideally, an NBS biological standard with a micro-

gram uranium content should be used to reduce the effects of counting



Table 3.2. Accuracy of a series of prepared uranium standards estimated by comparison to an NBS oyster
tissue reference material. The uranium standards were prepared as follows: (1) a uranium
solution was doubly encapsulated, (2) a uranium solution was evaporated to dryness and doubly
encapsulated, (3) a uranium solution was prepared as in (2) but singly encapsulated, and (4)
ground bone and kidney samples were spiked with uranium, freezed dried and singly encapsulated.
Four uranium concentrations were tested. See text for how the uranium content of the NBS
reference material was calculated from the prepared uranium standards. The value reported by
NBS for the oyster tissue was 0.116 + 0.006 ppm. Means, SD's, and percent error (from the
reported NBS value) are listed. Each sample was counted three times.

pg U added to
preparations

Calculated ppm values for NUS oyster tissue

Type 1
2x encap U solution error

Type 2
2x encap evap U sol error

Type 3
lx encap evap U son error

Type 4
lx encap tissue error

15 0.132 + 0.016 14 0.149 + 0.020 28 0.161 + 0.019 39 0.140 + 0.017 21

1.5 0.130 + 0.016 12 0.152 + 0.018 31 0.158 + 0.019 36 0.136 + 0.018 17

0.15 0.124 + 0.015 7 0.145 + 0.018 25 0.160 + 0.022 38 0.137 + 0.020 18

0.015 0.086 + 0.030 26 0.100 + 0.035 14 0.121 + 0.027 4 0.097 + 0.017 16
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statistics. Unfortunately, a biological reference material containing

Pg quantities of uranium is not available through NBS. Alternatively,

one could spike the NBS oyster tissue used above with a given quantity

of an NBS uranium standard. However, attempts to purchase an NBS ura-

nium standard with an enrichment level of 0.72% were unsuccessful.

As a result, it was decided that a relative accuracy would be used.

Thus, in this work the uranium content of the stock solution used to

make up the standard solutions was analyzed by an outside laboratory.

All the results obtained in this thesis have been standardized

against this value.

3.1.3. Why does sensitivity vary with moisture content? Four

sets of experiments were completed in an attempt to account for the

observed differences between wet and dry standards: (1) geometry,

(2) loss of mixed fission products (MFP), (3) cobalt, and (4) ther-

malization during counting.

Geometry. The geometry2 between wet and dry uranium solutions

is not identical and could account for the difference in the observed

count rates. To test the hypothesis that geometry may account for

this difference, it was necessary to find a material that maintained

its geometry upon drying. Wet and dry blood samples were found to

fulfill this requirement. Several wet and dry spiked blood samples

were activated, counted and compared. Again, the wet samples had a

greater count rate than the dry samples (paired t-test @ P=0.05),

8350 t 200 and 7800 t 100, respectively. This suggested that geo-

metry differences do not account for the variation in count rates

between wet and dry samples.

Loss of Mixed Fission Products. The loss of volatile elements,

such as Hg, due to diffusion through the polyvial wall has been shown

to be a problem in neutron activation analysis. This could also be

a problem in delayed neutron counting since several of the MFP that

have a relatively high fission yield are gaseous (93Kr, 95Kr, 1391,
140

I). The loss of MFP through diffusion, however, was not found to

2Geometry may be defined as the spatial relationship between the
sample and the detector.
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be important. Significant differences were not observed when the

outer vial of a doubly sealed sample was replaced with a new vial

compared to the control. The outer vial was not changed for the

control (Table 3.3). The count rates were not statistically different

for the four uranium concentrations tested (ANOVA @ P=0.05). If dif-

fusion of MFP through the polyvial wall was significant, then one

should have observed a lower count rate in the opened vials.

Cobalt. Water is commonly used to thermalize fast neutrons.

For many elements, such as Co, the probability of capturing thermal

neutrons is greater than for fast neutrons. It was postulated that

if the presence of water in a sample thermalized neutrons, then this

might account for the higher count rate observed for the wet uranium

solutions.

Three experiments were completed to test this hypothesis: (1)

Cobalt solutions and cobalt solutions that had been evaporated to

dryness were activated, counted, normalized, and compared. (2) Wet

and dry blood samples, spiked with cobalt, were activated, counted,

normalized to wet weight, and compared. (3) Cobalt wire was inserted

into a series of vials. In one set of vials, the wire was doubly

encapsulated. The inner vial, containing the wire, was filled with

water. In the second set, the wire was singly encapsulated. In all

vials, the wire was placed so that the geometry would be the same.

The results for these experiments are presented in Table 3.4. No

significant differences between the wet and dry samples were observed

for any of the three experiments (paired t-statistic @ P=0.05).

Thermaization during counting. Other explanations for the

higher count rate observed in wet samples have been given by Gladney

et al. (1980). They postulated that two phenomena could occur: (1)

the presence of water in a sample might thermalize delayed neutrons

and could, therefore, induce additional fission of the uranium pre-

sent in the sample; (2) if thermalization of delayed neutrons did

occur, then, perhaps, only this increased flux of thermal neutrons

was being detected.

The first hypothesis would be difficult to test, whereas the

second possibility can be tested by two methods. First, one can
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Table 3.3. A comparison of the effect of changing vials to determine possible
loss of gaseous mixed fission products. Each sample was activated
six times. For the first 3 trials, the outer vial was not changed,
while for the last 3 trials the outer vial was changed. Four
uranium concentrations were tested. None of the values were
significantly different (paired t-statistic @ p = 0.05)

ug U added to
preparation Vials not changed Vials changed

150 186,067 + 1,279 185,961 + 8,385

15 19,110 + 218 19,211 + 447

1.5 1,895 + 62 1,912 + 57

0.15 205 + 10 203 + 22



Table 3.4. Count rates in three sets of wet and dry cobalt samples. The samples were prepared
as follows: Cobalt solutions and cobalt solutions that had been evaporated to
dryness, (2) Wet and dry cobalt spiked blood samples, and (3) Cobalt wire that was
placed in vials containing and not containing water. See text for further
explanation. Means, Standard deviations, and N for each sample type are given.

Sample Wet Dry
Type x + SD x + SD

N for each state)

Cobalt solutions 2,800 + 40 cpm 2,850 + 60 cpm 9

Blood samples + Cobalt 3,400 + 40 3,370 + 90 3

Cobalt wire 412,350 + 1,250 411,150 ± 3,000 3
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screen out thermal neutrons arising from a sample by placing a Cd

shield around the sample. It was postulated that if thermalization

was occurring within a sample, then relatively more neutrons would be

absorbed by the Cd from the wet sample than the dry sample. As a

result, the count rates from both samples should be approximately

equal. Four uranium concentrations were tested with and without a

Cd shield. The results are given in Table 3.5. Since the Cd shield

greatly reduced the sensitivity for all samples, the count rates were

normalized against the doubly encapsulated uranium solutions so that

a direct comparison of the effects of the Cd could be made. If a

greater number of neutrons were thermalized in the wet samples and

absorbed by the Cd shield, then one should observe a significant

difference in the normalized values between the Cd shielded and un-

shielded values in Table 3.5. However, Student's t-statistic was not

significant at the p=0.05 level, except at the lowest concentration

(counting statistics can probably account for the significant dif-

ference in the lowest uranium levels). This suggests that thermali-

zation of neutrons is not occurring within the sample while the sam,

ple is being counted.

The thermalization of neutrons within a wet sample can also be

tested by another approach. If the thermalization of neutrons is

significant, then one should be able to observe this effect directly

by counting a series of wet and dry samples with a bare BF3 detec-

tor, i.e., a detector without ,a surrounding layer of moderator mate-

rial. It was postulated that if thermalization was occurring, then

a higher count rate should be observed in the wet samples. No dif-

ferences were observed between wet and dry samples (paired t-test

@ P.0.05). Wet and dry samples containing 150 ug uranium gave a

count rate of 17 t 6 cpm and 15 t 7 cpm, respectively (n=4 for each

hydration state).

3.2. Errors Associated with Sample Preparation.

Minor variations in the physical form of a series of samples

can have a profound effect on precision in activation analysis. Is

this a problem with DNC? To answer this question, two parameters



Table 3.5. The effect of a cadmium cover around activated uranium samples during counting. Relative counts
are listed. Three standard preparations were tested with and without the cadmium cover. Four
uranium concentrations of each standard preparation were prepared. See text for further explanation
of standard preparation. Student's t-statistic was not significant at the p = 0.05, except at the
lowest concentration. Each sample was counted three times.

ugU
addeu

With Cd cover Without Cd cover
2x encapsulated

solution
2x encapsulated
evap solution

lx encapsulated
evap solution

2x encapsulated
solution

2x encapsulated
evap solution

lx encapsulated
evap solution

150 1.000 ± 0.009 0.957 t 0.025 0.925 ± 0,038 1.000 ± 0.018 0.966 ± 0.026 0.931 ± 0.028

15 1.000 .1 0.025 0.987 ± 0.013 0.885 ± 0.044 1.000 ± 0.015 0.987 ± 0.018 0.864 ± 0.016

1.5 1.000 ± 0.066 0.954 ± 0.024 0.867 ± 0.033 1.000 ± 0.009 0.927 ± 0.026 0.861 ± 0.028

0.15 1.000 ± 0.131 0.814 ± 0.039 0.696 ± 0.137 1.000 ± 0.041 0.942 ± 0.081 0.812 ± 0.044
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that can affect the physical form of biological samples in DNC were

investigated: moisture content and size.

3.2.1. Moisture content. The presence of water in tissue sam-

ples can lead to significant errors in the determination of uranium

content. As previously reported in Table 3.1, significant differ-

ences were observed in count rates for wet and dry standard solutions.

In addition, it was also demonstrated that wet blood samples had a

greater count rate than dry blood samples (see section 3.1.3).

In other phases of the EPA project, of which this thesis was a

minor part, an occasional sample was found to be incompletely dried

during the freeze drying process. Greater count rates were usually

observed for these samples compared to other dry tissues collected at

the same time. As a result, the values were not utilized.

3.2.2. Size differences. Differences in sample size or geometry

can lead to significant errors with other methods of activation anal-

ysis, but for the DNC technique this effect was found to be negligible

(Table 3.6). Ground and unground tissues were singly sealed, acti-

vated, counted, and compared to see if slight differences in size

would give rise to significant errors. Five out of the eight groups

of the ground and unground tissue samples gave the same count rate

(paired t-statistic at the 5% level of confidence). The 2.5 to 18.4%

differences observed for the other three groups in Table 3.6 can be

attributed to counting error, differences in the centers of mass of

the samples, and pipetting error. Counting error can be estimated

by07/ x, where x equals the observed count rate. The estimated

counting errors for the 15 ug bone samples, 1.5 ug U kidney samples,

and 0.015 ug U kidney samples were 0.6, 1.9, and 16.2%, respectively.

Note that counting error can account for most of the variation ob-

served for the 0.015 ug U kidney samples, whereas for the other two

sample groups that showed differences it does not.

Ground and unground samples differed about 4 cm in their centers

of mass. As will be discussed in a later section (3.3.1), a 1 cm

change in a sample's center of mass introduced only a 1.6% difference

in the count rate. Thus, only 0.4% of the observed variation in the

ground and unground samples can be attributed to differences in size.



Table 3.6. A comparison of count rate for ground and unground tissue with known amounts of
uranium added. Values given are in counts per minute. Two samples were prepared
for each category and each was counted twice. The paired t-statistic at the p=0.05
with 3 di is 3.182. Means and standard deviations are shown for each group.

ug
added

Bone Sanples
Ground Unground Calc t

Kidney
Ground

Sanples
Unground Calc t

15 27,342 ± 27 dpm 26,665 ± 332 cpm 4.21 27,011 ± 147 cpm 27,372 ± 252 cpm 1.87

1.5 2,803 ± 52 2,704 ± 60 2.82 2,846 ± 39 2,717 ± 47 4.68

0.15 285 ± 11 284 ± 27 0.06 284 i 19 292 ± 8 0.91

0.015 33 ± 5 37 ± 10 0.78 38 ± 6 31 ± 4 3.52
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What then may be the primary cause for the observed differences in

count rate? It is suggested that pipetting error was the primary

cause for the observed variation in the count rate. For other experi-

ments, 5 to 15% variations in the amount pipetted have been observed

if extreme care is not taken.

3.3. Errors Associated With Activation and Counting.

Several errors may arise during sample activation and counting.

Rabbit position in the reactor core, vertical sample position in the

DNC counter, reactor flux gradients on the same day and different

days, and some possible side reactions and interferences were inves-

tigated.

3.3.1. Rabbit position in the reactor core. Scherpelz (1978)

demonstrated that a mean 2.4% error was introduced in the count rate

when a sample was vertically displaced 1 cm in the reactor core.

However, since much of his work was completed at a reactor power level

of 10 kW, and the reactor core configuration had been changed signifi-

cantly since that time, it was felt that a reevaluation of this error

would be appropriate. Here, a series of spiked blood samples were

displaced by 0.5 cm increments, activated, counted, and normalized

to the initial position. A linear regression of the relative values

and displacements fit the equation y = -0.016x + 0.0019 with a r2

of 0.992. Thus, at a reactor power level of 1 MW, a 1.6% error per

cm vertical displacement was observed (Table 3.7).

The question may be asked, are the error estimates for the ver-

tical displacements in the reactor core of this work and that of

Scherpelz significantly different, or can they be attributed to

chance? An F-test for the two slopes was completed and found to be

significant at the 5% level.

3.3.2. Sample position in counter. Most samples that were

routinely analyzed in this study did not differ in their centers of

mass by more than a centimeter. Do such differences in centers of

mass introduce a significant error? To answer this question, an

experiment was performed with a 5 mCi AmBe neutron source that was

vertically displaced by 2.5 cm increments. The results are presented
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Table 3.7. Observed counts of uranium samples as a function of vertical
displacement in the "rabbit" position in the reactor core.
Vertical displacement, means, standard deviations, and
counts relative to the initial position are listed.

Vertical
Displacement

Mean
Counting Rate

Standard
Deviation

Relative
Counting Rate

0.0 on 8650 It 200 cpm 1.000
0.5 8600 i 100 0.995
1.0 8500 t 150 0.987
1.5 8450 i 100 0.979
2.0 8350 i 50 0.969
2.5 8300 ± 150 0.960



40

in Table 3.8. A vertical displacement of 2.5 cm decreases the count

rate by 0.5%. However, displacements of greater than 2.5 cm will

introduce a much greater error. For example, a displacement of 7.5

cm will introduce an error of 5%.

Most samples that were routinely analyzed in this study did not

differ in their centers of mass by more than a centimeter. It can

therefore be safely assumed that the introduced error for minor dis-

placements is much less than 0.5%.

3.3.3. Reactor flux. Scherpelz (1978) observed that the reactor

flux at a power level of 10 kW can vary slightly during an activation

(0.3%) and can also vary from day to day (1.6%). Is this also true

for an activation performed at a reactor power level of 1 MW? Two

experiments were completed to answer this question. First, two stan-

dards, containing 2.168 pg and 21.68 pg uranium, respectively, and

three kidney samples, containing unknown amounts of uranium, were

activated four times each on the same day. For the second experi-

ment, the two standards were activated once on seven different days.

Generally, the variation in flux on a given day's activation was less

than 1% (Table 3.9) while the variation in flux from day to day was

about 2% (Table 3.10). Possible reasons for the observed variations

in flux will be discussed in a later chapter.

3.3.4. Side reactions and interferences. Side reactions and

interferences in the DNC technique can lead to some degree of uncer-

tainty in the analysis of uranium. Several side reactions that are

not due to delayed neutrons from the uranium in the sample can give

rise to unwanted counts. In addition, several interferences, such

as electronic noise, gamma radiation, and the various components of

the background count can introduce unwanted counts. Scherpelz (1978)

has given a good discussion of the above side reactions and inter-

ferences. However, since his work and other authors (Gale, 1967;

Amiel, 1961) dealt with geological samples, it was felt necessary

that several of the above side reactions and interferences should be

evaluated for biological tissue.

Gale reported that high gamma activities (=0.1 Ci) can introduce

up to a 20% error. Did the y activities routinely encountered in this
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Table 3.8. Changes in count rate with sample position in the U'C counter using
a 5 mCi Amiee neutron source.

Vertical
Position (cm) CPM Relative CPM

0 95,250 ± 400 1.000 ± 0.004 10

2.5 94,700 t 350 0.995 t 0.004 10

5.0 93,100 t 350 0.977 ± 0.004 10

7.5 90,500 t 200 0.950 ± 0.002 5

10.0 65,000 t 300 0.893 ± 0.003 5

12.5 78,450 ± 200 0.824 t 0.002 5

15.0 70,500 ± 100 0.740 t 0.001 5



Table 3.9. Reactor flux variations during an activation on a given day. Two standards and three

kidney samples were activated four times during the same day. Means, standard deviations,
relative standard deviations, counting statistic errors, and the error that can be assigned to

changes in flux are shown.

Sample

Mean
Counting Rate

Standard
Deviation

Relative
Standard Deviation,

CoUnting*
Error, 5,

Reactor
**

Flux Error, 5,

Std 1 4,226 ± 87 cpm 2.1 1.5 0.6

Std 2 41,981 551 1.3 0.5 0.8

Cidney 1 7,668 465 6.1 1.1 5.0

Kidney 2 9,997 144 1.1 1.0 0.1

Kidney 3 5,260 114 2.1 1.4 0.7

/

** rel SD - Counting Error



Table 3.10. Reactor flux variations from day to day. 'No standards were activated once on seven different days to obtain
an estimate of the reactor flux variations that may occur from one day to another. Dates, individual
observations, means, standard deviations, relative standard deviations, counting statistic errors, and the
error that can be assigned to flux changes are shown. The counting statistic error and flux error are
calculated in the same manner as given in Table 3.9.

Date
Relative Cbunting Flux

8-12-83 8-17-83 10-19-83 11-5-83 11-9-83 11-21-83 11-28-83Samples Mean SD SD, % Error, % Error, %

Counting Rates, cpm

std 1 4,295 4,308 4,507 4,530 4,537 4,655 4,672 4,501 ± 150 cpn 3.3 1.5 1.8

std 2 43,844 42,903 45,296 45,914 46,156 45,431 45,188 44,962 1169 2.6 0.5 2.1
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study (=0.5 mCi) introduce an error? Blood samples containing no

uranium were activated and counted for several minutes to observe if

the count rate was higher than that obtained for a normal background.

No significant differences were observed between the two count rates,

thus suggesting that this error is negligible for the samples regu-

larly activated for this thesis.

Amiel (1961) and Scherpelz (1978) reported that the 170(n,p)17N

side reaction may lead to measurable error if the oxygen content is

high. Since oxygen is an important element in tissue, this inter-

ference was assessed by activating water samples of the same volume

as the tissue samples used for this work. No additional neutron

activity above background was observed. Binney (personal communica-

tion) also reported that he found negative results for such an ex-

periment.

3.4. Precision, Sensitivity, MLD, and Critical Level.

An analytical method can be characterized by defining its pre-

cision, accuracy, sensitivity, minimum level of detection (MLD), and

critical level (CL). Some of these parameters may be quite good for

several available analytical methods, but to obtain the best values

for one particular technique may prove to be too time consuming or

costly. An attempt has been made in this thesis work to define the

above parameters for the analysis of uranium in biological samples

by DNC.

A series of rat tissues and a standard containing 2.159 ug ura-

nium were activated several times at different reactor power levels

to evaluate all the parameters listed above except accuracy. Due to

the problems associated with defining accuracy with an NBS reference

material containing small amounts of uranium, a relative accuracy was

used. The reader is directed to section 3.1.2 for further detail of

this method. The results obtained for the other parameters listed

above are presented in Table 3.11.

3.4.1. Precision. Precision was dependent upon two factors:

the uranium content of a sample and the reactor power level. Better



Table 3.11. Precision, sensitivity, minimum level of detection (MLD) and critical level (CL) of DNC
uranium assays as a function of reactor power level in a series of rat tissue. Values given are
in micrograms (R ± SD). Each sample was activated twice per experimental trial.

Reactor
Power
Level

Animal Tissue

1000 kW 500 kW 250 kW 125 kW 63 kW

Uranium Content, ug

1 Blood 0.019 ± 0.001 0.026 ± 0.001 0.017 ± 0.006 0.257 ± 0.347 ND
Kidney 3.669 ± 0.057 3.697 i 0.027 3.716 ± 0.006 3.658 ± 0.012 4.428 ± 0.368
Liver 0.092 ± 0.004 0.112 ± 0.004 0.075 ± 0.019 0.086 ± 0.015 0.077 ± 0.006
Bone 0.376 ± 0.010 0.373 ± 0.018 0.359 ± 0.008 0.349 ± 0.031 0.374 ± 0.012

Blood
2 Kidney

0.019 ± 0.004
5.091 t 0.009

0.015 ± 0.011
5.161 ± 0.039

0.011 t 0.001
5.160 ± 0.023

ND
5.358 ± 0.073

0.346
6.190

± 0.500
± 0.718

Liver 0.077 t 0.011 0.073 ± 0.006 0.077 ± 0.013 0.050 ± 0.015 0.032 ± 0.000
Bone 0.455 ± 0.019 0.466 ± 0.014 0.420 ± 0.096 0.465 ± 0.004 0.565 ± 0.054

Blood
3 Kidney

0.012 ± 0.004
2.731 ± 0.026

0.017 ± 0.013
2.731 ± 0.008

0.014 t 0.003
2.678 ± 0.011

hi)

2.585 ± 0.056
0.016
3.425

± 0.000
± 0.108

Liver 0.049 i 0.007 0.036 ± 0.001 0.036 ± 0.004 0.040 ± 0.005 0.029 ± 0.030
Bone 0.334 ± 0.004 0.309 ± 0.016 0.314 1: 0.006 0.530 ± 0.311 0.422 ± 0.109

Precision for U
std (ug)

2.159 ± 0.005 2.159 ± 0.030 2.159 t 0.074 2.159 ± 0.068 2.159 ± 0.181

Sensitivity
(cts per ug)

*

2126 ± 10 1066 ± 14 571 ± 18 303 ± 9 122 ±

MID, in ug 0.008 ± 0.004 0.018 ± 0.009 0.035 ± 0.017 0.063 ± 0.032 0.157 .1-0.080

* *
CL, in ug

0.004 ± 0.002 0.008 ± 0.004 0.016 ± 0.007 0.029 ± 0.013 0.071 ± 0.033

Bkgd (cts per min) 11 ± 2 15 ± 3 15 ± 3 14 ± 3 14 ± 3

* 1.71 + 4.650; ** 2.330;
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precision was obtained in counting samples containing several micro-

grams of uranium than in those containing only 10 to 100 ng of ura-

nium. In addition, precision was superior at the higher reactor

power levels. For example, the standard deviation for the uranium

content obtained for the three kidneys activated at 63 kW was greater

than those activated at 1 MW.

It is interesting to note that the precision obtained for the

standard solution at 1 MW and 63 kW was 0.2% and 8.4%, respectively.

A regression analysis of precision for the 2.159 ug uranium standard

and reactor power level yielded a regression equation of log preci-

sion = -1.16 log reactor power level + 3.07 with a r2 of 0.87.

The precision is expressed in percent and reactor power level is in

kW.

3.4.2. Sensitivity. Sensitivity, the number of counts per unit

mass of uranium, increased linearily as a function of reactor power

level. A regression of power level. and sensitivity gave an equation

of, sensitivity = 2.207 reactor power level + 20.905 with a r2 of

1.000. Sensitivity is expressed in counts per ug uranium and reactor

power level in kW. A sensitivity of 2126 ctshig U was observed at

1 MW.

3.4.3. MLD. The minimum level of detection has usually been

confused with the, critical level (CL). Many authors have defined the

CL as the MLD. In this study, Currie's (1968) definition of MLD has

been used. The MLD is the level of activity that would allow a pre-

dictive qualitative measurement of the element being investigated

(a priori limit). The CL, on the other hand, is the level of ob-

served activity that is necessary before one can say that a nuclide

was actually present (a posteriori limit).

Calculation of the MLD is based on the background counting rate.

Currie defined the MLD as 1.71 + 4.65A where ug equals the mean

of the observed background count rate. In this study, several back-

ground counts were made during each activation, averaged, and used

to estimate the MLD for that activation run. Generally the back-

ground was about 10-15 counts per minute.

For the data presented in Table 3.11, the MLD was better at
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higher reactor power levels than at lower power levels. The MLD at

1 MW was about 8 ng while at 63 kW it was 157 ng. Regression analy-

sis of MLD and reactor power level yielded a regression equation of,

log MLD = -1.05 log reactor power level + 1.05, with an r2 of 0.995,

where MLD is expressed in g and power level is in kW.

It is interesting to note that when sensitivity and MLD are re-

gressed, a r2 of 0.998 and a regression equation of, log MLD =

-1.03 log :sensitivity + 1.36, are obtained. MLD is expressed in

pg and sensitivity is expressed in counts per pg uranium. This equa-

tion may be useful to predict the MLD as a function of sensitivity,

especially when other levels of 235U enrichment are used.

3.4.4. Critical level. The level of activity required for a

posteriori detection of a nuclide is also superior at higher power

levels than at lower power levels. A similar trend is noted for the

CL as observed for the MLD. The slope for the regression equation

of reactor power level and CL is not significantly different than

that obtained for the regression of reactor power level and MLD.

The regression equation and r2 obtained for power level and CL were

log (CL) = -1.02 log reactor power level + 0.65 and 0.996, respec-

tively. Critical level is expressed in Vs and reactor power level

is in kW.
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4.0 RESULTS FOR ANIMAL STUDIES

Gastrointestinal clearance times, body burdens, relative

burdens of skeletal elements, and estimates of GI absorption of ura-

nium were investigated as a part of a pharmacokinetic study of ura-

nium in drinking water in male Wistar weanling rats. The results of

each will be presented separately.

4.1. Gastrointestinal Clearance Time for Gavaged Uranium.

Uranium solutions administered via gavage to male Wistar wean-

ling rats had clearance times from the GI tract of less than 48 hours

(Figure 4.1). At 14 hr about 30% of the original dose had entered the

intestine. The emptying of the stomach appeared to follow a logarith-

mic rate of decrease. As will be discussed later, uranium levels in

the blood were already decreasing, which suggests that much of the

uranium absorption occurs in the stomach and within 15 minutes (see

Figure 4.2). This observation is in agreement with chemical equili-

brium considerations of the U014 ion, since it exists as a free ion

in acidic environments, such as that found in the stomach. It is

therefore free to cross the stomach lining. However, once the uranyl

ion passes from the stomach into the small intestine, where the pH

is higher, it may complex with bicarbonate or hydroxide ion. This

results in very little absorption occurring in the small intestine.

Clearance times from the stomach and small intestine were rapid. By

four hours, 95% of the gavaged dose had left the stomach. About 95%

of the dose had passed through the small intestine by 8 hours post

gavage.

Residence time in the cecum was much longer than in any other re-

gion of the GI tract. Eight hours post gavage, 80% of the uranium

solution had entered the cecum. The uranium left the cecum slowly

over the next 48 hours. The long residence time is probably due to

the fact that the rats had a residual food content in the cecum from

previous meals before they were gavaged. Food with a high grain

content moves slowly through the cecum. Breakdown of this material

by bacteria occurs in the cecum.
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Figure 4.1. Clearance of a gavage dose of uranyl nitrate from
the gastrointestinal tract of Wistar weanling rats.
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Figure 4.2. Uranium burdens of body compartments in Wistar weanling
rats. A dose of 30 mg per kg was administered by
gavage to starved animals. Burdens are expressed as
the percent of the original dose. Animals were killed
at varying times after gavage, tissues collected, and
analyzed for uranium content.
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4.2. Body Burdens of Uranium.

Body burdens, given as a percent of the gavaged dose as a func-

tion of time, are presented in Figure 4.2. At 11 hr, the body burden

(the sum of the tissues analyzed), blood burden, and skull burden are

at their most elevated levels. This suggests that uptake of uranium

is quite rapid (less than 4 hr). It appears that by 1/4 hr, the highest

levels of uranium in the skull have occurred. About 1.8 t 1.8% of the

original dose had been absorbed into the skull from the blood by this

time (see Appendix, Tables 1-9). The between-animal variation ranged

from 0.01 to 4.47% for the skull burdens at 4 hr. Four of the 8. ani-

mals had relatively high skull burdens while the other four did not.

In vitro studies with bone preparations and radio-phosphate and

-calcium have shown that uptake occurs rapidly (Neuman and Neuman,

1958). If the bone is subsequently placed in a medium that does not

contain the two radioisotopes, rapid loss is observed. It appears

that uranium may follow a similar pattern of uptake and loss in vivo.

An initial spike of uranium is taken up rapidly. As the blood uranimm

concentration drops, equilibrium is rapidly reversed to favor loss.

As a result, a rapid loss of surface uranium in the skull is observed.

Substantial uptake and loss can occur in a matter of minutes. The

wide variation in the observed values may be due to the individual

variation of uptake and loss of uranium in each animal. A difference

of a few minutes in the collection time at the 4 hr kill time could

mean that one has missed the peak concentration level of uranium in

the skull. In addition, bone growth in the skull could affect pat-

terns of uptake in individual animals. Animals at the weanling stage

of growth are rapidly turning over calcium and phosphate ions in the

bone. The degree of turnover and calcification or mineralization has

been shown to affect uptake. Both of these possibilities will be

discussed in more detail in chapter six.

Burdens decreased rapidly for the blood and the skull, but in-

creased for the other skeletal components, and the kidney, 4 to 4

hours post gavage. Blood levels decreased from an average of 0.007

to 0.001% of the original dose at 1.4 and 2 hrs, respectively. A

similar decrease was observed for the uranium burden in the skull.
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The blood burden continued to drop until a level of less than the

MLD was observed (about 0.0004% of the original dose). During the

time interval of 14 to 4 hours post gavage, burdens were increasing

in the other compartments. This suggests that as the uranium leaves

the skull and reenters the blood, it is picked up by the other skele-

tal compartments and the kidney. The patterns of uptake for the

other skeletal components and the kidney were very similar, whereas

for the liver an initial decrease was noted and then a subsequent

leveling off in uranium burden.

4.3. Relative Burdens of Skeletal Compartments.

From 1/2 to 96 hrs post gavage, the relative concentration of

uranium that existed between the different bones analyzed remained

unchanged (Table 4.1). This analysis excluded the skull burden.

The non-changing pattern suggests that uranium is not being prefer-

entially take up by any particular bone group over a period of time.

When the skull is included in the calculations, equilibrium occurs

at about 2 hours, but the pattern observed is much more erratic

(Table 4.2).

4.4. Estimates of Percent Absorption of Gavaged Uranium.

Estimates of percent absorption of uranium vary, depending upon

the time the animal is killed post gavage. Average absorption values

were about 2% when the rats were killed at post gavage (based upon

the sum of the body compartments analyzed). This perhaps is the best

estimate of the absorption of uranium across the GI tract since at

later collection times the uranium has been shifted to body compart-

ments that were not analyzed. At hr, the average percent absorption

estimate was about 0.71%. Two to 96 hrs post gavage, the estimates

of percent absorption ranged between 0.38 to 0.62%. It appears that

a significant portion of the total burden has been moved to body com-

partments that were not collected, or excreted from the body via the

urine. Other authors have observed that uptake of uranium in muscle

tissue is negligible. However, it is suspected that excretion of



Table 4.1. Relative burdens of skeletal components (excluding skull) as a function of time in Wistar
weanling rats given a dose of uranium via gavage.

Time post gavage (hours)
Skeletal
cciponent 2 4 8 24 48 96

Vertebral col 32.4 % 26.2 % 23.6 % 23.6 % 24.0 % 25.7 % 24.2 % 24.7 %
Tail 2.7 6.1 8.0 8.2 7.5 5.1 7.5 8.6
Ribs 32.8 17.3 9.0 8.3 8.2 16.7 8.7 8.0
Feet 7.8 7.9 9.5 9.8 8.9 6.2 8.3 9.1
Front legs 5.7 7.9 9.9 10.0 10.5 9.0 10.6 10.0
Rear legs 4.1 12.5 12.4 12.7 12.1 8.5 11.7 11.6
Femurs 3.8 11.8 15.0 14.3 15.8 16.8 15.7 14.3
Pelvic 4.6 3.4 8.9 9.1 8.9 6.8 9.4 9.2
Pectoral 6.1 6.9 3.7 4.0 4.1 5.2 3.9 4.5



Table 4.2. Relative burdens of skeletal canponents (including skull) as a function of time in Wistar
weanling rats given a dose of uranium via gavage.

Skeletal Time post gavage (hours)

2 4 8 24 48 96Component

Skull 93.9 % 75.3 % 34.6 % 26.9 % 34.9 % 14.8 % 79.2 % 26.0 %

Vertebral Col 2.0 6.5 16.1 17.3 15.6 21.8 5.0 18.3

Tail 0.1 1.5 5.1 6.0 4.9 4.3 1.6 6.4

Ribs 2.0 4.3 5.7 6.0 5.3 14.2 1.8 5.9

Peet 0.5 2.0 6.2 7.1 5.8 5.3 1.7 6.7

Front legs 0.3 2.0 6.4 7.3 6.9 7.6 2.2 7.4

Rear legs 0.3 3.1 8.1 9.3 7.8 7.3 2.4 8.6

Femurs 0.2 2.8 9.7 10.5 10.3 14.4 3.3 10.6

Pelvic 0.3 0.8 5.7 6.6 5.8 5.8 2.0 6.8

Pectoral 0.4 1.7 2.4 2.9 2.7 4.5 0.8 3.3



55

uranium into the urine is significant. Preliminary studies with adult

rats, using metabolic cages, suggested that about 0.2 to 0.5% of a

5000 pg uranium dose administered by gavage was excreted into the

urine during the first 96 hours. If the same pattern of excretion

of uranium into the urine is observed in weanlings, a significant

amount of uranium can be accounted for.
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5.0 DISCUSSION OF THE DNC TECHNIQUE

A thorough evaluation of the application of delayed neutron

counting (DNC) for uranium analysis in biological samples is lacking

in the literature. The following is an attempt to correct this

situation. Topics that will be considered include precision, accu-

racy, advantages and disadvantages of the DNC technique.

5.1. Precision.

The observed precision for a set of samples can be affected by

numerous factors such as weighing errors, inherent differences be-

tween samples, errors arising from different components or levels of

the DNC system, and statistical errors.

5.1.1. Weighing errors. Sample weights have some degree of un-

certainty. For the samples routinely analyzed in this study, the

introduced error in weighing was about ± 0.10%. All samples were

weighed on an analytical balance with an accuracy of ± 0.1 mg.

5.1.2. Differences between samples. Samples can vary in both

their volume and moisture content. Volume or size was observed to

have a negligible effect on precision while the effect of moisture

content was substantial.

Volume or size differences. A slight change in sample volume

can have a profound effect on precision in activation analysis. This

is due to slight changes in the geometry of the sample. As the geo-

metry is changed, the number of counts recorded by the detector will

change. For example, in uranium analysis with gamma-spectroscopy

great care must be taken to assure that the samples are the same

volume. This is especially crucial when the samples are counted with

a well-type Nal detector.

However, slight changes in sample volume had a minimal effect on

count rate for delayed neutron counting. A comparison between ground

and unground bone and kidney samples gave the same number of counts

for most of the groups tested (see Table 3.6). Differences, where

observed, could be attributed to counting error, pipetting error, and
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reactor flux error. For example, ground and unground bone samples

with 15 ug uranium added showed a 2.5% difference between the means.

Of this 2.5%, 0.6% can be assigned to counting statistics, 0.8% can

be assigned to pipetting error, and about 0.6% can be assigned to

changes in reactor flux (see sections 3.1.2, 3.2.2 and 3.3.3 for

how the above errors were estimated). This leaves 0.5% to be attri-

buted to size difference. This 0.5% can be ascribed to the dissimi-

larity in the centers of mass between ground and unground samples.

Centers of mass between the two sample types differed by about 15 cm.

It was determined that a 1.6% per cm change occurs in the count rate

as a sample is vertically displaced at the rabbit position in the

reactor core (see section 3.3.1).

Moisture content. A factor of greater importance in sample pre-

paration for DNC is the sample moisture content (see section 3.1.3).

A 7% difference in the count rate was observed between wet and dry

blood samples.

As a result of this dependency of moisture content and precision,

all samples were either freeze dried for 24 hrs, or, as in the case

of the skeletal analysis, air dried during skeletal cleaning. How-

ever, on occasion, a sample did not dry completely during the freeze

drying process. The introduced error was difficult to evaluate since

the moisture content of the sample was unknown. Generally, when a

sample was still wet, the count rate for that sample was significantly

different compared to other samples collected at the same time.

5.1.3. Errors arising from the DNC system. Recall from section

2.1 that the DNC system consists of three components or levels: the

reactor, the pneumatic transfer facility, and the DNC counting assem-

bly. Errors can be introduced at all three levels.

Errors arising at the reactor level. An error of 0.6% was ob-

served for variations in flux for activations of the same samples on

the same day, while an error of about 2% was observed from one day to

another day. The effect of the day-to-day variation can be corrected

for by activating standards along with the samples.

The day-to-day changes in reactor flux result from the operating

conditions of the reactor. The most important cause for this varia-
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tion is the spatial flux distribution in the reactor core. Scherpelz

(1978) gave several possible reasons for changes in the spatial flux

distribution. These included shadowing effects of samples in the

reactor core due to samples in the lazy susan, control rod position,

and variation in the core's fission product inventory. For further

information, the reader is directed to Scherpelz's work.

In addition to the daily and day-to-day variation in flux, a

change in the vertical flux was also observed in the reactor. A 1.6%

per cm change in a sample's count rate was observed as it was dis-

placed vertically. Vertical displacement of samples is dependent upon

the final placement of their centers of mass. As mentioned previous-

ly, the centers of mass may vary by 1/2 to 1 cm. Even if some displace-

ment does occur when a sample is initially placed in the rabbit cap-

sule, the launching and subsequent landing of the rabbit in the re-

actor core should assure that the sample lands at the botton of the

sample vial. In section 5.1.2, about a 0.5% was assigned to any dif-

ferences that may occur because of differences between samples' cen-

ters of mass.

Errors arising at the pneumatic transfer facility level. The

activation time interval is controlled by the transfer facility auto-

matic timer. Unfortunately, this time interval must be hand set on

a dial and includes the transit time for the rabbit capsule's travel

from the terminal to the reactor. Thus, the consistency of the ir-

radiation times for a set of samples depends on the capsule transit

times and dial settings. These times should be similar for identical

samples, since the system pressure which propels the capsules is

fairly constant. However, if the samples vary in their weights, then

they may require slightly different transit times. A potential there-

fore exists for a degree of uncertainty due to variations in the ir-

radiation time. Scherpelz (1978) reported that if a sample's tran-

sit time had varied by 1/2 second, then an uncertainty of about 0.3%

could be introduced. Since the sample weights in my study did not

vary significantly, this error was probably minimal.

Errors at the counting assembly level. Two errors could possi-

bly be a concern at this level of the DNC system: the placement of
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the sample in the DNC counter and coincidence losses.

The placement of a sample in the DNC did not affect precision

significantly. Less than a 0.5% error was introduced when a sample

was vertically displaced 2.5 cm. Since most sample heights were much

less than 2.5 cm, the introduced error should be only a small frac-

tion of 0.5%.

It is also possible that precision can be affected by coinci-

dence losses, especially when the count rate is very high. For the

counter used in this study it was found that count rates of 4-5 thou-

sand per second (the count rate for 150 vg uranium) resulted in a

coincidence loss of about 6%. Most tissue samples analyzed in this

study had uranium contents of 0.01 to 10 ug, giving count rates of

3.3 to 330 cps, respectively. Coincidence losses for these count

rates were found to be negligible.

However, for many gut samples, count rates were much greater

than those listed previously (above 16,000 cps). The error due to

coincidence losses was corrected for by activating a standard with

a comparable count rate so that the counting losses for one were

nearly compensated by the counting losses of the other. Alternative-

ly, coincidence losses can be corrected for by reducing the reactor

power level so that the count rates are at levels where losses are

minimal.

5.1.4. Statistical errors. Statistical variations due to the

random nature of radioactive decay can also affect the precision of

a set of measurements. Precision can be defined as the relative

standard deviation from the mean. Several authors have given a de-

finition for the standard deviation of a radioactive assay taken over

a period of time which is equal to or larger than the half-life of the

radionuclide. Friedlander et al. (1966) defined the standard devia-

tion, a, as:

a = oE (1 - e-At ) (I - E Ee-At)

where No is the number of radionuclide atoms present when the
assay is begun,

A is the decay constant,
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t is the time interval of the assay, and
E is the detector efficiency (about 21.4% for our

detector system).

Scherpelz (1978) defined the standard deviation according to the

Poisson distribution. When only one measurement has been made, the

set of expected results for this measurement will form a Poisson dis-

tribution. A characteristic feature of the Poisson distribution is

that its variance, a2, is equal to the mean. The square root of a

given measurement will be the best estimate of the standard devia-

tion of the expected measurement results, i.e., a = x1/2.

It is interesting to note that as the detector efficiency de-

creases, the equation given by Friedlander et al. for a can be modi-

fied to:

a = VN0E ( -e-At ) = Vrecorded count,

which is the estimate given by the Poisson distribution.

From the above, one should note that better precision will be

obtained for a higher count rate than for a lower count rate. For

example, if count rates of 5000 and 50 cpm are obtained for two sam-

ples, respectively, the sample with the higher rate will have the

better precision. The precision for the former will be 1.4% and the

latter 14%. This relationship is observed for tissue samples con-

taining varying amounts of uranium (Table 3.10). Very few counts

will be obtained for samples containing ng quantities of uranium,

whereas several thousand counts may be obtained for samples containing

several micrograms of uranium. The observed precision for samples

containing several micrograms in Table 3.10 was about 1% while those

samples containing 30 ng or less was 20 to 30%.

5.2. Accuracy.

Accuracy of the DNC method for uranium analysis in biological

tissue is dependent upon standard preparation and an appropriate

choice of a reference standard.

5.2.1. Standard preparation. Standard preparations with a higher

sensitivity (i.e., ajligher countrate per pg uranium) had the best
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accuracy compared to preparations with a lower sensitivity. Doubly

encapsulated uranium solutions gave the greatest sensitivity and

accuracy while singly encapsulated uranium solutions that had been

evaporated to dryness gave the least (see Table 3.1 and 3.2). Dif-

ferences were also noted between doubly and singly encapsulated solu-

tions that had been evaporated to dryness. The doubly sealed pre-

parations gave the higher sensitivity. As a rule, it appeared that

the presence of water or a greater thickness in the encapsulation

material gave the higher sensitivity and better accuracy.

Two other investigators have also reported this phenomenon.

Dyer et al. (1962) noted that a thicker vial gave a higher count rate

for a given sample preparation. Gladney et aZ. (1980) observed that

a higher count rate was obtained with solutions that were more dilute

in uranium. Both researchers postulated that the higher sensitivi-

ties were due to the thermalization of neutrons during irradiation.

However, results obtained in my study suggest that thermalization

has a minimal effect. The cobalt experiments showed that the same

count rates were obtained for both wet and dry samples (see section

3.1.3). If thermalization was a factor, then a higher count rate

should have been observed for the cobalt solutions. For many ele-

ments, such as cobalt, the absorption cross section for thermal neu-

trons is greater than for fast neutrons.

It is possible that the geometry differences between uranium

solutions and dried uranium solutions might account for the observed

varl.ations. However, as pointed out in section 3.1.3, only a 1.6%

change in the count rate was observed for each centimeter vertical

displacement. The differences in the centers of mass of each pre-

paration cannot account for the 10 to 17% observed variation in count

rates. Generally, the centers of mass of wet and dry uranium pre-

parations did not differ by more than 1 cm. Furthermore, the results

obtained for wet and dried spiked blood samples also suggest that

the differences in geometry are not the primary cause of the observed

variation. Wet and dry blood samples had essentially the same shape,

i.e., their geometries are equal. About an 8% difference in count

rate was observed between the two blood preparations.



62

In addition to the thermalization of neutrons during irradiation,

Gladney et al. (1980) postulated that additional thermalization might

occur during the counting of the sample. They thought that during

counting two phenomena could occur: (1) the presence of water in a

sample might thermalize delayed neutrons and could induce additional

fission of the uranium-235 in the sample, or (2) if thermalization of

delayed neutrons did occur, then, perhaps, only an increase in the

flux of thermal neutrons had occurred, giving rise to a higher count

rate.

My observations of the count rate of wet and dry uranium solu-

tions counted with a bare BF3 detector suggest that both hypotheses

are incorrect. Both standard preparations gave the same count rate

(see section 3.1.3). Furthermore, the results of the Cd shield ex-

periments also suggested that thermalization during sample counting

is negligible. The Cd shield should normalize the count rate for

both wet and dry preparations (see section 3.1.3 for a further ex-

planation).

In addition, calculations show that thermalization should be

negligible in wet samples. One can estimate the number of collisions

that is required to thermalize a delayed neutron from the equation

(Glasstone and Edlund, 1952):

ln(Ei/Ef)

where = average fractional energy lost per collision [.= 0.92
for water; Lamarsh.(1983)]

Ei = initial neutron energy
Ef = final neutron energy

It takes about 39 collisions for a delayed neutron to be thermalized.

The average distance for a neutron to scatter is given by 1/Is where

Es is the macroscopic scattering cross section for water. This is

equal to 3.44 cm-r. This means that about a 11 cm pathlength of water

is required to thermalize a delayed neutron. Since the samples uti-

lized in this study were less than 1 cm in diameter, thermalization

can be assumed to be negligible.

The loss of gaseous mixed fission products (MFP's) could also
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account for the observed higher count rate in wet samples. However,

the loss of MFP's due to diffusion was not significant. Opened and

unopened vials gave the same count rate. If the loss of MFP's was

important then one should observe a lower count rate for the opened

vials. A greater loss of MFP's should occur in the opened vials.

No explanation for the observed difference between wet and dry

samples is available at this time. Other factors, yet to be deter-

mined, must be investigated to give a satisfactory solution to this

problem.

5.2.2 Choice of reference material. Choosing an appropriate

reference standard is an important step in the assessment of the ac-

curacy for an analytical technique. Many investigators have chosen

an NBS reference standard with the same physical form and having the

same elemental content as the test samples. However, this procedure

was not utilized in this study. Attempts to purchase a biological

reference standard with several micrograms of uranium from the Nation-

al Bureau of Standards were not successful. Instead, a biological

reference standard with 120 ng uranium per gram was used. However,

due to the very low uranium content of this material, the precision

was unacceptable. Samples containing low levels of uranium gave 50

to 100 counts per minute. Count rates of this magnitude are subject

to a large counting statistics error. The counting statistics prob-

lem could be minimized if a larger sample was utilized. However, due

to the high levels of activation products produced during irradiation,

sample weights were generally limited to about 0.4 grams. Masses

larger than this gave dose readings that were greater than the maxi-

mum dose allowed by the Health Physics staff at Oregon State Univer-

sity.

Owing to the problems in assessing accuracy with a reference

standard containing low levels of uranium, a relative accuracy was

used. With this method, the stock solution: used to make the stan-

dard solutions was analyzed for uranium content by an outside labora-

tory. All standardization was then based upon this value.

In the future, it is suggested that an NBS uranium standard with

about a 0.7% enrichment (natural uranium) be used as a reference stan-
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dard. Other authors have used this technique. The method of Gladney

et aZ. (1980) appears to have several advantages over the method used

here. They spiked a series of biological reference material with a

known amount of naturally enriched uranium. They reported that this

technique gave an accuracy of 1 to 3%.

5.3. Advantages.

Delayed neutron counting has several advantages over conventional

techniques of uranium analysis. These include ease of sample pre-

paration, the possibility of using personnel with only minimal train-

ing, limited interferences, a good MLD, and relatively low cost.

Each will be discussed separately.

5.3.1. Sample preparation. The preparation of biological sam-

ples for DNC is rapid compared to other analytical techniques. In

this study dry material required only about 5 minutes per sample;

whereas wet samples required an additional 24 hr freeze drying step.

Nevertheless, on a per sample basis, the time spent for sample pre-

paration was much less than the fluorometric, mass spectrometric, or

Y-spectrometric technqiues. Extensive time periods may be required

for the purification of the uranium in the sample for those methods.

The main advantage of sample preparation for DNC over the other

methods of uranium analysis is that 50 to 100 samples can be prepared

for one activation. Other methods, such as those listed above, only

allow the processing of up to 8 samples in an eight hour work period.

Table 5.1 is a summary of the necessary steps for the analysis of 100

dry tissue samples by DNC. Wet samples required an additional freeze

drying step.

Furthermore, sample preparation is non-destructive for DNC. The

samples can be reanalyzed almost immediately. Other techniques, with

a comparable minimum level of detection as DNC, do not permit this,

as the samples are destroyed during analysis.

5.3.2. Level of training. Several authors have made the comment

that non-technical personnel can be employed for DNC (Davies and

Coleman, 1964; Ostle et al., 1971). The latter observed that person-

nel with a limited degree of training could complete both the sample



65

Table 5.1. Sample preparation time for 100 dry tissue samples.
Total time is given. It is assumed that the tissues are
dry. Wet samples require a 24 hr freeze drying step.

Preparation Required
Step Time

Label Vials
Weigh Vials
Place Samples Into Vials
Reweigh Vials with Sample

to Obtain Sample Weight
Seal Vials

Prepare Paper Work for
Activation

Complete Activation

Total Working Time

Working Time if Freeze
Drying Step is required
(optional step)

hr
hr

1 hr

hr
1 hr

hr
3 hrs

7 hrs

715 hrs
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preparation and the activation of the samples. My experience with the

DNC technique verifies this conclusion. The method required a minimal

amount of sample preparation, principally, freeze drying, weighing and

sealing of vials. Inexperienced undergraduate students can carry out

most of the sample preparation. Furthermore, students were also

trained to conduct the actual activation of samples. Generally, stu-

dents could analyze 30 to 40 samples per hour.

This is in sharp contrast to other conventional methods of ura-

nium analysis. Extensive care and experience are required for sample

preparation and analysis for the fluorometric and mass-spectrometric

techniques. Precision and accuracy can be greatly affected by sample

preparation. For example, extreme precautions must be taken to assure

clean work areas for the fluorometric (Waterbury, 1977) and the mass-

spectrometric (Inghram, 1953) analyses. Dust contamination can

greatly affect precision of the mass-spectrometric technique (Inghram,

1953). In addition, these methods require long and involved chemical

separations to isolate the uranium in the sample. Also, extensive

knowledge may be required to operate the analytical instruments.

Mass spectrometry usually requires the employment of a highly trained

individual for maintenance and operation of the equipment.

5.3.3. Limited interferences. Conventional methods of uranium

analysis are plagued by several interferences that do not occur in

delayed neutron counting. These include y-interferences, blank er-

rors, quenching, contamination, and self absorption.

Gamma-interferences can be a serious problem with y-spectro-

scopy. Long and complex chemical separations are generally required

to reduce the interference from gamma rays of similar energies or of

a compton continuum from higher energy gammas. This interference is

usually not a problem in DNC since gamma interaction with BF3 detec-

tors is minimal and can usually be electronically eliminated.

Blank errors and quenching can be a serious problem in the fluo-

rometric technique. Any element present in the original sample, which

might cause interference or quenching of the emitted fluorescence,

must be separated out before the uranium is fused with NaF into a

pellet. The procedures used to separate interfering elements and
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quenchers depend upon which ones are present in the sample. Each

sample type requires a different separation scheme. Blanks can be

analyzed concurrently with the test samples to correct for the "blank

error". In sharp contrast, samples are simply dried, sealed, acti-

vated, and counted directly for the DNC methods. Blank errors or

quenching of neutrons in biological samples are negligible.

Contamination can have a significant effect on the accuracy and

precision in the isotopic dilution-mass spectroscopic method. For

example, dust and reagent impurities can be a major contamination

problem. One mg of ordinary dust that is introduced during chemical

processing of the sample can result in a 10% error (Inghram, 1953).

Reagent impurities when working in the jig range are also a major con-

tamination problem. Reagent contamination can be taken into account

by processing a blank along with the test samples. However, there

is no simple way to evaluate the "dust" error. The amount of error

introduced is dependent upon the quantity of the element being

checked, and the number of steps that may be required for chemical

preparation of the sample.

Other methods with much higher MLD's can have other types of in-

terferences that are not a concern with DNC. Self absorption can be

a major concern in the counting of natural a-emission from uranium

present in a sample. Usually, the uranium contents of a sample

should be greater than 50 ug to overcome this problem. In addition,

long counting periods to obtain a sufficient number of counts and the

limited range of alphas can be a concern.

Polarographic techniques can be affected by contaminants that

alter the current flow. These must be removed by careful chemical

separation before the current which can flow through the solution

can be measured.

5.3.4. MLD. The MID, precision and accuracy of DNC for biologi-

cal tissue was comparable to values attained for other conventional

methods of uranium analysis. However, only the simplest sample pre-

paration was required for delayed neutron counting to attain these

levels. The MID for DNC at 1 MW reactor power was 8 ng ± 4 ng. Pre-

cision for samples containing 1 pg uranium was about 0.2%, and the
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relative accuracy was within 1%.

In addition an estimate of precision for the same sample can be
obtained with DNC. Samples can be reanalyzed several times during the
same activation period. Reanalysis of a sample is not possible with
the fluorometric or mass-spectrometric techniques, since the sample
is destroyed.

Accuracy, however, can be difficult to assess for DNC if one is
not aware of the problems associated with standard preparation and
the choosing of an appropriate reference standard. This is best miti-
gated by using a reference standard that has the same physical form
and the same uranium content as the test samples. Choosing a refer-

ence standard with very low levels of uranium (10 to 100 can lead
to misleading conclusions, since samples containing such levels of

uranium will only give 50 to 100 counts per minute. Count rates of
this magnitude are subject to large counting statistics errors. How-
ever, the use of a reference standard with several micrograms of ura-

nium would minimize this problem since count rates of several thou-
sand counts per minute would be obtained.

5.3.5. Cost. Analysis for uranium by the DNC method is rela-

tively inexpensive compared to conventional analytical techniques.

This assertion is based upon the supposition that a reactor and a

delayed neutron counting system are readily available. Several fac-
tors account for the.lower expense including, ease of sample pre-

paration, minimal time required for sample preparation compared to

conventional analytical techniques, and the employment of non-tech-

nical personnel to carry out the sample preparation and DNC analysis.

The cost per sample was less than $3.00 for this thesis. The

breakdown for this estimate is as follows: vial cost--$0.20, labor
for sample prep--$0.20 to $0.40, labor for paper work--$0.10, and

activation (includes labor)--$1.65. Total cost was about $2.20.

The DNC counter was made available to me at no cost through the kind-

ness of Dr. S. E. Binney. Assessments of cost on a per sample basis

elsewhere than at Oregon State University would depend on labor costs.

Nevertheless, if DNC was available from a commercial laboratory, the

expense should be less than other conventional methods that have a
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comparable MLD, precision and accuracy.

Ostle et al. (1971) also made a cost analysis on a per sample

basis for DNC. They reported an expense of £0.20 or about $0.50.

Adjusting for inflation, their current cost would be about $1.50.

Their lab analyzed about 20,000 samples per year. It would be very

costly to manage this number of tissue samples with conventional

methods of uranium analyses.

5.4. Disadvantages.

The DNC procedure does have several inherent disadvantages.

These include the requirement of a nuclear reactor as a neutron

source, the necessity of working with moderate levels of radioactiv-

ity, and limited sample size.

The availability of a nuclear reactor as a neutron source se-

verely limits the widespread use of DNC. Less than 50 research reac-

tors exist in the United States (Burn, 1982). Also, very few of the

U.S. reactor facilities have a DNC counting assembly (Binney, personal

communication).

The administrative restrictions associated with using a nuclear

reactor as a neutron source for DNC may, in some cases, cause an in-

dividual to choose another more expensive, more laborious, and con-

ventional technique of uranium analysis. However, one should consid-

er the advantages of DNC before making such a decision.

Sample size can be limited by two factors: vial size and level

of radioactivity. The polyvials used in this study held a maximum

of 7 cc. This volume represented about a 2 to 3 gram sample. Other

workers have reported that up to a 30 gram sample could be analyzed

with their DNC system (Amiel, 1963; Gale, 1967). The increase in

sample size can give a lower minimum level of detection. However,

increasing sample size to lower the MLD can be severely limited by

radiation levels. Samples in this thesis were generally 0.5 to 1

gram. Higher sample weights resulted in dose levels that exceeded

the maximum dose allowed by the Health Physics staff here at Oregon

State University.
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Sample size can also be limited by the uranium content. Contents

of greater than 500 pg natural uranium gave dose readings greater than

the maximum allowable. The use of enriched uranium can limit sample

size even further. Natural uranium gave about 2100 counts per ug

while 50% enriched uranium gave about 140,000 count per pg. Dose

levels due to the production of mixed fission products is dependent

upon the 235U content. The use of enriched uranium, however, is under

strict U.S. Nuclear Regulatory Commission licensing requirements.

5.5. Summary.

The analysis of uranium in biological tissue with the DNC method

was found to be precise, quick, inexpensive, non-destructive, and to

have an MLD in the nanogram range. Precision was comparable to other

conventional methods of uranium analysis. Samples containing several

micrograms of uranium gave a precision of 0.2 to 1%. Precision was

found to be dependent upon counting statistics (i.e., the uranium con-

tent), and the variation that normally occurs in the reactor flux.

The determination of accuracy was observed to be dependent upon

the water content of the prepared standards and the availability of

a biological reference standard with several micrograms of uranium.

Considerable errors can be introduced if precautions are not taken

in correcting for moisture differences in the prepared standards or

choosing the proper reference standard. Wet and dry standards were

found to give significantly different sensitivities. The use of a

reference standard with 10 to 100 ug uranium can lead to unacceptable

levels of precision. This problem can be minimized by spiking a bio-

logical reference standard with a uranium reference standard so that

the uranium content of the standard will give a high enough counting

rate. However, for this study, a relative accuracy was used. Here

the stock solution used to make the standard solutions was analyzed

for uranium content by an outside laboratory. All standardization

was then based upon this value.
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6.0 DISCUSSION FOR ANIMAL STUDIES

The use of DNC for uranium analysis in tissue samples was found

to be advantageous over conventional techniques. Simplified sample

preparation was probably the major advantage of the DNC technique

over the fluorometric or mass spectrometric methods. About 1200

tissue samples were analyzed to demonstrate that DNC could be reli-

able, yet cost effective.

Several aspects of the pharmacokinetics of uranium in rats will

be discussed separately. These include clearance and absorption of

uranium from the GI tract, deposition of uranium in the bone, and the

relative distribution of uranium in the skeleton.

6.1. Clearance and Absorption of Uranium from the GI Tract.

The absorption of uranium from the GI tract appears to be inter-

related with residence time in the stomach. Much of the uranium ab-

sorption occurs in the stomach within 15 minutes of gavage. This

hypothesis is supported by the observation that the uranium concen-

tration in the blood decreases rapidly after gavage (Figure 4.2).

If absorption occurred in the small intestine then blood levels should

be expected to rise or level off.

Why should this pattern of absorption be observed? Since gas-

tric juice is acidic and the intestinal contents are nearly neutral,

the lipid solubility of a toxicant can differ markedly in these two

areas of the GI tract. The fat solubility of uranyl nitrate is dif-

ferent at low and high pH. At low pH the distribution of uranyl

nitrate in the organic phase is highly favored over the aqueous phase

(Cordfunke, 1969, p. 15). This means that the uranyl nitrate is able

to cross the stomach lining readily. Fat soluble compounds are able

to diffuse rapidly through the lipid bilayers of the different cell

layers of the stomach lining. However, this changes when the uranyl

nitrate enters the alkaline environment of the small intestine. The

solubility of uranyl nitrate in organics drops significantly at neu-

tral or high pH. In addition, the uranyl ion may complex with bicar-
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bonate or hydroxide ions which are much less soluble in lipids or

water than the nitrate.

Absorption of uranium could probably be enhanced if the rate of

gastric emptying was decreased. Gastric emptying can be slowed if

the pH is decreased, the osmotic pressure raised, the fat content

increased, or if solid food is in the stomach. However, each of

these factors may have a different effect on uranium absorption.

Solid food has been shown to decrease the absorption of uranium by

the stomach lining, since the food material itself can absorb the

uranium (Maynard and Hodge, 1953). On the other hand, decreasing the

pH, for example by the addition of nitric acid, can slow stomach

emptying and increase uranium absorption. The addition of nitric

acid or nitrate ions has been shown to increase the solubility of

uranyl nitrate in organics (Cordfunke, 1969, p. 15). Acids slow the

rate of stomach emptying through the enterogastric reflex, and the

stimulation of duodenal, pancreatic, and biliary secretions. By de-

creasing the rate of gastric emptying, residence time in the stomach

is increased, and more time is available for the absorption of ura-

nium through the stomach lining (Davenport, 1966).

The amount of uranium that is absorbed from the GI tract deter-

mines the degree of toxic effects that are observed. As a result,

many authors have attempted to estimate the percent uptake of ura-

nium. I have also tried to estimate this by summing up the uranium

content in the tissues analyzed and dividing by the uranium content

of the initial dose. Percent uptake at the different collection

periods is given below:

Time post gavage % uptake # animals

k hr 2.08 ± 1.75 7

11 0.73 ± 1.01 8

2 0.40 ± 0.18 8
4 0.53 ± 0.07 8

8 0.62 ± 0.31 8

24 0.37 ± 0.12 8

48 0.59 ± 0.59 7

96 0.38 ± 0.13 8

The highest estimates of uptake were at the 1.4 hr collection
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period, while considerably lower values were obtained after this time
period. The values listed in the above table are significantly dif-

ferent (ANOVA, p=0.05). The lower values after 1/4 hr can be attributed

to the excretion of uranium in the urine. This was observed to be

significant (0.2 to 0.5%) for adult rats (unpublished data from this
lab). In addition, the wide variation at 1/4 hr may be due to differ-

ences in the degree of mineralization of bone and slight differences

in kill times between animals. This is important in that two types

of adsorption patterns are occurring in bone at the early collection

periods. The first is a transient surface adsorption, and the second

is a longer term surface-intracrystalline exchange associated with

bone growth and remodeling. Slight differences in the kill time of

an animal could mean that the peak adsorption of uranium in the skele-

ton was missed. This would result in a lower value than expected.

These two adsorption patterns will be discussed in more detail in

section 6.2.

For my study, the highest and perhaps the best estimate of ura-

nium absorption across the gut membrane is at 14 hr. This is due to

the high levels of uranium in the skull at this time period. At the

later times the uranium is remobilized and excreted into the urine.

Adjustments for the excretion of uranium into the urine could not be

made at the later time periods, since the urine samples collected

were inadvertantly discarded.

Estimates of GI absorption of uranium by other investigators are

presented in Table 6.1. Sullivan's (1980a) work with adult rats gave

values considerably lower than the results obtained in my study.

Several reasons may account for this. Sullivan did not collect the

kidneys. The uranium content of the kidney may be significant at

his collection period (7 days). In my work, the uranium content of

the kidneys was several micrograms of uranium. In addition, it is

suspected that the animals used in the work of Sullivan were not

starved before gavage. Other animal species utilized in the same

study were fed their radionuclide dose in a food bolus. Adsorption

of uranium on food itself can be significant and can lead to lower

levels of uptake through the gut lining (Maynard and Hodge, 1953).



Table 6.1. Reported uranium absorption values in various animals. All animals were gavaged
with uranyl nitrate.

Animal
Total U Time post Percent U
Dose Gavage Absorbed Reference

Rat
adult 0.51 pg 7 d 0.06 + 0.008 Sullivan (1980a)

910.0 pg 7 d 0.06 + 0.009

neonate 0.12 pg 7 d 6.7 + 1.0 Sullivan (1980b)
211.0 mg 7 d 1.3 + 0.5

Swine
neonate 15-20.0 pCi/kg 7 d 34.5 Sullivan & Gorham

(1982)

Hamster
adult 69 pg 12 d 0.77 Harrison & Stather

(1981)

Man
adult 10.8 pg 24 d 0.5 to 5 Hursh et at. (1969)

*Necessary data to convert to pg were not given by author.
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Absorption levels observed in my study may not be applicable to

naturally occurring concentrations of uranium in drinking water for

several reasons. Absorption of uranyl nitrate is much greater than

the other uranium compounds. Uranium in drinking water is usually

complexed with bicarbonate, carbonate, fluoride, and phosphate ions

(see section 1.2). These complexes are not as soluble as uranyl

nitrate. In addition, animals used in this study were starved.

Animals and/or people usually do not have an empty stomach when water

is consumed. As pointed out above, solid food in the stomach will

decrease the absorption of uranium. Furthermore, the water adminis-

tered in my work was distilled and highly acidic to prevent the pre-

cipitation of the uranyl nitrate, whereas environmental water is more

neutral and contains numerous complexing ions.

6.2. Ion Deposition in Bone.

Once the uranium crosses the GI lining and enters the blood, the

uptake of uranium by bone may in turn be dependent upon the chemistry

and physiology of bone. These two topics will be presented before

the uptake patterns of uranium in the skeleton obtained in this study

are discussed.

6.2.1. Bone chemistry. The uptake and turnover of uranium in

the skeleton can be considered to be a surface chemistry problem in

which ion exchange takes place between the bone surface and the sur-

rounding fluid. The walls of the lacunae, the canaliculi, and the

Haversian canals constitute most of these exchange surfaces (Smith

and Hursh, 1977). Hydroxyapatite crystals make up the ultimate ex-

change surface of the bone mineral. The surface area of these crys-

tals is large in proportion to their mass (Neuman and Neuman, 1958,

cited by Smith and Hursh, 1977).

Figure 6.1 represents a bone crystal suspended in an aqueous

medium. A four compartment system can be used to describe the ex-

change of ions for bone in such an aqueous suspension. The compart-

ments are a bulk solution plus a diffuse oriented layer (S1 + S2),

a hydration layer (A), a crystal surface (B), and a crystal lattice



(S1) Bulk solution

(C) Crystal interior

-
100 A.

(S2) Weakly - held
oriented boundary

( 8) Crystal surface

(A) Bound hydration shell
of polarizable ions

Figure 6.1. Cross-sectional representation of a hydroxyapatite crystal in an
aqueous suspension. (From Neuman and Neuman, 1958, p.63)
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interior (C). Exchange of ions in solution with the hydration layer

is rapid (within minutes), exchange between the ions in the hydration

layer and the crystal surface less rapid (within hours), and exchange

within the crystal is quite slow (days to months). This model is

supported by the observation that four different types of ion-crystal

interactions have been identified (Neuman and Neuman, 1958, cited by

Smith and Hursh, 1977). The reader is referred to the classic work

of the Neumans for further detail.

6.2.2. Bone physiology and uptake. The adsorption of ions onto

bone surfaces can be influenced by a number of physiological pro-

cesses, including vascularity (blood flow), the synthesis of new bone,

and the resorption of bone (remodeling). Each of these will be dis-

cussed briefly.

Vascularity can affect ion uptake in both young and old bone.

In the highly vascularized areas of growing bone of young animals,

rates of surface exchange are high (Vaughan, 1970). Rates of exchange

can also be high in mature bones that have the greatest exposure to

the circulating fluids. Rowland (1966) observed that within an hour,

those bone structures with the greatest exposure to the blood fluids

were heavily labeled. At 12 minutes, uptake of ions on the periosteal

and trabecular surfaces was predominant, indicating that uptake was

on the bone surfaces and not necessarily associated with areas of low

mineralization or areas of growth. This pattern of uptake is very

transitory and is negligible within 24 hrs.

The synthesis of new endochondrial cartilage and new bone influ-

ences the uptake of ions. In very young animals most of the bone is

cartilaginous and available for new growth. Eighty to 90% of the

skeleton may be actively growing and available for surface exchange

in young animals (Neuman and Neuman, 1958; Vaughan, 1970; Smith and

Hursh, 1977). The growth of bone crystals in newly formed bone

reaches 75% completion in a few days (Guyton, 1976). As the animal

matures, a greater proportion of the skeleton becomes fully miner-

alized and unreactive. Only about 14 to 1/3 of the skeleton is avail-

able for exchange in the adult animal (Neuman and Neuman, 1958).

The degree of growth remodeling and Haversian remodeling can
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also affect ion uptake. In the rapidly growing bone of young animals,

the highest turnover of ions is found in areas of rapid remodeling

and appositional growth. In a long bone, this corresponds to the

growing ends at the epiphyseal plate and the outer periosteal sur-

face of the shaft. In flat bones, such as the skull, this corre-

sponds to the ossification centers (Landau, 1976). As an animal

grows old, a regular decline in growth remodeling results in a

greater proportion of the skeleton that is fully mineralized and

inert.

6.3. Deposition of Uranium in the Skeleton.

It appears that the surface chemistry and physiology of bone

can play an integral role in the uptake of ions in the skeleton. Can

these be used to help explain my observations on the uptake patterns

in the weanling rat skeleton? Uranium uptake in the skull and the

remainder of the skeleton followed different patterns. Uptake in

the skull was rapid and variable, while the remainder of the skeleton

followed a more predictable pattern.

6.3.1. Uptake in the skull. Variability in the uranium burdens

in the skull can be observed when the data in Figure 4.2 are plotted

versus time (Figure 6.2a). Four of the animals at the 14 hr collection

period had low burdens of uranium while the other four had high bur-

dens. This pattern was also observed at 1/2, 2, 4, 8, and 48 hrs.

However, at the later time periods, only one or two animals were ob-

served to have extremely high burdens, while the others had much lower

burdens in the skull.

A similar pattern of uranium uptake and release was also observed

in the early kill times for juvenile rats. The skull burden as a

function of time is presented in Figure 6.3 (unpublished data from

this lab). Note that even though a wide variation was observed at

the early collection times, such a spread of data was not obtained

at the later kill times. Furthermore, note that the uptake and loss

of uranium followed a more defined curve than that observed for the

weanling rats.
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Figure 6.2. Uranium burden of skull and skeleton (excluding skull)
in weanling rats. A dose of 30 mg per kg was adminis-
tered by gavage to starved animals. Burdens are
expressed as the percent of the original dose. Animals
were killed at varying times after gavage, bones
collected, and analyzed for uranium content. Datum
points and means are shown.
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Figure 6.3. Uranium burden of the skull in juvenile rats. A dose of
30 mg per kg was administered by gavage to starved ani-
mals. Burdens are expressed as percent of the original
dose. Animals were killed at varying times after gavage,
skulls collected, and analyzed for uranium content.
Datum points and means are shown.
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How can these data be interpreted? First, bone growth is

occurring at different rates in the weanling and juvenile rats.

Mineralization of new bone can occur in a matter of days in weanlings

(Guyton, 1976; Neuman and Neuman, 1958). If the degree of minerali-

zation was different between animals, this could account for the wide

variation in uranium uptake in the weanling skull.

Bonner (1953) also observed similar uptake patterns in the wean-

ling skull. Some of the animals had very high burdens while others

had very low burdens of phosphate. He postulated that as bone growth

occurs, crystal size increases, thus decreasing the surface area

available for adsorption. This idea may be valid if maturation of

bone occurs at different times or rates in different animals.

Second, two surface adsorption phenomena may be occurring and

could help account for the observed differences between weanlings

and juveniles. A transitory, short term surface adsorption observed

by Rowland (1966) in mature bone may be occurring in both young and

old animals at the,14 and ig hr collection periods. A more delayed

surface adsorption associated with bone growth (i.e., in immature

bone) may also be occurring in both groups. At the 14 and hr col-

lection periods, the transitory adsorption may be predominant in both

age groups, whereas the delayed surface adsorption associated with

bone growth may be predominant at the later collection periods (8 to

96 hrs). If variable degrees of mineralization exists in the wean-

ling skull, then this might account for the several high skull bur-

dens observed at the later collection times in Figure 6.2a. Bone

that is unmineralized or only partially mineralized has a much greater

uptake of ions than mineralized bone. On the other hand, if miner-

alization is more uniform and complete, as it is in the juvenile rats,

the uranium burdens in the skull should be less variable. The skull

burden values in Figures 6.2a and 6.3 suggest that a majority of the

animals fell in the latter category.

6.3.2. Uranium uptake in the remainder of the skeleton. The

uptake of uranium in the remainder of the weanling skeleton was less

variable and followed a well defined curve (Figure 6.2b). The high

and low uranium burden values seen for the skull were not observed
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for the rest of the skeleton. The values were consistently within

one order of magnitude throughout the 96 hr study period.

These differing patterns of uptake can be accounted for by sev-

eral factors which include blood flow, surface area, and, perhaps,

equilibria between uptake and loss of uranium onto bone surfaces.

These will be discussed below.

Blood flow and surface area of the skull compared to the rest

of skeleton are very different. In humans, the head receives about

14% of the cardiac output (CO) while the remainder of the skeleton

receives only 4% of the CO (Guyton, 1976). It is assumed that rats

have a similar pattern of blood flow to these two areas of the body.

In addition, the skull has a greater surface area than the other

bones. This factor along with the higher blood flow rate to the head

allows the skull to be exposed to a greater proportion of blood con-

taining elevated levels of uranium than the rest of the skeleton.

Equilibrium between uptake and loss of uranium in bone may also

be important. The uptake of uranium from blood to bone is very rapid

when the bone concentration is lower than that of the blood. Bone

has a very high affinity for uranium when its uranium concentration

is lower than that of the surrounding medium (Neuman, 1949). However,

equilibrium which favors loss of uranium from the bone to blood is

quickly established when the blood uranium concentration falls due to

uptake in the skeleton and/or excretion via the kidneys. This pat-

term of uptake suggests that uranium is deposited primarily in the

hydration layer of bone crystals. Uptake and loss in this compart-

ment occurs within several minutes (see section 6.2.1).

Previous investigators have not observed this transient uptake

and loss of uranium by the skull, since bone samples were not col-

lected so soon several minutes after uranium exposure. Neuman (1948)

collected bones from animals that were killed at 3/4 hr after I.V.

injection. Sullivan (1980a) killed his animals at seven days post

gavage while Priest et al. (1982) killed their animals at one day

after I.V. injection. This, it is not surprising that reports on the

transient uptake of uranium in the skull are lacking.

The interval between exposure and sacrifice can be crucial in
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the study of radioactive ion uptake in bone. Ponlot (1960) and

Lacroix (1962) both emphasized that it is important to know the time

interval between injection of the radioactive ion and collection of

bone samples that are to be used for autoradiographic studies.

Rowland (1966) also pointed out that if autoradiographic studies are

to be used to study the movement of calcium ions in the skeleton,

then it is essential to examine bones removed minutes and hours, as

well as days, after injection. This concept may be equally impor-

tant to the understanding of uranium uptake and loss following gavage.

6.4. Relative Distribution.

Age can have an effect on the total burden or uptake of uranium

in the skeleton since the degree of mineralization is different.

However, does age affect the relative distribution3 of uranium in

the bones of the skeleton? The answer to this question is, "No".

The relative distribution of uranium in the rat skeleton was the same

as a function of time (Tables 4.1, 4.2, and 6.2), age, route of ad-

ministration, and sex (Table 6.2). Rats killed at different times

after gavage showed the same relative distributions even though the

total uranium burden of the skeletons was different. In addition,

the results obtained in my work were not significantly different

(X2 @ the 5% level of confidence) than those observed by Priest et aZ.

(1982), where female rats were given a uranium dose by I.V. injec-

tion. This suggests that the relative uptake of uranium in the

skeletal bones may be independent of age and sex.

6.5. Summary.

My observations on the pharmacokinetics of uranium in rats can

be summarized as follows: (1) the absorption of a gavaged dose of

uranium occurs primarily in the stomach within 15 minutes, and may

3The relative distribution was determined by taking the uranium bur-
den of individual groups of bones of the skeleton and dividing by

the total skeletal burden.



Table 6.2. Relative burdens of the skeletal canponents in rats that were exposed by different
routes of administration to an acute dose of uranium. The animals in the study of
Priest et al were female juveniles whereas in this work male juveniles & weanlings were used.

Skeletal
Component

Following I.V. Injection
{Priest et al. (1982)1

Following Gavage (this work)

Weanlings Juveniles

1 day} 32 days
t

1
dayt

4 d ay s t 2 dayst

Skull 18.0 % 19.6 % 14.9 % 26.0 % 13.8 %

Vertebral column 26.2 23.4 21.9 18.3 24.0

Tail 7.3 9.8 4.3 6.4 9.0

Ribs 5.1 5.1 14.2 5.9 7.1

Feet 4.4 6.8 5.3 6.7 5.6

Front legs 7.7 7.8 7.6 7.4 7.6

Rear legs 8.8 6.8 7.3 8.6 9.4

Femurs 10.4 10.2 14.4 10.6 11.4

Pelvic 7.6 6.8 8.8 6.8 8.8

Pectoral 2.9 2.5 4.5 3.3 3.4

* unpublished data from this lab
r the five columns of values are not significantly different using

confidence.
X

2 at the 5 % level of
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be dependent upon the acidity of the gavage solution. (2) Uranium

absorbed from the GI tract, enters the blood and is deposited in the

skeleton. Uptake and loss in the skeleton appears to follow two

patterns. A transitory rapid uptake is observed in the skull, while

a slower, longer term uptake associated with bone growth or degree

of mineralization is observed in the rest of the skeleton. (3) The

relative distribution of uranium in the skeleton appears to be inde-

pendent of time following gavage, age, route of administration of the

uranium dose, and sex. (4) Absorbed uranium is excreted via the urine

by the kidneys.
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8.0 APPENDIX



Appendix Table 1. Uranium burdens (0g) in Wistar weanling rat bones and tissues collected hr after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (u g) are also given.

Collected bone/
tissue

Animal #

x SD1 2 3 4 5 6 7 8

Skull 0.743 ug 55.078 ug 0.966 ug 40.995 ug 95.316
14 2.212 ug

84.386 4 0.289
ug 39.957 ug 40.313 ug

Vert. Ciol. 0.467 1.202 0.449 0.525 1.454 0.696 0.931 - 0.832 0.379

Tail 0.028 0.127 0.104 0.067 0.038 0.068 0.058 - 0.070 0.035

Ribs 0.188 1.547 0.384 0.405 2.048 0.580 0.725 - 0.840 0.690

Feet 0.045 0.102 0.104 0.100 0.237 0.705 0.116 - 0.201 0.230

Ft. Legs 0.099 0.175 0.189 0.137 0.174 0.109 0.142 - 0.146 0.035

R. Legs 0.039 0.304 0.043 0.062 0.082 0.069 0.126 - 0.104 0.093

U. Femur 0.020 0.066 0.085 0.037 0.032 0.045 0.080 - 0.052 0.025

Rt. Femur 0.024 0.076 0.059 0.033 0.006 0.036 0.085 - 0.118 0.049

Pelvic 0.078 0.197 0.106 0.072 0.144 0.073 0.157 0.155 0.060

Pectoral 0.045 0.164 0.187 0.134 0.232 0.128 0.194 - 0.046 0.029

Blood 0.023 0.121 0.802 0.077 0.013 0.077 0.036 0.101 0.156 0.264

Kidney 0.178 0.421 0.429 0.300 0.083 0.234 0.399 0.355 0.300 0.126

Liver 0.034 0.106 0.085 0.363 0.199 0.069 0.193 0.226 0.159 0.117

Stomach 1834.3 1615.5 1713.4 1415.0 1261.3 1601.2 991.9 1437.2 1483.7 268.6

Sm. Intestine 685.3 651.0 859.9 557.8 84.2 594.2 668.5 706.0 600.5 251.3

Cecum 0.5 0.4 0.4 0.6 0.2 0.1 0.1 0.6 0.4 0.2

Lg. Intestine 0.0 0.2 0.0 0.0 0.2 0.1 0.2 0.4 0.1 0.1

Amt. Gavaged 2550.0 2400.0 2160.0 2040.0 3130.0 2190.0 2370.0 2130.0 2250.0 180.0

Animal Weight 85 g 80 g 72 g 68 g 71 g 73 g 79 g 71 g 75 g 6 g



Appendix Table 2. Uranium burdens (ug) in Wistar weanling rat bones and tissues collected at hr after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (vg) are also given.

Collected bone/
tissue

Animal #

3c" SD1 2 3 4 5 6 7 8

Skull 1.270 ug 1.480 ug 0.590 ug 0.360 vg 64.060 ug 0.690 ug 0.950 ug 12.010 lig 10.176 ug 2.212 ug

Vert. Col. 1.165 1.119 0.471 0.336 0.743 0.812 1.329 0.995 0.871 0.346

Tail 0.291 0.308 0.189 0.108 0.184 0.119 0.125 0.309 0.204 0.087

Ribs 0.684 0.705 0.221 0.122 0.315 0.450 1.815 0.294 0.576 0.542

Feet 0.357 0.402 0.206 0.158 0.265 0.150 0.214 0.352 0.263 0.097

Ft. Legs 0.487 0.346 0.179 0.137 0.299 0.138 0.169 0.353 0.264 0.128

R. Legs 0.540 0.448 0.217 0.192 0.812 0.304 0.342 0.489 0.418 0.202

Lf. Femur 0.352 0.266 0.147 0.070 0.280 0.080 0.111 0.247 0.194 0.105

Rt. Femur 0.317 0.123 0.314 0.131 0.214 0.111 0.090 0.302 0.200 0.099

Pelvic 0.162 0.197 0.085 0.055 0.116 0.061 0.107 0.130 0.114 0.049

Pectoral 0.426 0.312 0.134 0.109 0.224 0.062 0.264 0.319 0.231 0.123

Blood 0.144 0.096 0.069 0.093 0.101 0.073 0.069 0.178 0.103 0.039

Kidney 3.116 2.411 1.066 0.731 1.818 0.730 0.602 2.202 1.587 0.943

Liver 0.117 0.108 0.073 0.093 0.141 0.079 0.068 0.126 0.101 0.027

Stcmach 829.0 1126.4 1644.3 284.8 864.9 1270.3 1339.5 1107.1 1058.3 407.6

an. Intestine 1784.0 1441.6 1165.8 1279.3 1195.4 1031.1 855.8 444.2 1149.7 397.3

Cecum 0.6 0.2 0.1 0.2 0.1 0.3 0.7 1.3 0.4 0.4

Lg. Intestine 0.2 0.2 0.0 0.2 0.0 0.2 0.1 0.3 0.2 0.1

Amt. Gavaged 2250.0 2550.0 2700.0 2550.0 2250.0 2250.0 2100.0 2550.0 2430.0 210.0

Animal Weight 85 g 85 g 90 g 85 g 75 g 75 g 75 g 70 g 85 g 7 g



Appendix Table 3. Uranium burdens (ug) in Wistar weanling rat bones and tissues collected at 1 hr after the administration

of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (ug) are also given.

Collected bone/
tissue

Animal #

1 2 3 4 5 6 7 8 x SD

Skull 1.327 ug 1.193 ug 1.441 ug 3.788 ug 1.725 ug 1.141 ug 0.951 ug 0.838 ug 1.551 ug 0.946 ug

Lf. Femur 0.114 0.231 0.253 0.165 0.263 0.180 0.135 0.186 0.191 0.054.

Blood 0.014 0.026 0.035 0.026 0.088 0.032 0.009 0.062 0.037 0.026

gidney 0.984 2.129 2.114 1.555 1.868 1.483 1.196 1.343 1.584 0.421

Liver . 0.031 0.071 0.065 0.031 0.089 0.080 0.042 0.059 0.059 0.022

Amt. Gavaged 2100.0 2160.0 1890.0 1800.0 2340.0 1860.0 2040.0 2220.0 2040.0 180.0

Animal Weight 70 72 63 60 78 62 68 74 68 6 .



Appendix Table 4. Uranium burdens (ug) in Wistar weanling rat bones and tissues collected at 2 hrs after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (ug) are also given.

Animal #

Collected bone/
tissue 1 2 3 4 5 6 7 8 x SD

Skull 1.199 pg 0.907 pg 0.907 pg 9.088 pg 1.046 ug 0.856 pg 1.778 pg 2.343 ug 2.266 ug 2.805 ug

Vert. C01. 0.793 0.923 0.723 1.218 0.838 0.631 1.536 1.775 1.055 0.414

Tail 0.219 0.272 0.238 0.370 0.286 0.205 0.520 0.602 0.339 0.148

Ribs 0.310 0.440 0.256 0.409 0.303 0.221 0.519 0.589 0.381 0.130

Feet 0.207 0.262 0.315 0.464 0.316 0.286 0.637 0.738 0.403 0.192

Ft. Legs 0.332 0.325 0.316 0.473 0.346 0.272 0.444 0.762 0.421 0.149

R. Legs 0.377 0.374 0.406 0.579 0.387 0.331 0.845 0.912 0.526 0.230

Li. Femur 0.219 0.262 0.240 0.339 0.278 0.188 0.487 0.677 0.336 0.166

Rt. Femur 0.233 0.222 0.227 0.355 0.249 0.189 0.423 0.526 0.303 0.120

Pelvic 0.273 0.316 0.509 0.447 0.376 0.245 0.585 0.290 0.380 0.123

Pectoral 0.130 0.131 0.135 0.218 0.158 0.114 0.251 0.121 0.157 0.115

Blood 0.030 0.006 0.019 0.026 0.032 0.026 0.053 0.037 0.029 0.014

Kidney 2.097 1.745 1.748 3.332 2.461 1.420 3.901 4.671 2.672 1.171

Liver 0.046 0.037 0.048 0.053 0.048 0.055 0.049 0.088 0.053 0.015

Amt. Gavaged 2370.0 2280.0 2520.0 2610.0 2550.0 2250.0 2340.0 2490.0 2430.0 120.0

Animal Weight 79 g 76 g 84 g 87 g 85 g 75 g 78 g 83 g 81 g 4 g



Appendix Table 5. Uranium burdens (ug) in Wistar weanling rat bones and tissues collected at 4 hrs after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (ug) are also given.

Animal #

Collected bone/
tissue 1 2 3 4 5 6 7 8 x SD

Skull 1.358 ug 1.985 ug 1.236 ug 1.379 ug 1.847 ug 1.442 ug 6.281 ug 1.825 pg 2.169 pg 0.684 ug

Vet. Col. 1.174 1.471 1.136 1.737 1.427 1.337 1.208 1.661 1.394 0.223

Tail 0.372 0.546 0.427 0.650 0.547 0.447 0.372 0.480 0.480 0.096

Ribs 0.399 0.474 0.397 0.670 0.482 0.463 0.414 0.621 0.487 0.104

Feet 0.407 0.626 0.539 0.814 0.660 0.593 0.603 0.369 0.576 0.141

Ft. Legs 0.480 0.658 0.480 0.580 0.633 0.640 0.596 0.654 0.590 0.073

R. Legs 0.811 0.779 0.574 0.603 0.805 0.735 0.666 0.963 0.746 0.127

Lt. Femur 0.385 0.470 0.302 0.443 0.441 0.486 0.387 0.414 0.416 0.059

Rt. Femur 0.374 0.538 0.343 0.411 0.453 0.420 0.467 0.455 0.433 0.060

Pelvic 0.468 0.561 0.417 0.718 0.557 0.535 0.465 0.551 0.534 0.091

Pectoral 0.206 0.207 0.162 0.315 0.210 0.218 0.238 0.313 0.234 0.054

Blood 0.014 0.011 0.016 0.011 0.006 0.005 0.019 0.008 0.011 0.005

Kidney 4.028 5.345 2.776 3.794 5.118 3.704 3.799 4,146 4.089 0.818

LiVer 0.087 0.084 0.051 0.087 0.077 0.043 0.057 0.052 0.067 0.018

Stomach 24.9 64.2 112.0 120.7 186.0 77.9 273.5 99.4 119.8 77.8

Sm. Intestine 71.1 197.2 275.4 295.9 311.3 266.0 345.6 477.2 280.8 72.3

Cecum 1743.7 1528.2 1658.9 1704.8 1387.9 1684.9 1114.4 1363.8 1523.3 219.4

Lg. Intestine 16.2 135.5 4.4 2.0 109.5 0.2 239.5 0.5 63.5 89.3

Amt. Gavaged 1830.0 1950.0 2100.0 2100.0 1950.0 1950.0 2040.0 2040.0 2010.0 90.0

Animal Weight 61 g 65 g 70 g 70 g 65 g 65 g 68 g 68 g 67 g 3 g



Appendix Table 6. Uranium burdens (pg) in Wistar weanling rat bones and tissues collected 8 hrs after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (u g) are also given.

Collected bone/
tissue

Animal #

x SD1 2 3 4 5 6 7 8

Skull 1.463 pg 1.051 pg 2.949 pg 1.245 pg 12.398 pg 1.319 pg 1.491 pg 1.375 pg 2.911 pg 3.878 lig

Vert. C01. 1.219 0.763 2.291 1.201 1.920 0.992 1.054 0.985 1.303 0.525

Tail 0.379 0.242 0.802 0.363 0.593 0.265 0.337 0.278 0.407 0.194

Ribs 0.373 0.312 0.774 0.372 0.653 0.359 0.356 0.344 0.443 o.171

Feet 0.415 0.316 0.756 0.515 0.679 0.414 0.412 0.344 0.481 0.158

Ft. Legs 0.530 0.355 1.009 0.531 0.817 0.340 0.534 0.458 0.572 0.230

R. Legs 0.597 0.385 1.189 0.572 0.932 0.430 0.637 0.538 0.660 0.270

Lt. Femur 0.367 0.271 0.648 0.340 0.609 0.790 0.388 0.304 0.465 0.191

Rt. Femur 0.393 0.336 0.679 0.345 0.526 0.271 0.328 0.287 0.396 0.139

Pelvic 0.460 0.254 0.864 0.426 0.776 0.303 0.392 0.406 0.485 0.218

Pectoral 0.204 0.141 0.426 0.188 0.288 0.160 0.213 0.158 0.222 0.094

Blood 0.002 0.007 0.016 0.005 0.016 0.006 0.006 0.006 0.008 0.005

Kidney 4.157 2.282 6.187 3.278 5.026 2.568 3.843 3.037 3.794 1.308

Liver 0.052 0.043 0.085 0.052 0.065 0.054 0.056 0.051 0.057 0.013

Stomach 12.1 36.3 58.6 530.3 18.1 16.6 28.9 16.9 89.7 178.7

Sm. Intestine 40.2 67.6 91.7 159.5 67.1 78.3 36.5 57.5 74.8 167.1

Cecum 2228.7 1812.5 1510.7 1500.2 1063.0 658.8 1551.9 1866.9 1524.1 487.0

Lg. Intestine 187.3 607.5 523.7 219.2 882.7 1191.6 784.6 32.6 553.6 394.6

Amt. Gavaged 2010.0 1980.0 1980.0 2100.0 2040.0 1800.0 2100.0 1800.0 1980.0 120.0

Animal Weight 67 g 66 g 66 g 70 g 68 g 60 g 70 g 60 g 66 g 4 g



Appendix Table 7. Uranium burdens (ug) in Wistar weanling rat bones and tissues collected 24 hrs after the administration
of a gavaged dose of uranium. Bodyweight(g) and amount of gavaged uranium (ug) are also given.

Collected bone/
tissue

Animal #

x SD1 2 3 4 5 6 7 8

Skull 0.671 ug 1.097 ug 0.426 ug 0.389 ug 0.968 ug 0.815 ug 0.708 ug 0.537 ug 0.701 ug 0.252 ug

Vert. Col. 0.478 0.879 0.810 0.788 2.569 0.930 0.843 0.973 1.034 0.638

Tail 0.102 0.258 0.199 0.156 0.385 0.199 0.170 0.152 0.203 0.086

Ribs 0.232 0.432 0.268 0.362 2.363 0.512 0.713 0.485 0.671 0.700

Feet 0.148 0.304 0.287 0.198 0.380 0.245 0.256 0.178 0.250 0.075

Ft. Legs 0.186 0.377 0.383 0.281 0.564 0.362 0.400 0.326 0.360 0.108

R. Legs 0.182 0.400 0.412 0.332 0.475 0.300 0.300 0.340 0.343 0.089

Lf. Femur 0.123 0.286 0.260 0.194 0.305 0.183 0.190 0.207 0.219 0.061

Rt. Femur 0.885 0.298 0.378 0.400 0.428 0.253 0.795 0.234 0.459 0.246

Pelvic 0.171 0.339 0.307 0.254 0.435 0.213 0.227 0.255 0.275 0.083

Pectoral 0.090 0.180 0.141 0.097 0.704 0.192 0.110 0.163 0.210 0.203

Blood 0.0 0.006 0.012 0.0 0.013 0.033 0.036 0.009 0.014 0.014

Kidney 2.508 3.769 3.654 3.761 3.635 2.494 2.110 0.959 2.861 1.021

Liver 0.042 0.040 0.067 0.106 0.067 0.062 0.041 0.072 0.062 0.022

Stomach 11.7 2.2 4.9 11.8 2.6 6.8 2.2 2.1 4.3 3.5

Sm. Intestine 96.0 3.5 23.5 5.0 5.6 14.2 3.8 3.5 19.4 31.8

Cecun 534.0 2224.6 1715.9 1469.1 1494.9 716.1 1264.6 1791.6 1341.3 678.1

Lg. Intestine 54.7 7.6 444.5 14.3 128.9 901.8 448.7 120.8 265.2 312.6

Amt. Gavaged 2220.0 2100.0 2160.0 1800.0 2250.0 2400.0 2250.0 2220.0 2180.0 175.0

Animal Weight 74 g 70 g 72 g 60 g 75 g 80 g 75 g 74 g 73 g 6 g



Appendix Table 8. Uranium burdens (vg) in Wistar weanling rat tissues and bones collected at 48 hrs after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (ug) are also given.

Collected bone/
tissue

Animal #

SD1 2 3 4 5 6 7 8 x

Skull 4.014 ug 1.292 ug 1.162 ug 29.995 ug 18.347 vg 1.028 vg 1.190 ug died 8.147 vg 11.500 ug

Vert. Col. 0.621 0.863 0.308 0.352 0.218 0.662 0.564 0.513 0.229

Tail 0.156 0.254 0.081 0.101 0.217 0.146 0.158 0.159 0.061

Ribs 0.124 0.319 0.093 0.121 0.226 0.197 0.216 0.185 0.079

Feet 0.179 0.251 0.068 0.117 0.266 0.182 0.173 0.177 0.069

Ft. Legs 0.228 0.306 0.124 0.152 0.287 0.276 0.207 0.226 0.069

R. Legs 0.227 0.394 0.131 0.166 0.301 0.284 0.236 0.248 0.088

U. Femur 0.188 0.226 0.089 0.106 0.191 0.204 0.165 0.167 0.051

Rt. Femur 0.158 0.252 0.097 0.109 0.193 0.194 0.168 0.167 0.053

Pelvic 0.195 0.292 0.108 0.125 0.249 0.242 0.188 0.200 0.067

Pectoral 0.020 0.131 0.052 0.065 0.115 0.110 0.088 0.083 0.039

islood 0.0 0.008 0.0 0.0 0.026 0.0 0.0 0.005 0.010

Kidney 2.141 2.976 0.648 1.233 2.299 1.878 1.796 1.853 0.751

Liver 0.042 0.087 0.033 0.028 0.076 0.032 0.064 0.052 0.024

Stomach 1.3 1.5 1.5 1.5 1.8 2.0 1.0 1.5 0.3

Sm. Intestine 2.3 2.2 1.4 1.4 1.9 2.3 5.1 2.3 1.3

Cecum 14.8 2.9 216.3 4.5 19.7 52.3 37.3 49.7 75.6

Lg. Intestine 0.1 4.1 2.7 0.1 0.5 6.1 5.4 2.7 2.6

Amt. Gavaged 2250.0 2400.0 2250.0 1860.0 2310.0 1830.0 2100.0 2130.0 222.0

Animal Weight 75 g 80 g 75 g 62 g 77 g 61 g 70 g 71 g 7 g



Appendix Table 9. Uranium burdens (ug) in Wistar weanling rat tissues and bones collected at 96 hrs after the administration
of a gavaged dose of uranium. Body weight (g) and amount of gavaged uranium (ug) are also given.

Animal #

Collected bone/
tissue 1 2 3 4 5 6 7 8 x SD

Skull 1.102 pg 1.190 pg 1.074 pg 2.185 pg 1.532 pg 1.449 ug 0.935 ug 1.037 ug 1.313 ug 0.408 ug

Vert. Col. 0.729 0.886 0.748 1.805 1.177 1.010 0.199 0.815 0.921 0.456

Tail 0.262 0.340 0.283 0.646 0.340 0.315 0.197 0.197 0.322 0.142

Ribs 0.212 0.268 0.237 0.537 0.343 0.293 0.204 0.281 0.297 0.107

Feet 0.256 0.363 0.302 0.636 0.368 0.293 0.236 0.256 0.339 0.130

Ft. Legs 0.295 0.355 0.334 0.566 0.492 0.332 0.263 0.356 0.374 0.102

IL Legs 0.348 0.362 0.351 0.752 0.540 0.468 0.281 0.350 0.432 0.153

Lf. Femur 0.214 0.270 0.239 0.475 0.320 0.245 0.161 0.209 0.267 0.096

Rt. Femur 0.208 0.266 0.199 0.480 0.329 0.266 0.167 0.226 0.268 0.099

Pelvic 0.258 0.332 0.269 0.572 0.445 0.350 0.224 0.293 0.343 0.115

Pectoral 0.132 0.120 0.124 0.367 0.219 0.155 0.101 0.123 0.168 0.088

Blood 0.0 0.0 0.0 0.009 0.007 0.0 0.0 0.0 0.002 0.004

Kidney 2.282 2.722 1.957 4.872 3.149 2.123 1.680 2.264 2.631 1.012

Stanach 0.9 0.7 0.6 1.0 1.2 1.0 0.8 0.6 0.9 0.2

Sm: Intestine 0.9 1.3 0.9 6.7 1.7 0.7 1.3 1.2 1.8 2.0

Cecun 2.4 1.7 1.0 27.5 0.1 0.4 1.3 0.3 4.3 9.4

Lg. Intestine 0.2 0.1 0.7 1.1 0.5 0.1 0.4 0.2 0.4 0.3

Amt. Gavaged 2280.0 2100.0 1560.0 2160.0 2370.0 1590.0 2130.0 2100.0 2036.0 300.0

Animal Weight 76 g 70 g 52 g 72 g 79 g 53 g 71 g 70 g 68 g 10 g


