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Abstract

The estimation of the time and the level of intake of Pu-241 and Am-241 is the
focal point of this study. The computer program Stella II simulates a biokinetic model,
the mathematical representation of the behavior of these radionuclides in the human
body, and these results are further analyzed. The research performed for the thesis is the
critical examination of the biokinetic model for the Pu-241 and the Am-241 nuclide and
the validation/verification through comparison with established models for the same
initial conditions. The simulations, represented through pulses, allow the study of the
behavior of the radionuclides in regard to various intakes and provide more realistic
intake situations. The intake scenarios here include acute single intakes of varying
strengths, and long term chronic intakes of varying strengths. Observations of the
simulations show that the activities in the compartments of the models are unique
functions of time and that the ratios of the activities in various bioassay compartments are
also unique functions of time. These characteristics of the unique curves are the basis for
the study and provide information about the time the intake occurred, as well as the

strength of the intake.

i



TABLE OF CONTENTS

1.0 Introduction

1.1 Objective
1.2 Motivation
1.3 Report Structure

2.0 General Theory

2.1 Compartmental Models and Biokinetic Modeling
2.2 Two compartment model
2.3 Analytical treatment of a two compartment model

3.0 Biokinetic Development of the Pu-241 / Am-241 Model

3.1 Physical Characteristics of Pu-241 and Am-241

3.1.1 Radiological Characteristics of Pu-241 and Am-241
3.1.2 Chemical Characteristics of Pu-241 and Am-241

3.2 Annual Limits on Intake for Pu-241 and Am-241
3.3 Detectability of Pu-241 and Am-241

3.3.1 In vivo Measurements
3.3.2 In vitro minimum detectable activity of Pu-241 and Am-241 in blood, urine
and feces

3.4 Model of the Respiratory Tract and the Gastrointestinal Tract

3.4.1 Lung model (ICRP)
3.4.2 Gastrointestinal Tract (GI) Model

3.5 Biokinetic Model of Pu-241 / Am-241

3.5.1 Transfer Values for Pu-241
3.5.2 Transfer values for the Am-241 nuclide

3.6 Biokinetic Model of Pu-241 and Am-241

3.6.1 STELLA® Model of Pu-241 / Am-241 intakes

3.7 Model Verification

3.7.1 Verification of Numerical Solver

4.0 Analysis of Intake Scenarios

4.1 Intake scenarios
4.2 Behavior of the biokinetic model
4.3 Analysis of acute intakes

44

4.3.1 Acute Intake Scenario Scenario #2
4.3.2 Example: Acute Intake Scenario #2
4.3.2.1 Evaluation of acute scenario # 2 data:
4.3.3 Example: Acute Intake Scenario # 3
4.3.3.1 Evaluation of example acute scenario # 3 data:
Chronic Intake
4.4.1 Example: Chronic Intake Scenario #1

v

W N =

[,

14

14
15
15
16
16
17

18
18
18
22
23
23
26
28
28
30
30

36

36
36
39
39
47
48
49
49
51
56



4.4.1.1 Evaluation of chronic scenario # 1 bioassay data: 57

4.4.2 Example:Chronic Intake Scenario #2 59

4.4.2.1 Evaluation of example chronic scenario # 2 data: 59

5.0 Sensitivity Analysis 61

5.1 Background and Basics of Sensitivity Analysis 61

5.2 Relative Sensitivity Index (RSI) and Sensitivity Index (SI) 61

5.2.1 Relative Sensitivity Index (RSI) 62

5.2.2 Sensitivy Index [SI] 64

53 Sensitivity Analysis for Intakes of Pu-241 and Am-241 65

5.3.1 Sensitivity Analysis for an Acute Intake varying the flow from the liver 65

5.3.2 Sensitivity Analysis for an Acute Intake changing the flow from the kidneys 67

6.0 Conclusions 69

References 72

Appendix 76

Appendix A1 ASCII FILE ACTACAL® program filePu241W.log 77

Appendix A2 ACTACAL® program filePu241W.cpt 83

Appendix A3 Stellall program source code for intake scenario #2 84
Appendix A4 Stellall Flow Diagram for Biokinetic Model of Pu-241 and Am-241

by Inhalation 9%

Appendix AS Stellall generated output file acute scenario #2 (Excel format) 95

Appendix A6 Stellall generated output file acute scenario #3 (Excel formatt) 96

Vita.......ccceeee. teeeesestutestttttessntesstetstasnrontnsstsntsntntsnosaortsaosaststtsensenssnsenens 97




Table 3-1
Table 3-2
Table 3-3
Table 3-4

Table 3-5
Table 3-6

Table 3-7
Table 3-8
Table 3-9
Table 3-10
Table 3-11
Table 4-1
Table 4-2
Table 4-3
Table 4-4
Table 4-5
Table 4-6
Table 4-7
Table 4-8
Table 4-9
Table 4-10
Table 4-11
Table 4-12
Table 4-13
Table 4-14

LIST OF TABLES

Radiological Characteristics of Pu-241 and Am-241 [2].........cocooiiiiiiiiinnces
Annual Limits on Intake for Pu-241 and Am-241 [9] ....cccrrieiriiiiineciere e
Minimum Detectable Activities (MDA) [Reference indicated]
ICRP Lung model grouped in lung region. The fraction is the fraction inhaled that leaves

the compartment with the corresponding clearance rate (Class W) indicated. [14] .............. 20
Description of pathways of the lung ICRP model. The descriptions are to be taken literary,

but the format was changed.[14] ..........ccooiviiiiminiii e 20
Gastrointestinal tract: masses of the walls and contents and the mean residence times of

the substance in the GI section, and the inverse in  the last column.[14] ... 22
Relationships between biokinetic compartments and body organs. [2] ..........ccocooiiiiiines 24
Transfer rates for Pu-241 nuchlidef2] ......c.ococevoeiiniieiiineeceini e 25
Relationships between biokinetic compartments and body organs. [2] ...........ccooiiiieeiine 26
Transfer rates for the Am-241 nuclide[2].......c.ccoviirimrienineeecenncie e 27
Initial conditions for ACTACAL® and Stella® models .........ccocooiiiiiiiiiiinnnniiniienen, 31
Conditions of doubling the acute intake .........c..co.ccveervenriciiiniiii e 37
Conditions for the effect of time delayed intake ...........c.cooovviiiiiniine 38
Intake CONAItioNS SCENATIO H2 ......o.vviviiivieiiiieiieteee et e b sr e s e es 40
Result of bioassay fOr SCENATIO #2..........cccevviiiniiiiiiiiiiece et 48
Values of ratios used from Table 4-4 .............coovoiimiiiniiniei e 48
Results of measurements for SCENATIO #3 ..........ccooveeviiiriieriiniie e 49
Ratios of compartmental aCHVILIES ............cccvveeereriinieiniiiiii e 50
Activities of scenario #2 and scenario #3 and the respective ratios............ccceeeeviniiniieiennnn, 51
Intake conditions Chronic Scenario #1.............cccoieiiieireinirici e 56
Bioassay results for chronic scenario #1............ccoovenininiiiiiin e 56
Ratios of chronic scenario #1 calculated from Table 4-8 ...........ccccoviiiviininiinnin, 58
Bioassay results for chronic SCenario #2 ... 58
Ratios calculated from bioassay results Table 4-10 ............cccoovivivnnnnini 59
Activities of example #1 and example #2 and the respective ratios ..................ccoevrvinnrininis 60

vi




Figure 2-1
Figure 2-2
Figure 2-3
Figure 2-4
Figure 2-5
Figure 2-6

Figure 3-1
Figure 3-2
Figure 3-3
Figure 34
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9
Figure 3-10
Figure 3-11
Figure 3-12
Figure 4-1

Figure 4-2
Figure 4-3

Figure 4-4
Figure 4-5

Figure 4-6
Figure 4-7
Figure 4-8
Figure 4-9
Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14

Figure 4-15
Figure 4-16

Figure 4-17
Figure 5-1

Figure 5-2

LIST OF FIGURES

STELLA® generated block flow diagram for a 2 compartment system...................coc.......... 7
Illustration of an intake pule starting at T, and ending at T, 8
Effects of decreasing the tintake by a factor of 2 compared to normal intake 11
Ratio of activities of compartment A to compartment B for two different intake doses 12
Effect of a 30 days time-delayed intake 12
Ratios of the activities of compartment A to compartment B for a normal and a

time delayed intake 13
ICRP Lung model [14].........c.coiviiiiiiiieennieieiieeicies et 19
Percentage deposition as a function of Activity median aerodynamic diameter.................. 21
ICRP Model of the Gastrointestinal Tract {14]...........c..coovioviiiieeeciieeeeeeeeee e 22
Flow diagram of Stella program for Pu-241 and Am-241..............ccoooeviviiveceneeeeeeeenns 29
Code comparison: Pu-241 inblood...................cccooiiiiiviiiii e 31
Code comparison: Am=241inblood. ............c.c.ooevriiiiiviriiniiiccceeeeeeeeeeee e, 32
Code comparison: Pu-241 in fECeS.........cocoveiviiiiiiciieiricceceeeete et 32
Code comparison: Am=-241 0 fECeS ...........c.ceuiviviuiiiieieieeeceeeeeeeee et 33
Code comparison: Pu-241 in UNNE............cocoocvoiveieriveriicici it 33
Code comparison: AmM-241 iNUMNE............cccooriiieiiiiriiiieiis ettt eeeeneas 34
Code comparison: Am-241 i LIVET............c.ooouiuiiiiiiiceeeeeeceeeee e 34
Code comparison: Am=-241inTUNG. ...........ccooeiiiiiiiiiciceeee e 35
Comparing the effect of two different strengths of intake of Pu-241 and Am-241 .................
in feces, subdivided into Am-241 and Pu-241 compartments ..................cccoceevevevvrevernn.. 37
Effect of shifting the initial intake 30 days: the delayed curves show the shift of the
time-delayed intake by 30 days. ...........cocoiviiieiiiiiiic s 38
Activity profiles of scenario #2: single intake of 5000 Bq Pu-24 and 100 Bq Am-241

within a 12-hour intake Period.............oceeuemeriiuieiiicie ettt 40
Activity profile of Am-241 in lung and liver and the ratio of lung to liver. ........................ 41
Activity profiles of Am-241 in lung and feces and the profile of the ratio of lung to

BECES .ttt ettt 42
Activity profile of Am-241 in liver and feces and the ratio of the activities of liver to

BECES ...ttt oottt ettt e e resen 42
Activity profiles of Am-241 in liver and blood and the profile of the ratio ofAm-241 of

BVEr 10 BloOM ..ot s et ee e en e 43
Activity profiles of Am-241 in blood and feces and the ratios of the activities of feces
TODIOOM. ... 44
Curve characteristics of Am-241 in blood and urine and the ratio of the activities of

BlOOA 0 UFINE. ........oomvieiiiecii ettt et e e e e 45
Activity profiles of Pu-241 in feces and blood and the profile of the ratios of the Pu-241
activities in blood t0 fECES. ..........oueiuiuieiieeieecee e 46
Activity profile of Pu-241 in blood and urine and the profile of the ratio of blood to urine. 46
Activity profiles of a Chronic intake. ....................oooveeeeeeereeeeereeee oo 52
Activity profile of Am-241 in lung and liver and the ratio profile of lung to liver.............. 53
Activity profiles of Am-241 in lung and feces and the ratio of Am-241 activities of

TURG L0 FECES. ...ttt et 53
Activity profile of Am-241 in liver and feces and the ratio of their respective activities..... 54
Activity profile of Pu-241 in blood and urine and theratio of the activities of blood

B0 UFIMIE. L.t e s s e s e e eesee e 55
Activity profiles of Pu-241 in feces and urine and the profile of the ratio of the activities

Of fECES L0 UMINE. .......coooiiiiii e 55
Relative Sensitivity Indices curve characteristics varying the outflow rates from the

KIANEYS. ..ot e e e e e s e s 63
Sensitivity index for Pu-241 in blood changing the outflow rates from the kidneys, using
Hoffman’s Sensitivity INAeX[SI] ..........c.co.ovueremeeeeee oo 64




Figure 5-3
Figure 5-4

Figure 5-5
Figure 5-6

Sensitivity indices for Pu-241 in blood, feces and urine ............c.cocoeeveiveveeieecieeececce,
Sensitivity indices for Am-241 in blood, feces, urine and liver, showing the effect of a
change in the liver outflow Fates. .........cc.ooveeiiriiriiriiniiicee e
Sensitivity indices of measurable compartments excluding urine

Sensitivity indices for Pu-241 and Am-241inurine. ..........cccocovveiiiiinnennineee,

viii

67
67
68



LIST OF ACRONYMS

ALl Annual Limit on Intake

AMAD Activity Median Aerodynamic Diameter

DIL Decision Investigation Level

EPA Environmental Protection Agency

IAEA International Atomic Energy Agency

ICRP International Committee on Radiological Protection
MDA Minimum Detectable Activity/Amount

MIRD Medical Internal Radiation Dose

ix



Glossary

activity median aerodynamic diameter (AMAD): The diameter of a sphere having a
density of 1 g cm-3 and the same terminal settling velocity in air as that of the aerosol

particle whose activity is the median for the entire aerosol.

alpha: The probability (not to be confused with an alpha particle) of a Type I error or

false positive. Also called the false positive probability.

analyte: The material to be detected in a quantitative analysis.

annual limit on intake (ALI): The derived limit for the amount of radioactive material
taken into the body of an adult worker by inhalation or ingestion in a year. ALI is the
smaller value of intake of either: 1) a given radionuclide in a year by the Reference Man
(ICRP Publication 23) that would result in a committed effective dose equivalent of

5 rems (0.05 Sievert); or 2) a committed dose equivalent of 50 rems (0.5 Sievert) to any
individual organ or tissue. ALI values for intake by ingestion and inhalation of selected
radionuclides are based on Table 1 of U.S. Environmental Protection Agency (EPA),
EPA-520/1-88-020, "Limiting Values of Radionuclide Intake and Air Concentration and
Dose Conversion Factors for Inhalation, Submersion, and Ingestion," Federal Guidance

Report No. 11 (EPA, 1988).



baseline bioassay: An appropriate bioassay measurement obtained from a bioassay

program participant prior to beginning or resuming work with radioactive material.

beta: The probability (not to be confused with a beta particle) of a Type II error or false

negative. Also called the non-detection probability.

bioassay: The determination of kinds, quantities, or concentrations, and, in some cases,
locations of radioactive material in the human body, whether by direct (in-vivo)
measurement or by analysis and evaluation of radioactive materials excreted or removed
from the human body (in-vitro). Examples of bioassay are: (1) measurement of
radionuclides in urine, feces, hair, blood, or sputum; and (2) direct counting of the whole

body or portions of the body (chest, abdomen, neck, wound) using external detectors.

biokinetic model: A series of often empirically determined mathematical relationships
formulated to describe the intake, deposition in respiratory tract (if applicable), uptakes
by the transfer compartment from intake compartment(s), uptakes by tissues or organs
from the transfer compartment, translocation, retention, and elimination of a radionuclide

from the body.
compartment: The smallest element in a biokinetic model for which a mathematical
representation of a retained quantity is given. Compartments may be organs (e.g., lung,

liver), tissues (e.g., bone marrow), or systemic (e.g., the transfer compartment).
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confirmed intake: An intake confirmed by follow-up bioassay, by association with a

known incident, or by investigation.

direct (in vivo) bioassay: The assessment of radionuclides in the body by detection of

radiations emitted using external detector and analyzer systems.

elimination: The biological removal of a radionuclide from the body by excretion,
perspiration, exhalation, secretion (e.g., breast milk), exfoliation (sloughing of dead

tissue), or excision.

evaluation: The process of arriving at a value for intake or dose that uses, among other

inputs, measurement results.

excretion: The biological removal of a radionuclide from the body via one or more

excretion pathways: urine and feces.

exposure: The general condition of being subjected to ionizing radiation, such as by
exposure to ionizing radiation from external sources or to ionizing radiation sources
inside the body. In this document, exposure does not refer to the radiological physics

concept of charge liberated per unit mass of air.

false negative: A Type II (beta) error, that is, concluding that analyte is not present when

in fact it is.

xii



false positive: A Type I (alpha) error that is, concluding that there is analyte present

when it is not.

gastrointestinal (GI) tract model: A mathematical representation of the behavior of

radionuclides in the contents of the human gastrointestinal tract.

group of radionuclides: Two or more radionuclides that are contained in a matrix such
that an individual could not have an intake of one without simultaneously having an

intake of all of the radionuclides in that matrix.

indirect (in vitro) bioassay: The measurement or analysis of radionuclides in excreta or

other biological samples removed from the body.

intake: The amount of radionuclide taken into the body by inhalation, absorption through
intact skin, injection, ingestion, or through wounds. Depending on the radionuclide
involved, intakes may be reported in mass (e.g., micro-g, mg) or activity (e.g., micro-Ci,

Bq) units.

intake compartment: One of four compartments from which systemic uptake can occur:

the respiratory tract; the GI tract; a wound; or intact skin.

intake retention fraction: The fraction of an intake present in the systemic body or

excreta at some time after intake.



intake route: A pathway by which radioactive material enters the body. The main intake
routes are inhalation, ingestion, absorption through the skin, and entry through injection

or a cut or wound in the skin.

minimum detectable amount/activity (MDA): The smallest amount/activity of a
radionuclide in a sample that will yield a result above the decision level with a beta
probability of non-detection (Type Il error) while accepting an alpha probability of
erroneously detecting that radionuclide in an appropriate blank sample (Type I error).
The MDA is computed using the same value of alpha as used for the DL. The MDA
depends on both alpha and beta. Measurement results are compared to the DL, not the
MDA, the MDA is used to determine whether a program has adequate detection

capability. The MDA will be greater than or equal to the DL.

occupational exposure: An individual's exposure to ionizing radiation (external and
internal) as a result of that individual's work assignment. Occupational exposure does not
include planned special exposures, exposure received as a medical patient, background

radiation, or voluntary participation in medical research programs.

radiological worker: A general employee whose job assignment involves
operation of radiation producing devices or working with radioactive
materials, or who is likely to be routinely occupationally exposed above 0.1 rem

(0.001 Sv) per year total effective dose equivalent.
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Reference Man: A reference human model with the anatomical and physiological
characteristics defined in the International Commission on Radiological Protection
(ICRP) Publication 23, "Report of the Task Group on Reference Man," ICRP 23 (ICRP,
1975). The ICRP Reference Man includes parameters for males and females of various

ages.

respiratory tract model: A mathematical representation of the behavior of particles and

gases in the human respiratory tract.

retained quantity: The amount of material which, after being taken into the body by
inhalation, ingestion, entry through an open wound, or absorption through the skin, exists

in the whole body, a compartment, an organ, or a tissue at a specified time.

routine bioassay monitoring: Any bioassay measurement made on a predetermined,
periodic schedule, to establish a worker's internal exposure status relative to previous

periods of time.

special bioassay monitoring: Any bioassay measurement that is not required for routine
bioassay, but that is required for confirmation of a suspected intake of radionuclides, or is
required for follow-up evaluation of confirmed intakes.

state-of-the-art: The most advanced technology that is commercially available and

successfully field tested.




Type I error: Incorrectly concluding from a result that there is analyte present; the
probability (alpha) of a Type I error is usually taken as 0.05. The decision level is

determined on the basis of an acceptable level of Type I errors.

Type Il error: Incorrectly concluding from a result that there is no analyte present; its

probability (beta) is usually taken as 0.05.

whole body: For the purposes of external exposure, head, trunk (including male gonads),

arms above and including the elbow, or legs above and including the knee.
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1.0 Introduction

1.1  Objective

The goal of this study is to examine the possibly estimating both the time and
level of intake of Pu-241 and Am-241, when only a limited set of isolated measurements
are available to the analyst. The study involves the use of the state-of-the-art biokinetic
model for Pu-241 and Am-241. The kinetics of these materials is investigated by pulses
that simulate radioactive intakes at different times, for different lengths of time, and of
varying strengths. Several intake scenarios are examined to relate the activity in bioassay

compartments to the time and magnitude of the intake.

The initial modeling used biokinetic models from published material (e.g. ICRP
67 [1] and the ACTACAL [2] program). The first step was the reproduction of an
accepted model, and to examine the algorithms used to solve the rather large set of
coupled differential equations. Equations describing the biokinetic model, were coded in

STELLA [3] and the solutions were verified against the ACTACAL data.

In the early stage of the project, several software programs were used, to model or
simulate the intake of radionuclides, their distribution within and removal from the body.
The results data set of the ACTACAL was labeled as scenario #1. The other software
programs used included: ACSL™[4] (Advanced Continuous Simulation Language),
which was used through the University of Tennessee Computing Center by

telecommunication, Scientist™(5] and STELLA®. All programs verified the values



obtained for the initial conditions of the ACTACAL © program. Since the results of the

software programs were in agreement to the ACTACAL® data and Stella was somewhat
more user friendly, the simulation software Stella®, selected for use in this work was on
the basis of availability and ease of coding. The ease of coding was particular important

in the examining the “What if” questions in this work.

1.2 Motivation

Many individuals are exposed to radioactive materials or radiation sources in the
work environment. Occupational radiation exposures are monitored in the work environ-
ment for the purpose of controlling doses to individuals and demonstrating compliance
with occupational exposure limits [6]. Increased attention is directed toward the need for
data on the pattern of those dose accumulations over a person’s work lifetime, especially
for those occupations where higher level of exposure are encountered.[6]. Clearly a need
exists for a reliable estimate of the level of intake of the radionuclides into the body. The
primary function of monitoring in the work environment is to provide information for the
control and further reduction of exposures, where possible, and to ensure satisfactory
work conditions. This includes providing information necessary for estimating the
exposures of personnel. The dosimetric quantities of interest (e.g. the equivalent dose in
a tissue or organ, the effective dose and the intake of a radionuclide), in practice can not
be measured, and must be computed on the basis of other measured quantities. The
measured quantities are inferred from personal monitoring devices or measurements of

activity of the radionuclides retained or excreted from the body [6]. Mathematical

2



simulations serve as the tools to obtain information to enable a better assessment of the

time the intakes occurred, as well as the strengths of the intakes

The nature and type of the measurements conducted, and the relationship between
the quantities found are the central focuses of this study. The modeling of various types
of intake patterns should provide a better estimate of the assessment of intakes. The
estimation of time and level of an intake is the main objective of this study. Even though
an exact determination of an intake cannot always be made, it should be possible to
establish the domain (or bounds) on the time and magnitude of the intake, by asking the
question; What possible intake scenarios would result in the activity distribution values at
the time of measurement? Reconstructing and assessment of intakes is the motivation for

this work.

1.3  Report Structure

The organization of the work presented is as follows. Section 1 of this work is the
introduction. In Section 2 a general theory of the compartmental/biokinetic modeling is
presented, including an example of a simplified model, which is analytically evaluated
for several segments of the time interval (before, during, and after the intake). Following
a brief review of the physical characteristics of plutonium and americium, the lung and
gastrointestinal tract model are introduced, and the systemic compartmental model is
discussed. The analysis of various intake scenarios is performed in section 4, where acute
and chronic intake scenarios are investigated. Section 5 includes a sensitivity analysis as

3



it relates to bioassay considerations. The concluding Section 6 provides the conclusions

and recommendations regarding future directions in this work.



2.0 General Theory

This section contains the theoretical background for the biokinetic modeling.
2.1  Compartmental Models and Biokinetic Modeling

Biokinetic modeling provides a mathematical representation of the behavior of a
substance within the human body, the tran‘sfer from one organ or compartment to the
other, and the rates of removal from the body (complemented being the retained material)
through excretion.[8] The coefficients describing the transfer rates between the
compartments of the model for specific nuclides are derived from measurements of
exposed personnel and analysis of experimental data obtained in animal studies. The
coefficients for transfer rates between compartments and the radiological decay are
expressed in mathematical terms to define a coupled set of differential equations. Often
single organs are mathematically subdivided into parallel compartments to express the
behavior of the nuclide within the organ or its compartment(s) in a more accurate
manner. The lung, for example, is subdivided into 10 compartments, but not all
compartments are included when assessing the intake or a particular chemical form. The

general differential equations for a system of n compartments is of the form [8]:

d n n . )
-at—qi(t)—kél xiqu(t)+kz=l MGG OL®  GK-L.n) (2-1)

k #i k #i




where qi(t) is the activity in compartment i at time t, Ay is the transfer coefficient from

compartment k to i and Ii(t) is the rate of the intake compartment I from outside the
system. This type of kinetics is referred to as first order kinetics since the flow of
materials leaving a compartment at any time is directly proportional to the activity within

the compartment.

2.2 Two compartment model

The schematic of Figure 2-1 illustrates the flow of nuclides between com-
partments. The horizontal arrows represent the transfer of the nuclide through the
compartment, and the vertical arrows represent the radioactive decay of the nuclide from
the compartments. To clarify the terms used in the modeling a brief explanation of the

terms used is given below:
qa(t) = activity in compartment A at any time t,

qs(t) = activity in compartment B at time t
14 (t) = rate of intake in compartment A from outside the system

Ar = decay rate of the nuclide
Aa = transfer rate from compartment A to compartment B

Ap = transfer rate out compartment B
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Compartment A Compartment B

70

Intake A Flow from A

Table 1 Graph 1

Figure 2-1 STELLA® generated block flow diagram for a 2 compartment system.

The set of coupled differential equations describe the activities as a function of

time in each of the compartments are:

%qA(t) =10 - (hr + 2505 1) (22)

for compartment A and

La0()= 2,00~ (hg #1003, 0 (23)

for compartment B.




2.3  Analytical treatment of a two compartment model

In this section a simple two compartment model is analyzed to provide insight
into the structure and dynamics of the biokinetic model. The analytical treatment of the
simplified compartmental model provides additional support for the analysis of the curve
characteristics within certain segments of the time interval. The following intake function

is considered (see Figure 2-2):

0 O0<t<T,
It)=<I, T, <t<T, 2-9)
0 t>T,

The intake begins at T, is constant over the period T, to T, and ends at T,.

0 T] T2 T3

Figure 2-2 Illustration of an intake pulse starting at T, and ending at T>.




The following conditions apply:

q,(0)=0 and q;(0)=0
For the system we have the following set of equations:

Let A\, =A, +Agand X, =g +A;

d RN
a’qA(t)—I(t) )‘lqA(t)

d = —_
Et—qB(t) =haqa(t)—2,q5(t)

(2-5)

(2-6)

The differential equations can be solved by elementary methods; e.g. using separation

of variables or the integrating factor method. The solutions are given for each of the time

intervals. For compartment A the solutions are:

For O<t<T: q,(H=0,

AM@E-T)

I -
for T, <t<T,: Qg ) =—"(-e ),
A

1

(T, -T)), =7 (t-T,)

I
for t>T,: q, (1) =)\—°[(l—e) le
1

and for compartment B:
For 0<t<T,: 95" =0
for T, <t<T,:

YN {—l—(l—e_k‘(t—T‘)—- 1 (e—‘/\.,(t—T,) _e—xz(t—T,)
7"1 }"2 7‘2 ‘7‘1

qB(t) = )}

and for T, <t <T;:

2-7)

(2-8)
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MooA Ay =k (2-12)
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+

The ratios of the activities in compartments B and A are:
0<t<T;: N/A

T, <t<Ty:

aGs® A e-(kz—xl)(t—Tz)[L(l-e—kz(Tz-—T,))_ L M@ @ - T)

= )
., l_c"‘l(Tz‘Tl) Ay Ay

1 M, -T) =ry(T, -T)) 1 M@, =T -2, (T, -T,
(-c 1L -1, e r2th =l - 127 2L -T)
Ay =k, Ay A

)
(2-13)

T, <t <Ts:

s® Aa {e-()\z—kl)(t-Tz)[L(

_ 1o r2(h _Tl))_ P MG =T Ao _Tl))
9, ® l_e'kl(Tz - Ay Ay =iy

(

! =Ty), —Ay(Ty = 1 A (T, =T,
+——(1_e)‘1(T2 Tl))e Ay (T Tl)]+ (1-¢ (L -T)
Ay Ay —hy

-2, (0L -T)

Je }

(2-14)

dg ®
qa ®

is independent of the

The ratio of the activity between compartments

strength of the intake rate Ip and is only functions of time. In every instance, the solution
for the activity is a product of two factors, the initial intake rate, Iy, and a function of time
after either the initiation of the pulse for the chronic intake scenario or after the end of the

pulse for acute irradiation scenarios. The timing of the intakes simply shifts the activity

curves in both compartments. The ratio of measured activities in compartments A and B
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should therefore be independent of intake and a universal function of time. The behavior
of the activity profiles as a function of intake is shown in Fig. 2-3, where proportionality

with the intake strength is clearly seen as well as the invariance of shape versus time.

350 T T T
300 ----------------- -------- >
250 ~—&— Compartment A ........ .
-G— Compartment B :
—— Compartment A (0.5*Intake) ]
- =X - - Compartment B (0.5Intake) g
Gy 200 s -+ 5 ]
z
Z a E : : ]
) 130 R o P
100§\ ------------------- o oo —
50 |ooe%o N\ fereenss e Freenensene e ----- 5
0 S-S — |l g lﬁ 1
0 20 40 60 80
Time[Days]
Figure 2-3 Effects of decreasing the intake by a factor of 2

compared to a normal intake.

Figure 2-4 shows that the ratio the compartment activities is invariant with intake. Figure
2-5 shows the ratio of the activity profile of compartment A with respect to compartment
B for the same intake function except it is displaced in time. As expected, the ratio of the
activity profiles for the time delayed intake is simply shifted by 30 days as shown in

Figure 2-6.
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Effect of a 30 days time-delayed intake.
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12
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Figure 2-6 Ratios of the activities of compartment A to compartment B
for a normal and a time-delayed intake.

In this section, it was shown that the time-dependent profile of the intake was
found to be invariant with respect to the intake but it was displaced by any displacement

in intake. These two insights are the basis for the work performed in this project.
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3.0 Biokinetic Development of the Pu-241 / Am-241 Model

In the previous section, the focus was on the general development of the
compartmental/biokinetic model. The analytical treatment of a simple two-compartment
model provided some insights regarding the characteristic behaviors of the activities
within the compartments, and their corresponding ratios. In this section a specific model
for the Pu-241 and Am-241 nuclides is used. The specification of the model was in terms
of the transfer rates between the systemic compartments of the body as used in the
ACTACAL program. The transfer rates define a coupled set of differential equations as
discussed in Section 2 and presented later. The Stella® II source program code for the

model and various intake scenarios is listed in appendix A3.

3.1 Physical Characteristics of Pu-241 and Am-241

The physical characteristics of these nuclides is reviewed in this section. Both
nuclides have very long half-lives, from an internal dosimetry viewpoint. Pu-241 (half-
life of 14.4 y) decays by beta decay to Am-241 (half-life 432.2 y). Am-241 decays by
alpha decay to the extremely long-lived Np-237 (half-life of 2.14 10® y). The dose
following an intake of Pu-241 is largely due to the alpha emission of Am-241 formed by
Pu-241. For sources of typical age (10-20 years), the intake of both Pu-241 and Am-241

must be considered.
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3.1.1 Radiological Characteristics of Pu-241 and Am-241

The radiological characteristics of the Pu-241 and Am-241 are summarized in

Table 3-1.

Table 3-1 Radiological Characteristics of Pu-241 and Am-241.[2]

Pu-241 Am-241
Half-life: 14.4 years Half-life: 432.4 years
Decay product:Am-241 Decay product:Np-237
Decay paths: alpha (2.45* 10%) Decay path: gamma: 59 keV (90)
beta (1.0) alpha(1.0)

3.1.2 Chemical Characteristics of Pu-241 and Am-241

Plutonium has a varied chemistry and hence various compounds are possible. The
most common compounds are the oxides and nitrates. In this work inhalation intakes are

considered and it is assumed that the aerosol is characterized by an activity median

aerodynamic diameter (AMAD) of 1 pm.
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3.2 Annual Limits on Intake for Pu-241 and Am-241

The Annual Limit on Intake (ALI) for personnel established by the ICRP are
given in Table 3-2. These values are mainly determined by the clearance rate of the com-
pounds, within the lung compartments and the fractional absorption to blood from the

gastrointestinal tract. For this project the compounds were assumed to be in Class W.

Table 3-2 Annual Limits on Intake for Pu-241 and Am-241.[9]

Annual Limit of Intake Pu-241 Annual Limit of Intake Am-241
Class W 10000 Bq Class W 200 Bq
Class Y 30000 Bq

3.3  Detectability of Pu-241 and Am-241

Measurements of Pu-241 and Am-241 in the body are potentially possible only
within certain organs (lung and liver) but generally must be inferred by analysis of
excretions (fecal and urinal) and blood. The limit of detection differs of these nuclides
significally between externally obtained in vivo measurements (lung scan or liver scan),
to in vitro measurements (assay of blood and excreta). The differences in the limit of
detection are several orders of magnitude. It should be also noted that he counting times
differ for in vivo measurements (approximately 20-30 minutes) and for in vitro counting

(1000 min. or almost 17 hours).[10]
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3.3.1 In vivo Measurements

The detection of Am-241 in the lung and in the liver, due to the emission of a 59
keV gamma ray, gives the analyst information regarding the distribution of the nuclide in
the these particular compartments of the human body. “The minimum detectable activity
for the measurement of 24!Am in the lung of an ‘average man’ subject is 0.129 nCi based
on the method of Altshuler and Pasternak for the conditions 1) an accurately known
subject background count 2) a 0.05 risk of making either a Type I or a Type II error, and
3) a counting time of 2000 seconds."[11]. The limit expressed for the delectability of

Am-241 in the lung is 4.77 Bq.

" Another measure of the measurement capability is the relative uncertainty in the
measured amount. A relative standard deviation of 60 percent is obtained for the meas-
urements of 0.073 nCi 241Am and of 1.55 nCi Plutonium at 1000 PPM of the Am-241,
calculated by the method of Falk."[12]. Myint Thein’s MDA calculations [10] state that
the MDA for in vivo measurements of Am-241 in the lung as 0.18 nCi (6.66 Bq). The
MDA for a liver scan is about 1.5 times that of a lung scan.[14]. The minimum detectable

activities are listed in Table 3-3.

Table 3-3 Minimum Detectable Activities (MDA).[Reference indicated]

Compartment measured MDA Am-241[Bq] MDA Pu-241{Bq]
Lung scan 4.77 [10] N/A

Liver scan 6.66 [13] N/A

Bioassay measurement 0.00033 [10]) 0.0005 [10]

Blood (20 cc) 0.1425 [10] 0.1425 [10]

17



3.3.2 Invitro minimum detectable activity of Pu-241 and Am-241 in blood,

urine and feces

For the measurement of Americium and Plutonium, alpha spectrometers are
employed. For measurements of bioassay (feces and urine), MDA is 0.03 dpm/sample

(0.0005 Bg/sample ) when counted for 1000 min. [10]

3.4  Model of the Respiratory Tract and the Gastrointestinal Tract

Inhaled nuclides are deposited in various regions of the lung and are subsequently
transferred to blood (absorbed) or into the gastrointestinal tract. To allow a better
overview of the model and to have a better understanding of how the transfer rates are
applied in the model, the submodel of the respiratory tract and gastrointestinal tract are

presented in this section.

3.4.1 Lung model (ICRP)

The model of the lung, illustrated in Figure 3-1, consists of 10 compartments
labeled a through j. The transfer rates (or halftimes) to blood and to the gastrointestinal
tract are given in Table 3-4. The table also lists the fraction of the regional deposition that
enters each compartment and the clearance halftime of the compartments for Class W
compound materials. Table 3-5 clarifies the role of the compartments or pathways in the

lung.
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Figure 3-1 ICRP Lung model.[14]
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Table 3-4 ICRP Lung model grouped in lung region. The fraction is the fraction
inhaled that leaves the compartment with the corresponding clearance rate
(Class W) indicated.[14
REGION PATHWAY | FRACTION | CLEARANCE
days
N-P NASOPHARYNGEAL REGION) a 0.1 0.01
Dyp=0.3 b 0.9 0.4
T-B (TRACHEOBRONICHIAL REGION) c 0.5 0.01
Drp=0.08 d 0.5 0.2
P (PULMONARY REGION) e 0.15 50
Dp =0.25 f 0.4 1
g 0.4 50
h 0.05 50
L (LYMPH) i 1.0 50

Table 3-5 Description of pathways of the lung ICRP model. The descriptions are
to be taken literary, but the format was changed.[14]
Pathway Description

a Rapid uptake of material deposited in the nasopharynx region directly into the systemic
blood.

b Rapid clearance of all dusts from the nasopharynx region by ciliary-mucus transport.

c Rapid absorption of dust deposited in the tracheobronchial compartment into systemic
circulation.

d Analogous to b and represents the rapid ciliary clearance of the tracheobronchial region.; the
dust cleared by (d) goes quantitatively to the gastrointestinal tract.

€ Direct translocation of dust from the pulmonary region to blood.

f Relatively rapid clearance phase of the pulmonary region, which presumably depends on
recruitable macrophages, and this in turn is coupled to the ciliary-mucus transport process;
therefore the dust cleared by (f) goes to the gastrointestinal tract via the tracheobronchial
tree.

g Second pulmonary clearance process that is typically much slower than (f) but still depends

on endocytosis and ciliary-mucus transport; the cleared dust goes via the gastrointestinal
tract (the important distinction is that the clearance is apparently rate-limited in the
pulmonary region by the nature of the dust per se).

Process describing the slow removal of dust from the pulmonary compartment via the
lymphatic system; this process can be regarded as qualitatively similar to (g) with the
exception that the lymph transport replaces the ciliary-mucus transport.

Secondary pathway in which dust is cleared by the lymphatic system (h) is introduced into
the systemic blood; this pathway obviously depends on the ability of the cleared material to
penetrate the lymph tissue, especially the lymph nodes (this implies partial or complete
dissolution of the dust particles, but the turnover of lymphocytes may contribute).

20




When information is not available in regard to a particle’s size, the aerosol is
assumed to be characterized by an AMAD (activity median aerodynamic diameter) of 1
pum. For a different work environment this value may be different and these differences
would result in a change of the distribution of activity within the regions of the lung (N-
P, TB,L). Simply stated, the smaller the size of the particle is, the deeper it will be

deposited in the lung as shown in Figure 3-2.
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Figure 3-2 Percentage deposition as a function of activity median aerodynamic diameter.
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3.4.2 Gastrointestinal Tract (GI) Model

After the nuclide is deposited in the lung, it may be transferred to the blood
(transfer compartment) and/or gastrointestinal tract. From the gastrointestinal tract it may
be excreted or absorbed by blood. The corresponding flows are illustrated in Figure 3-3.

Data in regard to the sections of the GI tract are given in Table 3-6.

UPTAKE

STOMACH (ST)

= 1
Agr=24d
: :TRANSFER COMPARTMENT (TC)
SMALL INTESTINE (S1) BLOOD
= 1
Ag=6d

UPPER LARGE INTESTINE (ULI)

Ayu= 1.8 d

LOWER LARGE INTESTINE (LL1)

My = 1"
~—

EXCRETION

Figure 3-3 ICRP Model of the Gastrointestinal Tract.[14]

Table 3-6 Gastrointestinal tract;: masses of the walls and contents and the mean
residence times of the substance in the GI section, and the inverse in
the last column.[14]

D

Section of GI tract | Mass of Mass of | Mean residence time A
walls contents
[g] [g] [d] [d"]
Stomach 150 250 1/24 24
Small intestine 640 400 4/24 6
Upper large intestine 210 220 13/24 1.8
Lower large intestine 160 135 24/24 1
22




3.5 Biokinetic Model of Pu-241 / Am-241

The values of the transfer parameters between systemic compartments are the
most important parameters, since the decay or formation of these nuclides are almost
negligible. The transfer rates of the nuclide from the lung and gastrointestinal tract are the
driving functions of the model. The definition of the kinetics was obtained in the format
used by the ACTACAL program. The transfer coefficients among the compartments are
listed in Table 3-8 for the Pu-241 and in Table 3-10 for the Am-241 nuclide. The
mapping of the biokinetic compartments to specific organs, as required by the dosimetry

are given in Table 3-7 and Table 3-9.

3.5.1 Transfer Values for Pu-241

Table 3-7 shows the compartments contributing to the activities in organs, note
that for dosimetric purposes not all compartments of the lung are summed. For an
example, Table 3-7 shows that the contribution to the activity content “the lung”,
‘Ing_cont’, is derived from compartments c, d, e, f, g, h, and i, but it does not include
compartments a, b and j (applicable to Class Y compounds), although all compartments
are included in the kinetic evaluation. Also the activity within the liver comes in a major
part from compartment liver_1 and has a only a minor contribution from compartment
liver 2. In Table 3-8 the transfer values for Pu-241, from the source compartment to the

target compartment, are given in inverse days.
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Table 3-7 Relationships between biokinetic compartments and body organs.[2].

Pu-241 ] | |
Compartment/Organ Compartment sections contributing to activity in organ
Ing_cont < |Ing cont ¢ |Ing_cont d |Ing cont_¢ |Ing cont f |Ing cont g |Ing cont h |Ing cont i
st_cont <~ |st cont
si_cont <- |si_cont
‘ uli_cont <~ |uli_cont
| 1li_cont <- |tli_cont
blood <- |blood
liver <~ |liver_ 1 liver 2
¢ bone-s <~ |c bones ¢ bone-s 1
t bone-s <- |t bone-s
ub cont <- |ub cont
kidneys <- lkidneys | |kidneys 2
testes <- |testes
ovaries <- |ovaries
other <- |other 0 other 1 other 2
¢ bone-v <- |c bone-v
I_marrow <- |r_marrow
t bone-v <- |t bone-v
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Table 3-8 Transfer rates for Pu-241 nuclide.[2].

Pu-241

Source compartment target rate

number [1/d]
Ing_cont_a (1)--> blood 6.93E+01
Ing_cont b 2)--> st_cont 1.73E+00
Ing_cont_c (3> blood 6.93E+01
Ing_cont_d 4)y-> st_cont 3.47E+00
Ing_cont_e 5)-> blood 1.39E-02
Ing_cont_f (6)--> Ing_cont_d(4) 6.93E-01
ing cont_g 7> Ing_cont_d(4) 1.39E-02
Ing_cont_h (8)--> Ing_cont_i(9) 1.39E-02
Ing_cont_i 9)--> blood 1.39E-02
st_cont (10)--> si_cont 2.40E+01
si_cont (n-> uli_cont 6.00E+00
si_cont 1n--> blood 6.01E-03
uli_cont (12)--> 1li_cont 1.80E+00
Hi_cont (13)--> feces 1.00E+00
blood (14)--> uli_cont 1.29E-02
blood (14)--> liver_1 1.94E-01
blood (14)--> c_bone-s 1.29E-01
blood (14)--> t_bone-s 1.94E-01
blood (14)--> ub_cont 1.29E-02
blood (14)--> kidneys_1 6.47E-03
blood (14)--> kidneys 2 3.23E-03
blood (14)--> testes 2.30E-04
blood (14)--> ovaries 7.10E-05
blood (14)--> other_0 2.77E-01
blood (14)--> other_1 8.06E-02
blood (14)--> other_2 1.29E-02
liver_1 (15)--> si_cont 1.33E-04
liver_1 (15)--> liver_2 1.77E-03
c_bone-s (16)--> c_bone-s_1 8.21E-05
c_bone-s (16)--> c_bone-v 4.11E-05
t_bone-s a7--> r_marrow 4.93E-04
t_bone-s (17> t_bone-v 2.47E-04
ub_cont (18)--> urine 1.20E+01
kidneys_1 (19)--> ub_cont 1.39E-02
kidneys 2 (20)--> blood 1.39E-03
testes (21)--> blood 1.90E-04
ovaries (22)--> blood 1.90E-04
other_0 (23)--> blood 6.93E-01
other_1 (24)--> blood 4.75E-04
other_1 (24)--> ub_cont 4.75E-04
other_2 25)--> blood 1.90E-05
liver_2 (26)--> blood 2.11E-04
¢ _bone-s_1 (27)--> blood 7.60E-03
¢_bone-v (28)--> c_bone-s_1 8.21E-05
r_marrow (29)--> blood 7.60E-03
t_bone-v (30)--> r_marrow 4.93E-04
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3.5.2 Transfer values for the Am-241 nuclide

Table 3-9 Relationships between biokinetic compartments and body organs.[2].

Am-241 | | |
Compartment/Organ Compartment contributing to activity in organ
Ing_cont <- |lng_cont ¢ |Ing_cont_d |Ing_cont e |Ing_cont_f |Ing_cont g |Ing_cont h |Ing_cont_i
st_cont <- {st_cont
si_cont <- |si_cont
uli_cont <- juli_cont
{ 1li_cont <- |lli_cont
| blood <- |blood
liver < |liver_l
other <- |other 0 other | other 2
¢_bone-s <- |c_bone-s ¢_bone-s_I
t_bone-s <- |t_bone-s
kidneys <- tkidneys 0 |kidneys 1
testes <- |testes
ovaries <- |ovaries
ub_cont <- |ub_cont
¢_bone-v <- |c_bone-v
T_INarrow <- |r_marrow
t bone-v <- [t bone-v
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Table 3-10 Transfer rates for the Am-241 nuclidef2].

Am-241

source compartment target rate

number [1/d]
Ing_cont_a 1)--> blood 6.93E+01
Ing_cont_b 2)--> st_cont 1.73E+00
Ing_cont_c @G)y-> blood 6.93E+01
Ing_cont_d 4)-> st_cont 3.47E+00
Ing_cont_e (5)--> blood 1.39E-02
Ing_cont_f 6)--> Ing_cont_d(4) 6.93E-01
Ing_cont_g N> Ing_cont_d(4) 1.39E-02
Ing_cont_h 8-> Ing_cont_i(9) 1.39E-02
Ing_cont_i 9)-> blood 1.39E-02
st_cont (10)--> si_cont 2.40E+01
si_cont (11)-> uli_cont 6.00E+00
si_cont (11)--> blood 6.01E-03
uli_cont 12)--> 1li_cont 1.80E+00
Ili_cont (13)--> feces 1.00E+00
blood (14)--> uli_cont 3.03E-01
blood (14)--> liver_1 1.16E+01
blood (14)--> other_0 1.00E+01
blood (14)--> other_1 1.67E+00
blood (14)--> other_2 4.66E-01
blood (14)--> c_bone-s 3.49E+00
blood (14)-> t_bone-s 3.49E+00
blood (14)--> kidneys_0 4.66E-01
blood (14)--> kidneys_1 1.16E-01
blood (14)--> testes 8.20E-03
blood (14)--> ovaries 2.60E-03
blood (14)--> ub_cont 1.63E+00
liver_1 (15)--> si_cont 4.90E-05
liver_1 (15)--> blood 1.85E-03
other_0 (16)--> blood 1.39E+00
other_1 a7--> blood 1.39E-02
other_2 (18)--> blood 1.90E-05
¢_bone-s (19)--> ¢_bone-s_1(26) 8.21E-05
¢_bone-s (19)--> ¢_bone-v 4.11E-05
t_bone-s (20)--> r_marrow 4.93E-04
t_bone-s (20)--> t_bone-v 2.47E-04
kidneys_0 21)--> ub_cont 9.90E-02
kidneys_1 (22)--> blood 1.39E-03
testes (23)--> blood 1.90E-04
ovaries (24)--> blood 1.90E-04
ub_cont (25)-> urine 1.20E+01
c_bone-s_1 (26)--> blood 7.60E-03
¢_bone-v 27)--> c_bone-s_1(26) 8.21E-05
r_marrow (28)--> blood 7.60E-03
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The compartments contributing to the Am-241 activities within the organ are
listed in Table 3-9. The transfer rates of Am-241 are shown in Table 3-10 with the
transfer rates given in inverse days. Although the Table 3-7 and Table 3-9 and also Table
3-8 and Table 3-10 look almost identical, the biokinetics of the nuclides are different in
their compartmental makeup, their transfer rates, and in those compartments involved
that contribute to the activity within a compartment or organ. Tables 3-7 through 3-10 are

the framework for the model used in this work.

3.6 Biokinetic Model of Pu-241 and Am-241

The model can be expressed in for m of the Stella program. The transfer rates of
Tables 3-8 and 3-10 do not include the decay or formation of the radionuclides. These
considerations must be included in the differential equations that are solved by using the

Stella program.

3.6.1 STELLA® Model of Pu-241 / Am-241 intakes

The differential equations were coded into the STELLA® program. The
differential equations were discretized in the form of difference equations, and solved by
a fourth order Runge-Kutta algorithm. The visual building blocks of the STELLA®

program are found in Figure 3-3. A listing of the STELLA® code is given in Appendix

A3.
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Flow diagram of Stella program for Pu-241 and Am-241.
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3.7 Model Verification

The implementation of the model was verified by comparing the numerical
solution with that obtained by ACTACAL®. Such verification was performed for the

same initial conditions, with no other intake occurring.
3.7.1 Verification of Numerical Solver

Any given numerical solver needs to meet certain requirements to be regarded as
valid equivalent model. Such requirements include numerical accuracy in comparison to
verified models and numerical stability in the selected algorithm when applied to the

particular problem types to be encountered[13].

The STELLA data has been verified against the results of the ACTACAL
program, but only for the initial conditions of Table 3-11. A comparison was also done
for a 90-day period only. The same curve characteristics were obtained and plotted, for
both for the ACTACAL and the STELLA program output as well as the percent deviation
from the ACTACAL for the corresponding bioassay compartment, as illustrated in Figure
3-5 for Pu-241 in blood, Figure 3-6 for Am-241 in blood, Figure 3-7 for Pu-241 in feces,
Figure 3-8 for Am-241 in feces, Figure 3-9 for Pu-241 in urine, Figure 3-10 for Am-241

in urine, Figure 3-11 for Am-241 in the liver, and in Figure 3-12 for Am-241 in the lung.
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Table 3-11 Initial conditions for ACTACAL® and Stella® models.

Compartment Activity[Bq]
a 0.03
b 0.27
c 0.04
d 0.04
€ 0.0375
f 0.1
h 0.0125
i 0
0.035 T T T T 12
0.03 [ fh e .
0.025 | 8
0.8 1%
p— : g.
0.02 e g e =8
é —— % Deviation Blood Pu-241 | 5
£ ; -1 0.6 o]
3 0018 Jr{- o[ e g
1 g
- 04 9
L0 O S A A —o— Blood Pu-241 (ACTACAL) | -
~E— Blood Pu-241 (Stella) 1
0.005 R At B L T 02
0 &+ =) = |
0 20 40 60 80
Time[Days]
Figure 3-5 Code comparison; Pu-241 in blood.
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4.0 Analysis of Intake Scenarios

The predictions of the model were investigated by postulating a series of intake
scenarios or a variety of intake conditions. To this end, the procedure for collecting
bioassay samples, and the limits of detection of the analysis were simulated to provide

“realistic” scenarios and results.

4.1 Intake Scenarios

Several scenarios involving single and chronic intakes were investigated. The
intakes were assumed to occur by inhalation of a mixture of Pu-241 and Am-241. Both
compounds were assumed to be Class W compounds with regard to their clearance rates
for the respiratory tract. These scenarios had the same metabolic transfer rates as scenario

#1, which was verified against the ACTACAL program.

4.2 Behavior of the biokinetic model

In this section several patterns of intakes were investigated using the insight
gained in examining the simplified compartmental model. The biokinetic model indicates
that the behavior of Pu-241 and Am-241 follows the general patterns obtained in the
analytical treatment of the simple compartmental model, for example Figure 4-1 shows
the activity profiles of Pu-241 and Am-241 in feces for two intake scenarios with the

strength of the intake being varied, listed in Table 4-1.
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Table 4-1 Conditions of doubling the acute intake.

Intake #1 Intake #2
5000 Bq Pu-241 10000 Bq Pu-241
100 Bq Am-241 200 Bq Am-241
10! TS
—©— Feces Pu-241 % — Foces Pu-241 2x intake |}
1000 £y
\ -3 Feces Am-241 - =X - - Feces Am-241 2 x intake [H

100
g R
£ 10 §
2 :
1 :
0.1

0.01 — : ' i -

0 20 40 60 80
Time [days]
Figure 4-1 Comparing the effect of two different strengths of intake of Pu-241 and

Am-241 in feces, subdivided into Am-241 and Pu-241 compartments

Other compartments, not shown illustrated the same agreement in the observed
behavior following a change in intake strength. This observation is of course the
consequence of a linear system of kinetics, i.e., the solution is directly proportional to the

initial conditions.

The second scenario is defined in Table 4-2 and illustrated in Figure 4-2. In this

scenario the intake is delayed for 30 days. The characteristics of the solution are the same
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Table 4-2 Conditions for the effect of time delayed intake

Intake #1 Delayed Intake
(day 0) (30 day time-delayed }

5000 Bq Pu-241 5000 Bq Pu-241
100 Bq Am-241 100 Bq Am-241

1000 T T T
100 """""" IQ' """""""""" """""""""" """" _?
10 \\ ----------------- S — -------- 3
— FT"‘M;"“-f--;_,E
§ \ 5 - M@-\ﬁ
%‘ 1 r\\. \ """" 3
)+ :
< v\ : ! \ ; ;
0.1 r“”th——-v?E_:“_E:v*_:e_:_ " 63
' : T3
0.01 iy ! —— -
O— Feces Pu-241 -E3— Feces Am-241 Delayed 30 days | 3
9 — Feces Am-241 I - -®- -Feces Pu-241 Delayed 30 days
0.001 Y e " | " : ' i | L N N |
0 20 40 60 80
Time [days]
Figure 4-2 Effect of shifting the initial intake 30 days: the delayed curves

show the shift of the time-delayed intake by 30 days.

for the intake at t = 0 and the time-delayed intake. This shows the invariance of the
behavior of the curve in regard to different strengths of the dose, as well as the behavior
when the intake is shifted in time. Such behavior are consistent in the study of the
simplified model and the analytical solution discussed in section 2. This observations are
important in analyzing the characteristics of the activity profiles of the compartments as

well as the ratio of the compartments over a given time frame.
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4.3  Analysis of acute intakes

In this section the scenarios analyzed involved acute intakes, e.g. accidental
intakes or intakes associated with a scheduled operation, such as maintenance.

Single acute intakes

Since the main focus of this work is the assessment and reconstruction of the

intake, in terms of its time of occurrence and strength, several scenarios were analyzed.
4.3.1. Acute Intake Scenario #2

Scenario #2, (the base scenario is scenario #1) is a single intake of a mixture of
Pu-241 and Am-241, inhaled over a 12 hour period, shown in Table 4-3. Figure 4-3
shows the profile of the activities in the bioassay compartments as a function of time. We
define a bioassay compartment as any compartment of the model for which it might be
possible or feasible to make direct measurement by either invivo or invitro means. Figure
4-4 shows the activity profile of Am-241 in the lung and the liver, and also the ratio of
the activities. As observed in the analytical treatment of the simplified model, the ratios
do not dependent on the strength of the intake and are only functions of timé. The curve
characteristics of the ratios have unique values, e.g. a ratio of 2 would mean that it the

intake was 40 prior to observation. Each value of the curve corresponds to a single

specific point in time.




Table 4-3 Intake conditions Scenario #2

Intake
(day 0)

5000 Bq Pu-241
100 Bq Am-241

—©— Liver Am-241 - - X - - Blood Am-241 - —@ — Urine Am-24]
1000 £ _5— Feces Am241 - -@- - FocesPu-241 - -B— LungAm241 | 3
l : —¥V — Blood Pu-241 - &— Urine Pu-241
100 E
0 IR
=z 1
Z
2
B
2 0.1
0.01
0.001
0'0001,..|L..i...|..,i
0 20 40 60 80
Time [days]
Figure 4-3 Activity profiles of scenario #2: single intake of 5000 Bq Pu-241

and 100 Bq Am-241 within a 12-hour intake period.
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Figure 4-4 Activity profile of Am-241 in lung and liver and the ratio of lung to liver.

Similar behaviors were observed in the ratios of activities of other compartments.
Several of the other ratios between compartments/organs are explored on this particular
scenario to further the support the estimation of the time of intake and the quantity of
such. Not all compartments provide information that can be used to assess the intake. A
usable ratio will be defined as a ratio that is unique for most of the time interval of
interest. Unique values are values that correspond to a single point of the time interval.
The ratio of the activities of Am-241 in lung and feces, shown in Figure 4-5 is a good
ratio, and the same applies to the activities of Am-241 in liver and feces and the ratio of

liver to feces, as shown in Figure 4-6.
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Figure 4-5 Activity profiles of Am-241 in lung and feces and the profile of the

ratio of lung to feces.
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Figure 4-6 Activity profile of Am-241 in liver and feces and the ratio of

the activities of liver to feces.
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The ratio of liver to blood is analyzed and the profiles of the activities of Am-241
in these compartments and the ratios of the activities of Am-241 of liver to blood is

shown in Figure 4-7

The curve characteristics obtained for the ratio in Figure 4-7 are unique. The
ratios selected so far in the analysis were good values, i.e., a single value of the ratio at a
point in time.. To this point, it was possible to determine how many days elapsed since an
intake occurred. This is, however not always the case, as shown in Figure 4-8 where the

profile of the ratio of Am-241 of blood to feces does not provide a unique answer during

00 F—————71 1 1 1
: : 1 3200
10 L 2800
- 2400
: g
T i =3 2000 %’,
[=2N R
Z ] =
jé 1 1600 %
< 0.1 7 . : . 1 e
e R RRRRAE SRREEE —&— Liver Am-241 f-ioooo ~ 1200 §
\\ I -G— Blood Am-241 || : i b
0.01 W ''''''''''''''' L ''''''''''''' " 800
/\ : ‘E— - '-' —‘ _ """""""" ' """"""""""" " """""""""" . """" ‘_ 400
/ R R el s
0.001 — Ly
0 20 40 60 80
Time [days]
Figure 4-7 Activity profiles of Am-241 in liver and blood and the profile

of the ratio of Am-241 of liver to blood.
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Figure 4-8 Activity profiles of Am-241 in blood and feces and the ratio of the

activities of feces to blood.

the first week after the intake. Curve characteristics of the activities of Am-241 in blood
and urine and the profile of the ratio are shown in Figure 4-9. The ratio exhibits many
non-unique values, and the analyst would be unable to determine on what day the intake
occurred, e.g. how many days have elapsed since the intake occurred ( 2 days or 20 days).
However, if several samples were taken during the interval, then an assessment of the

time of the intake could be derived.

To this point the study focused on the Am-241 activities. The same approach is
used to study the activities of Pu-241. Since Pu-241 does not emit gamma rays, the

activities in the lung and liver cannot be measured, i. e, these compartments are not
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Figure 4-9 Curve characteristics of Am-241 in blood and urine and the ratio of

the activities of blood to urine.

bioassay compartments for Pu-241. In Figure 4-10 the profiles of the activities of Pu-241
in blood and feces are shown. When studying the curves one can see that the ratio
remains relatively constant over a wide range of time. However for a very short time
interval following an intake the ratios are considerably higher than during the later parts
of the time frame. It should be also noted that the value of the ratios on day 1 and day 8
following the intake are approximately the same. An estimation of the intake seems to be
only possible during the first week following the intake. Another point of reference is the

lowest ratio obtained on day 11 past the intake.

The ratios of activities of Pu-241 in blood and urine and the ratio of these

activities shown in Fig. 4-11 provide unique answers. Such a uniqueness combined with
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Figure 4-10 Activity profiles of Pu-241 in feces and blood and the profile of the
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Figure 4-11 Activity profile of Pu-241 in blood and urine and the profile of the

ratio of blood to urine.
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other findings of the previous curve characteristics, gives the analyst the possibility of
accurately determining or at worst, providing a good estimate, of the time that elapsed

following the intake.

4.3.2 Example: Acute Intake Scenario #2

This section examines a practical example, scenario #2 for the acute intake of

Am-241 and Pu-241 by inhalation.

A worker inhaled a mixture of Pu-241 and Am-241 while performing some
maintenance operation. Several weeks following the maintenance operation, the results of
two invivo and invitro measurements given to the health physicist. For discussion’s
purpose we denote the first measurements as time zero and the second measurement
occurred 30 days later. The bioassay results are listed in Table 4-4. The calibration
curves for the single intake scenario used in this example are shown in Figure 4-3 up to

Figure 4-11.

4,3.2.1 Evaluation of acute scenario # 2 data:

The ratios considered for this example are calculated from the measurements obtained in

Table 4-3 and are listed in Table 4-5.




Table 4-4 Result of bioassay for scenario #2.
Organ Nuclide Activity {Bq] Activity [Bq] Ratio
(Compartment) Measurement #1 Measurement #2 Measurement #2
(t=0) (t=30) to
Measurement #1
Feces Pu-241 6.27 3.93 0.63
Feces Am-241 0.125 0.08 0.64
Urine Pu-241 0.01 0.008 0.8
Urine Am-24 1 0.0007 0.0004 0.57
Blood Pu-241 4.74 2.8 0.59
Blood Am-241 0.00262 0.0021 0.8
Liver Am-24 1 not detectable not detectable N/A
Lung Am-241 12.8 8.7 0.68

Table 4-5 Values of ratios used from Table 4-4.

Ratio Ratio between compartment Value of ratio
Ratio #1 Lung Am-241/Feces Am-241 103
Ratio #2 Feces Am-241/Blood Am-241 48
Ratio #3 Blood Pu-241/Urine Pu-241 438

On the basis of ratio #1 of Table 4-4 and Figure 4-5, the ratio of activities of
Am-241 of lung to feces, it is determined that the intake occurred 14 days ago. The value

obtained from ratio #2 of Table 4-5 and Figure 4-8 indicates a time of more than 10 days

that passed since the intake occurred. Ratio #3 and Figure 4-11 agree with that

conclusion. The determination of the time point of intake allows the analyst to determine
the amount of the intake. The magnitude of the intake can be obtained from the strict

proportionality between the initial intake and the activity, shown in Figure 4-1 and the

knowledge of a calibration curve. Scenario #2 serves as the calibration scenario and

example scenario #3 uses the proportionality to determine the amount of the intake.
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4.3.3 Example: Acute Intake Scenario # 3

Table 4-6 lists the measurements obtained through bioassay, lung scan, and liver

scan:

Table 4-6 Results of measurements for scenario #3.

Organ Nuclide Activity [Bq] Activity [Bq] Ratio
(Compartment) Measurement #1 Measurement #2 Measurement #1
(t=0) (t=32) to
Measurement #2
Feces Pu-241 9.28 5.95 0.64
Feces Am-241 0.187 0.121 0.65
Urine Pu-241 0.0175 0.0148 0.85
Urine Am-24 1 0.0009 0.0007 0.78
Blood Pu-241 6.28 4.62 0.74
Blood Am-241 0.0046 0.0037 0.8
Liver Am-24 1 8.6 9.64 1.12
Lung Am-241 20.3 13.6 0.67

4.3.3.1 Evaluation of example acute scenario # 3 data:

The ratios of measurement #1 to measurement #2 in Table 4-6 show that the
activities in all bioassay compartments other than the liver are declining .Comparing the
ratio with that of an epected ratio in the calibration scenario allows the analyst to
.determine whetehr an chronic or acute intake occurred. The liver retains almost all of the
activity, whereas the other organs or compartments listed excrete the activities in their
respective compartments. The activity in the liver in this example is detectable, allowing
the analyst to calculate the ratios involving the liver and provide additional information

that can be used to achieve a better assessment. The values for all the ratios that were

detectable are listed in Table 4-7.




Table 4-7 Ratios of compartmental activities.

Ratio Compartment/Compartment Value of ratio
Ratio #1 Lung Am-241/Liver Am-241 2.35
Ratio #2 Lung Am-241/Feces Am-241 108
Ratio #3 Feces Am-241/Blood Am-241 41
Ratio #4 Liver Am-241/Feces Am-241 46
Ratio #5 Blood Pu-241/Urine Pu-241 357

Using the value of the ratio #1 and Figure 4-4, the analyst can determine that
about 33 days have elapsed since the intake occurred. Since the curve in Figure 4-4 is
unique (one single point in time can be associated with a specific value of the ratio), the
analyst might stop here and determine the intake. However to ensure that additional
analysis concurs with this result, further analysis is required. Using ratio #2, the ratio of
Am-241 in lung to feces, for which a value of 108 was calculated and Figure 4-5 ,
indicate that the intake occurred over 30 days ago. Ratio #3 and the use of Figure 4-5
shows a value about 33 days since the intake occurred. Using ratio #4 and Figure 4-6 ,
as well as ratio #5 and Figure 4-11 supports the estimate of the intake.. The analyst can

conclude that the intake occurred about 33 days ago.

The analytical treatment of the simple two-compartment system as well as the
beginning of this section, have shown that the solutions of the biokinetic model are
invariant to a change in strength. To determine the intake, the analyst compares the

values of activities measured to the established values in the calibration curves.

Table 4-8 lists the data found for scenario #2, also the calibration curve, and

scenario #3, the unknown intake. The values at 33 days following the intake need to be
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Table 4-8 Activities of scenario #2 and scenario #3 and the respective ratios.

Values for | Blood Blood Feces Feces Urine Urine Liver Lung
33 days Pu-241 | Am-241 Pu-241 Am-241 Pu-241 Am-24]1 | Am-241 Am-241
after intake

scenario #2 | 3.14E+00| 2.30E-03 | 4.64E+00 | 9.36E-02 | 8.80E-03 | 4.54E-04 | 4.31E+00 | 1.02E+01

scenario #3 | 6.276586 | 0.00461 | 9.276858 | 0.18716 | 0.017591 | 0.000908 | 8.625042 | 20.297386

Ratio #3/#2 2 2 2 2 2 2 2 2

compared for the same nuclide and same compartment. The ratio of measured activity to

the calibration activity will be the multiplication factor to calculate the intake.

Since the ratio of the activities of scenario 3 to 2 is the same for all bioassay
compartments it can be concluded that the intake in scenario #3 was twice the strength of
scenario #2. Scenario #2 intake was 5000 Bq of Pu-241 and 100 Bq of Am-241, and the
intake for scenario #3 had to be 10000 Bq of Pu-241 and 200 Bq of Am-241. This

assessment concludes the single acute intake study.

4.4 Chronic Intake

Chronic intakes occur where humans are exposed continuously to radioactivity in
their work or general environment, usually the consequence of releases into the
atmosphere. It is assumed that the intake occurs continuously with a constant intake rate
over a certain time period. The resulting activity profiles in the organs for a chronic

intake are shown in Figure 4-12.
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Figure 4-12 Activity profiles of a chronic intake.

All activities in all compartments are increasing, since the biological removal rate
is less than the intake rate. The same approach used earlier with respect to acute intakes,
is used to investigate the time and strength of the intake on the ratio of the various
compartments. The ratio of lung to liver in Figure 4-13 shows the same pattern exists as
was observed in the acute case. Although the ratio shown in Figure 4-13 would provide a

good estimate of the time that has elapsed since the intake occurred, it is necessary to

examine other ratios to provide additional support to the proposed method.

In Figure 4-14 the profiles for Am-241 activities in lung and feces and their
corresponding ratio are shown. During the first 20 days, a unique value of time cannot be

established, however after 20 days the ratio is monotonically increasing with time.
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Figure 4-14 Activity profiles of Am-241 in lung and feces and the ratio of

Am-241] activities of lung to feces.

53

[HTWY JaAlY/ [ pTwry Sun

[$Z-ury 9394/ HZ-wy Bun]



This monotonic pattern is also observed in the ratio of the Am-241 activities of
the liver to feces, illustrated in Figure 4-15. Both results confirm the hypothesis that this a
chronic intake. The curve characteristics for the first 10 days would again provide
ambiguous results. The ratio of Pu-241 activities in blood and urine is shown in Figure
4-16. As in the case of the acute intake, the profile of the ratio is unique. Figure 4-17
presents the activity profiles for Pu-241 in feces and in urine and their corresponding

ratio. During the first 30 days, the ratio is ambiguous, but uniqueness is found beyond 30

days.
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Figure 4-15 Activity profile of Am-241 in liver and feces and the ratio
of their respective activities.
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Figure 4-17 Activity profiles of Pu-241 in feces and urine and the profile

of the ratio of the activities of feces to urine.
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4.4.1 Example: Chronic Intake Scenario #1

This scenario serves as a calibration and is defined in Table 4-9.

Table 4-9 Intake conditions Chronic Scenario #1.
Intake rate
[Bqd]
Pu-241: 40
Am-241:4

The results of measurements in the bioassay compartments (blood, feces, urine

and lung are given in Table 4-10.

Table 4-10 Bioassay results for chronic scenario #1

Bioassay Nuclide Measurement #1 Measurement #2 Ratio
(t=0) (=30) Measurement # 2
to
Measurement #1
Blood Pu-241 4.515 5.39 1.2
Blood Am-241 0.0131 0.016 1.21
Feces Pu-241 16.82 18.08 1.08
Feces Am-241 1.682 1.807 1.08
Urine Pu-241 0.0052 0.0075 1.43
Urine Am-241 0.0021 0.00275 1.33
Liver Am-241 N/A 6.28 N/A
Lung Am-241 6.39 19.6 3.16

The second measurement (measurement #2) is necessary to determine whether the
intake was acute or a chronic. Such determination was made on the comparison of this
ratio to that that could be expected using the ratio obtained in the calibration scenario (the

same criteria was used in the acute case of an intake). The value of the ratio of
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measurement #2 to measurement #1 exceeds 1, meaning that the activities in the
compartment are increasing over time. A source driving the compartments’ activities

must be present for this to happen.

4.4.1.1 Evaluation of chronic scenario # 1 bioassay data:

The approach followed here is similar to the one used in the analysis of the acute
intake. Also the values obtained in measurement #2 in Table 4-9 should provide an
additional certainty that the chronic intake started at the time frame already determined
by measurement #1. The ratio of activitiesfor lung to liver, shown in Figure 4-13, of 4.14
(Ratio #1 in Table 4-11 obtained from the results of the bioassay in Table 4-10), the time
suggest the time elapsed since the beginning of the intake is about 10 days. This estimate
is confirmed when the same point in time is obtained using the ratio of Am-241 in lung to
liver, see Figure 4-14. Additional support is provided by the profile of the ratio of Am-
241 of liver to feces, shown in Figure 4-15 and the ratio of Pu-241 of blood to urine
shown in Figure 4-16 The time elapsed since the onset of the chronic intake is then
assessed to be about 40 days. The second measurements listed in Table 4-10 confirm the
estimate. This scenario, chronic scenario #1, serves as the calibration scenario and is used
in further assessments. The chronic intake rate was 40 Bq/day for Pu-241 and 4 Bqg/day
for Am-241. The values of the ratios of measurement #2 to measurement #1 show that the
intake was a chronic. All ratios are increasing with time, indicating that there is a

constant source present.
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Table 4-11 Ratios of chronic scenario #1 calculated from Table 4-8.

Ratio Compartment/Compartment Ratios Measurement | Ratios Measurement
#1 #2
(t=0) (t=30)
Ratio #1 Lung Am-241/Liver Am-241 4.14 2.93
Ratio #2 Lung Am-241/Feces Am-241 3.91 11.4
Ratio #3 Feces Am-241/Blood Am-241 111.9 100.31
Ratio #4 Liver Am-241/Feces Am-241 0.94 0.26
Ratio #5 Blood Pu-241/Urine Am-241 860 720

|
4.4.2 Example: Chronic Scenario #2
For a further illustration in determining the onset and the intake rate for a chronic

intake, the results of the bioassay data, shown in Table 4-12 shall be examined:

Table 4-12 Bioassay results for chronic scenario #2.

Bioassay Nuclide Measurement #1 Measurement #2 Ratio of
(t=0) (t=30) Measurement # 2
to
Measurement #1
Blood Pu-241 9.03 10.8 1.19
Blood Am-241 0.0263 0.0321 1.22
Feces Pu-241 33.6 36.2 1.07
Feces Am-241 3.36 3.6 1.17
Urine Pu-241 0.0104 0.0149 1.44
Urine Am-241 0.0042 0.0055 1.31
Liver Am-241 N/A 12.6 N/A
Lung Am-241] 12.8 39.2 3.06
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4.4.2.1 Evaluation of example chronic scenario # 2 data:

The same approach as in the previous scenarios is applied. The ratios of the

activities within the compartments are calculated and are shown in Table 4-13.

Table 4-13 Ratios calculated from bioassay results Table 4-12.

Ratio Compartment/Compartment Ratios for Ratios for Measurement
Measurement #1 #2
(t=0) (t=30)
Ratio #1 Lung Am-241/Liver Am-241 N/A 3.11
Ratio #2 Lung Am-241/Feces Am-241 N/A 10.8
Ratio #3 Feces Am-241/Blood Am-241 128 112.5
Ratio #4 Liver Am-241/Feces Am-241 N/A N/A
Ratio #5 Blood Pu-241/Urine Pu-241 870 631

The activities of Am-241 in lung and liver were below the limits of detection for
the Invivo measurements. Only two of the ratios in Table 4-13 provide any useful
information. The ratio of Pu-241 in blood to that in urine shows that the intake started 10
days ago and measurement #2 taken 30 days later shows that 40 days elapsed since the
onset of the chronic intake. The same also applies to the ratio of Am-241 of feces to

blood.

The strength of the chronic intake is determined by the ratio of the measured
values to the calibration curve of chronic scenario #1. The activities measured 10 days
following the intake are compared to the values obtained at 10 days after the intake

occurring in scenario #2 and their ratios are listed in Table 4-14.
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Table 4-14 Activities of example #1 and example #2 and the respective ratios.
Values for | Blood | Blood Feces Feces Urine Urine Liver Lung

10 days Pu-241 | Am-241 Pu-241 | Am-24]1 | Pu-241 Am-241 | Am-241 | Am-241
after intake

scenario #1 | 4.52 0.0131 16.82 1.682 0.0052 | 0.00208 N/A 6.39
scenario #2 | 9.03 0.0259 33.64 3.362 0.01 0.00417 12.8
Ratio #2 / #1 2 2 2 2 2 2 2

From the constant ratio of the measurements of chronic scenario # 2 to chronic
scenario # 1 it is determined that the intake dose rate of chronic scenario #2 was twice the
dose rate of the one found in chronic scenario #1. The analyst determined that an intake

rate of 80 Bq/day occurred for Pu-241 and 8 Bq/day for the Am-241 nuclide.
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5.0 Sensitivity Analysis

The values for the transfer parameters, obtained from the ACTACAL® program
have been considered to be exact, and no variability in these parameters have been
considered. In this section we investigate the sensitivity of the model to changes in some
parameters. In particular, the outflow rate from the liver and the outflow rate from the
kidneys are studied, since the liver may be a possible site of the Invivo measurements and
the kidneys are associated with urinary excretion, the preferred Invivo bioassay

compartment.

5.1 Background and Basics of Sensitivity Analysis

Sensitivity analysis is performed to understand the extent the uncertainties in the

parameter values is progated through the analysis and reflected in the results.

Uncertainties in the parameter values may reflect these associated with measurement, the

definition of the parameters, physiological differences, diets, and other factors.

5.2 Relative Sensitivity Index (RSI) and Sensitivity Index (SI)

In this section the formal definitions of various measures of parameter sensitivity

are established.
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5.2.1 Relative Sensitivity Index (RSI)

The response of the model is a function of the model parameters and various
independent variables. That is the model response M is

M = f(a,,a,,...,a,,x,,%,,...,X,)
where a,,a,,...,a, are the model parameters and x,,x,,...x,, are the independent

variables of the model.

The formal Relative Sensitivity Index (RSI), of the parameter a;, is defined as the
quotient of the relative change in model response M to the relative change of the
parameter a;. That is

AM

M
=M 5-1
RSI= - (5-1)

a.

where AM is the change of the model response resulting for a change in parameter Aa;_

The transfer parameters considered in this analysis were chosen on the basis of
their uncertainties as well as on expert elicitation [13]. The study of sensitivity for this
work is limited to analyzing the effect that variations in particular transfer coefficients
have on the activities in the bioassay compartments. When expressing the RSI, we show
in parentheses the multiplication factor by which the transfer rate needs to be multiplied,
(e. g 0.75) would mean that the transfer rate was reduced by 25 % and (1.25) would

denote an increase in the transfer rate by 25 %). The numerical value of the RSI reflects
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how sensitive the model is to changes of parameters. ”A sensitivity index of less than

0.01 indicates numerical insensitivity to changes in the value of a parameter.” [15]

Figure 5-1 shows the Relative Sensitivity Indices (RSI) of the model’s prediction
of the activity in blood to the changes in the removal flow rates from the kidneys are
shown as a function of time. All values are below the 0.01, which was the indicator for an
insensitivity to changes of the parameter. The values for the indices are nearly the same
during the first 14 days and then diverge, although the maximum value is reached at the

same point of time.
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Figure 5-1 Relative Sensitivity Indices curve characteristics varying

the outflow rates from the kidneys.
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5.2.2 Sensitivy Index [SI]

Hoffman[15] defines the Sensitivity Index (SI) as:

M min

SI=1-

ax

where Mupin and Mpmayx are the minimum and the maximum values of the model
response over the range a; Hoffman uses the whole range of the parameter to determine
the sensitivity index, thus allowing the analyst to have one curve for each parameters of
the model. This is illustrated in Figure 5-2 .The shapes of the curves are approximately

the same as for the RSI shown in Fig 5-1, and reflects that the response is not sensitive to

changes of this particular parameter.
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Sensitivity index for Pu-241 in blood changing the outflow rates

from the kidneys, using Hoffinan’s Sensitivity Index[SI].
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The definition of a sensitivity index allows the graphing of the sensitivity of all changes
within the same parameters as a function of time and will be used through the rest of the

study.

5.3  Sensitivity Analysis for Intakes of Pu-241 and Am-241

5.3.1 Sensitivity Analysis for an Acute Intake varying the flow from the liver

The transfer coefficient from the liver to other compartments is one of the most
varying parameter of the model. The uncertainty in the parameter needs to be analyzed to
give the analyst a measure of confidence in the model’s predictions. Since this parameter
varies over a wide range[16], the analysis will be performed for factors ranging from
0.25 to 4. The sensitivity indices are shown in Figure 5-3, for the Pu-241 nuclide in the
bioassay compartments. Even with such wide range for the first 20 days following an
intake the sensitivity indices remain below the 0.01 benchmark. The sensitivity to the
change in the flow rate from the liver is obvious in Figure 5-4, where the Am-241 in
blood, feces, urine and the liver are showing the stronger effect than the Pu-241 nuclide

in Figure 5-3.
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Figure 5-3 Sensitivity indices for Pu-241 in blood, feces and urine.

5.3.2 Sensitivity Analysis for an Acute Intake changing the flow from the kidneys

The parameter values for the senstivity study was deviated by 50 percent of that
of Reference Man [16]. The sensitivity indices for the model in all compartments
excluding the urine are below the value 0.01, shown in Figure 5-5, reflecting insensitivity
in regard to a change in flow rates from the kidneys. This is, however, not the case for the
urine, as shown in Figure 5-6. The sensitivity indices are exceeding the set value of
0.01.The urinary excretion rate is obviously very sensitive to a change in parameters.
Since the kidneys transport the nuclide to the urinary bladder, this could be expected.
However, the other compartments are interconnected and some effect is noticed, it is not

of the magnitude observed for the activity in urine.
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Figure 5-6 Sensitivity Indices for Pu-241 and Am-241 in urine.

68




6.0 Conclusions

In this section the observations of this work are summarized. Procedures to
determining the strength of intakes for both acute chronic developed here are also

summarized

A simple two-compartment model was studied analytically to gain insight in the

structure and dynamics of the system. The results of this investigation:

1) The time course of the activities in the compartments are independent of intake,
however the activities present at any time are proportional to the intake.

i) The ratios of the activities between the compartments are independent of the
intake.

iii) A shift in onset of the intake was simply shifting the activity profiles in time.

In section 3, the two-compartment model was expanded to a more “realistic"
model for the Pu-241 and Am-241 nuclides. To gain a better understanding of the model,
the metabolism of the human body in regard to the respective nuclides was explained in
more detail (transfer rates, flow between compartments) and also further illustrated in the
case of the respiratory tract and the gastrointestinal tract. The model was coded in the
Stella II program format. Verification of the program was obtained by comparing to the
numerical results of the model to the ACTACAL program. The results of two numerical

differential solvers were found to be in very close agreement for all compartments.
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The investigations reported in section 4 showed that the activities followed a unique

pattern as a function of time, and similarity for the ratios of the activities the between the
compartments. The activity ratios were found to be independent of the strength of the
intake and were only a function of time. Such unique behavior was the basis of the
method to estimate the time and the strength of the intake. Several scenarios for both the
acute and the chronic case have illustrated such method, described in this work. The
present model accounts for the detection limits and shifts in the sampling time by several

days

An additional result of this work was the distinction between acute and chronic
intakes. This was accomplished by examing the ratio of consecutive measurements
arising from the same compartments or organs. With the exception of the liver, which
accumulates the nuclides (at least for the times of interest here) all the ratios of the
consecutive measurements are declining in case of an acute intake, and increasing

(including the liver) in the case of a chronic intake.

An analysis was performed to investigate the sensitivity of the model results as a
function of the assigned uncertainties to the model parameters. Both the relative
sensitivity index (RSI) and Hoffman’s [15] sensitivity index (SI) were used in this
analysis. In general very low sensitivities for the Pu-241 were found in this analysis,

except for the outflow rates from the kidneys to the urinary tract.
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The technique developed in this work allows the analyst to have a better estimate

for the time and strength of an intake (acute and chronic).. The study of several scenarios
could be of interest for planning and scheduling the radiation monitoring of plant
personnel. This technique is applicable for other radionuclides that are of specific

interests to the bioassay program in the particular work environment.

Future work should include the study of multiple intakes of varying strength, in

repetitive and random patterns.
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Appendix Al: ASCII File ACTACALCO program file Pu241W.log

This is ACTACAL log file Pu24125W.log

<< ACTACAL Ver. 2.3 (Feb 13, 1995) --- Run Feb 23, 1995, at 03:16 >>
ACTACAL exe file was: actacal.exe 419176 02-16-95 11:34a
Activities written to file: Pu24125W.cpt
Title lines (1) follow, if any:
Pu-241 inhalation
standard name file was: StdNames. txt 2444 08-23-94 10:18a
Writing times read from: writim.dat 652 01-07-94 9:00p
Computational times read from: timin.dat 336 09-16-92 12:00a
Pu-241 Decay Chain: Half-lives and Branching Fractions
Nuclide Halflife f1 Nuclide f2 Nuclide £3 Nuclide
1 Pu-241 14.4y 1.0+400-> 2 Am-241 2.4-05-> 3 U-237
2 Am-241 432.2y 1.0+400-> 4 Np-237
3 v-237 6.75d4 1.0+00-> 4 Np-237
4 Np-237 2.14E6y 1.0+400-> 5 Pa-233
5 Pa-233 27.04 1.0+400-> 6 U-233
6 U-233 1.585ES5y 1.0+00-> 7 Th-229
7 Th-229 7340y 1.0+400-> 8 Ra-225
8 Ra-225 14.84 1.0+400-> 9 Ac-225
9 Ac-225 10.04 1.0+00->10 Fr-221
10 Fr-221 4.8m 1.0+00->11 At-217
11 At-217 0.0323s 1.0+00->12 Bi-213
12 Bi-213 45.65m 9.8-01->13 Po-213 2.2-02->14 T1-209
13 Po-213 4.2us 1.0+00->15 Pb-209
14 T1-209 2.20m 1.0+00->15 Pb-209
15 Pb-209 3.253h
Pu-241: Activity, Transformations, & Cumulative Energies (MeV) at 100y
Nuclide T1/2 A(t) /Ao intA/Aoc(d) Ealpha Ebeta Egamma
1 Pu-241 14.4y 8.11921D-03 7.52639D+03 7.53E-01 3.91E+01 0.00E+00
2 Am-241 432.2y 2.90793D-02 9.03713D+02 4.95E+03 8.61E+01 2.94E+01
3 U-237 6.75d 1.99176D-07 1.84395D-01 4.95E+03 8.62E+01 2.94E+01
4 Np-237 2.14E6y 8.01557D-07 1.26193D-02 4.95E+03 8.62E+01 2.94E+01
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5 Pa-233 27.04 8.00553D-07 1.25881D-02 4.95E+03 8.62E+01 2.94E+01
6 U-233 1.585E5y 1.50699D-10 1.61012D-06 4.95E+03 8.62E+01 2.94E+01
7 Th-229 7340y 4.15417D-13 3.38222D-09 4.95E+03 8.62E+01 2.94E+01
8 Ra-225 14.8d4 4.14589D-13 3.37337D-09 4.95E+03 8.62E+01 2.94E+01
9 Ac-225 10.04 4.14030D-13 3.36739D-09 4.95E+03 8.62E+01 2.94E+01
10 Fr-221 4.8m 4.14029D-13 3.36739D-09 4.95E+03 8.62E+01 2.94E+01
11 At-217 0.0323s 4.14029D-13 3.36739D-09 4.95E+03 8.62E+01 2.94E+01
12 Bi-213 45.65m 4.14028D-13 3.36737D-09 4.95E+03 8.62E+01 2.94E+01
13 Po-213 4.2us 4.05085D-13 3.29464D-09 4.95E+03 8.62E+01 2.94E+01
14 T1-209 2.20m 8.94300D-15 7.27352D-11 4.95E+03 8.62E+01 2.94E+01
15 Pb-209 3.253h 4.14020D-13 3.36729D-09 4.95E+03 8.62E+01 2.94E+01
LNG file rd in subr. TIMELNG was: icrp30W.lng 975 08-21-94 8:00p
GF1 file rd in subr. TIMEF1 was: Pu$w.gfl 218 02-23-95 3:14a
DEF file rd in subr. TIMEBIO was: Pu.def 3166 01-10-94 9:27p
RNL file rd in subr. TIMEBLD was: icrpé7.bld 331 08-21-94 8:32a
Source Biokinetic Compartments
lng_cont <- lng_cont_c lng _cont_d lng_cont_e 1ng_cont_f lng_cont_g lng cont_h lng_cont_i
st_cont <- st_cont
si_cont <- si_cont
uli_cont <- uli_cont
1li_cont <- 11li_cont
blood <- blood
liver <~ liver_1 liver_2
c_bone-s <- c_bone-s ¢_bone-s_1
t_bone-s <- t_bone-s
ub_cont <- ub_cont
kidneys <- kidneys_1 kidneys_2
testes <—- testes
ovaries <«- ovaries
other <- other_0 other_1 other_2
c_bone-v <- c_bone-v
Y_Marrow <- Y_Mmarrow
t_bone-v <- t_bone-v
Age 0 mass file rd by READMS was: RegMass.a00 3013 01-12-95 12:32p
Age 1 mass file rd by READMS was: RegMass.a0l 2689 01-12-95 12:32p
Age 5 mass file rd by READMS was: RegMass.a05 2689 01-12-95 12:33p
Age 10 mass file rd by READMS was: RegMass.al0 2690 01-12-95 12:33p
Age 15 mass file rd by READMS was: RegMass.alS 2807 01-12-95 12:34p
Adult mass file rd by READMS was: RegMass.am 2835 01-12-95 12:34p
Source Masses (kg) for reference age
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Region
Lng_Cont
St_Cont

SI_Cont

Newborn
0.00E+00
1.06E-02

2.03E-02

ULI_Cont 1.12E-02

LLI_Cont 6.98E-03

Blood

Liver

0.00E+00

1.21E-01

C_Bone-S 0.00E+00

T_Bone-S 0.00E+00

UB_Cont
Kidneys
Testes

Ovaries

Other

1.04E-02
2.29E-02
8.43E-04
3.28E-04

3.17E+00

C_Bone-V 0.00E+00

R_Marrow 4.70E-02

T_Bone-V 1.40E-01

Pu-241
Liver
Kidneys
Testes

Ovaries

2

6

1.

7.

8.

2.

1.

2.

l-y

.00E+00
.62E-02
.31E-02
.87E-02
.83E-02
.00E+00
.92E-01
.00E+00
.00E+00
.60E-02

.29E-02

21E-03
14E-04
46E+00
99E-01
SO0E-01

00E-01

3

2.

5-y

.00E+00
.51E-02
.06E-01
.79E-02
.66E-02
.00E+00
.84E-01
.00E+00
.00E+00
.76E-02
.16E-01
.63E-03
.73E-03
.T2E+01
.7SE-01

.20E-01

19E-01

10-y
0.00E+00
1.33E-01
1.79E-01
9.75E-02
6.17E-02
0.00E+00
8.87E-01
0.00E+00
0.00E+00
7.80E-02
1.73E-01
1.89E-03
3.13E-03
2.87E+01
1.58E+00
6.10E-01

3.96E-01

8.

15-y

.00E+00
.95E-01
.22E-01
.76E-01
.09E-01
.00E+00
.40E+00
.00E+00
.00E+00
.84E-02
.48E-01
.55E-02
.10E-02
.87E+01
.22E+00

.0SE+00

06E-01

1.21E-01 2.92E-01 5.84E-01 8.87E-01 1.40E+00

2.29E-02
8.43E-04

3.28E-04

C_Bone-V 0.00E+00

R_Marrow
T_Rone-V

Other

Nuclide:

4.70E-02
1.40E-01

3.17E+00

6

1

.29E-02

.21E-03

.14E-04

.99E-01

.S0E-01

.00E-01

.46E+00

Pu-241 Age(d)-->

1lng_cont_a( 1)--> blood

lng_cont_b{ 2)-->

st_cont

lng_cont_c( 3)--> blood

lng_cont_d{ 4)--> st_cont

lng_cont_e{ 5)--> blood

Ing_cont_

1.

1.

16E-01

63E-03

.73E-03
.75E-01
.20E-01
.19E-01

.72E+01

(14) 6.

1.73E-01
1.89E-03
3.13E-03
1.58E+00
6.10E-01

3.96E-01

2.87E+01

9125

931E+01

(10) 1.733E+00

(14) 6.931E+01

(10) 3.466E+00

(14) 1.386E-02

£( 6)--> 1lng_cont_d( 4) 6.931E-01

lng _cont_g( 7)--> lng_cont_d( 4) 1.386E-~02

lng_cont_h( 8)--> lng cont_i( 9) 1.386E-02

lng_cont_i( 9)--> blood

(14) 1.386E-02

2.

1.

7

48E-01

S5SE-02

.10E-02
.22E+00
.0SE+00
.06E-01

.87E+01

Adult

0.00E+00
2.50E-01
4.00E-01
2.20E-01
1.35E-01
0.00E+00
1.80E+00
0.00E+00
0.00E+00
1.20E-01
3.10E-01
3.50E-02
1.10E-02
5.97E+01
4.00E+00
1.50E+00

1.00E+00

: Number of systemic compartments; excluding blood = 14

1.80E+00
3.10E-01
3.50E-02
1.10E-02
4.00E+00
1.50E+00
1.00E+00

5.97E+01



st_cont
si_cont
si_cont
uli_cont
11i_cont
blood
blood
blood
blood
blood
blood
blood
blood
blood
blood
blood
blood
liver_1
liver_1
c_bone-s
c_bone-s

t_bone-s

t_bone-s
ub_cont
kidneys_1
kidneys_2
testes
ovaries
other_0
other_1
other_1
other_2

liver_2

(10)-->
(11)-=->
(11) -->
(12)-->
(13)-->
(14)-->
(14) -->
(14)-->
(14)-->
(14)-->
(14)-->
(14)-->
(14)-->
(14)-->
(14)-->
(14)-->
(14) -->
(15)-->
(15) -->
(16) -->
(16) -->
(17)-->
(17)-->
(18)-->
(19)-->
(20) ~->
(21)-->
(22) ~-->
(23)-->
(24)-->
(24) -->
(25)-->
(26)-->

c_bone-s_1(27)~->

c_bone-v
r_marrow

t_bone-v

(28)~~>
(29)-->
(30)-->

si_cont (11)
uli_cont (12)
blood (14)
11i_cont (13)
feces (31)
uli_cont (12)
liver_1 (15)
c_bone-s (16)
t_bone-s (17)
ub_cont (18)
kidneys_1 (19)
kidneys_2 (20)
testes (21)
ovaries (22)
other_0 (23)
other_1 (24)
other_2 (25)
si_cont (11)
liver_2 (26)
c_bone-s_1(27)

c_bone-v
Y_marrow
t_bone-v
urine
ub_cont
blood
blood
blood
blood
blood
ub_cont
blood
blood

blood

(28)
(29)
(30)
(32)
(18)
(14)
(14)
(14)
(14)
(14)
(18)
(14)
(14)
(14)

c_bone-s_1(27)

blood

r_marrow

(14)

(29)

2.400E+01
6.000E+00
6.006E-03
1.800E+00
1.000E+00
1.290E-02
1.941E-01
1.294E-01
1.941E-01
1.290E-02
6.470E-03
3.230E-03
2.300E-04
7.100E-05
2.773E-01
8.060E-02
1.290E-02
1.330E-04
1.770E-03
8.210E-05
4.110E-05
4.930E-04
2.470E-04
1.200E+01
1.386E-02
1.390E-03
1.900E-04
1.900E-04
6.930E-01
4.750E-04
4.750E-04
1.900E-05
2.110E~-04
7.600E-03
8.210E-05
7.600E-03

4.930E-04
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Nuclide: Am-241 Age(d)-->

lng_cont_a( 1)--> blood

lng_cont_b{ 2)-->

lng_cont_c( 3)-->

1lng_cont_d( 4)-->

lng_cont_e( 5)-->

1lng_cont_f£f( 6)-->

1lng_cont_g{ 7)-->

1lng_cont_h{ 8)-->

1lng_cont_i( 9)-->

st_cont
si_cont
si_cont
uli_cont
11i_cont
blood
blood
blood
blood
blood
blood
blood
bloed
blood
blood
blood
blood
liver_1
liver_1
c_bone-s
c_bone-s
t_bone-s
t_bone-s
ub_cont
kidneys_1
kidneys_2

testes

(10)-->
(11)-->
(11)-->
(12)-->
(13)-->
(14) -->
(14)-->
(14) -->
(14)~-->
(14)-->
(14)-->
(14) -->
(14)-->
(14)-->
(14) -->
(14) -->
(14)-->
(15) -->
(15) -->
(16)-->
(16) -->
(17)-->
(17)-->
(18)-->
(19)-->
(20)-->
(21)-->

st_cont
blood
st_cont

blood

(14)
(10)
(14)
(10)

(14)

1ng_cont_d( 4)

lng_cont_d( 4)

lng_cont_i( 9)

blood (14)
si_cont (11)
uli_cont (12)
blood (14)
11li_cont (13)
feces (31)
uli_cont (12)
liver_1 (15)
c_bone-s (16)
t_bone-s (17)
ub_cont (18)
kidneys_1 (19)
kidneys_2 (20)
testes (21)
ovaries (22)
other_0 (23)
other_1 (24)
other_2 (25)
si_cont (11)
liver_2 (26)
c_bone-s_1(27)
c_bone-v (28)
r_marrow (29)
t_bone-v (30)
urine (32)
ub_cont (18)
blood (14)
blood (14)

9125

.931E+01
.733E+00
.931E+01
.466E+00
.386E-02
.931E-01
.386E-02
.386E-02
.386E-02
.400E+01
.000E+00
.006E-03
.800E+00
.000E+00
.290E-02
.941E-01
.294E-01
.941E-01
.290E-02
.470E-03
.230E-03
.300E-04
.100E-05
.773E~01
.060E-02
.290E-02
.330E-04
.770E-03
.210E-05
.110E-05
.930E-04
.470E-04
.200E+01
.386E-02
.390E-03

.900E-04
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ovaries
other_0
other_1
other_1
other_2

liver_2

(22) ~->
(23)-->
(24)-->
(24)-->
{25)-->
(26) -->

c_bone-s_1(27)-->

blood (14)
blood (14)
blood (14)
ub_cont (18)

blood (14)
blood (14)

blood (14)

c_bone-v (28)--> c_bone-s_1(27)
r_marrow (29)--> blood (14)
t_bone-v (30)--> r_marrow (29)
Number of source regions = 17

Initial Conditions:

lng_cont_a = 3.000E-02
1lng_cont_b = 2.700E-01
lng_cont_c = 4.000E-02
1ng_cont_d = 4.000E-02
1ng_cont_e = 3.750E-02
lng_cont_f = 1.000E-01
1lng_cont_g = 1.000E-01
lng_cont_h = 1.250E-02

Total = 6.300E-01

Other Source

Attained age

Region = 14

1

6.

.900E-04
930E-01
.750E-04
.750E-04
.900E-05
.110E-04
.600E-03
.210E-05
. 600E-03

.930E-04

> 100 y: computations halted.

Calculations completed over 9100 cycles.

Data reported for

98 time steps.

Computational time = 164 s.
Computations ended normally.
ACTACAL exe file was:

actacal.exe

SEECAL request file written: Pu24125W.req

419176 02-16-95

END OF ACTACALC LOGFILE (describing the biokinetic model)
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Appendix A2: ACTACALC® program file Pu241W.cpt

su e >
5, atOJ 165>
KC‘I'R!KEeuﬁ!ewm m 11917602-16-95 11:34a
[Sondadname filewas  SidVamesod 2443082394 T0:18a_
Whiting times read fom witmdat 652010754 9:00p i
[Computaioral Ermss read om _tmindal 3% 051697 12006 1]
erdin ‘was. 1ap. - $
erdin aul 02-1355 J:Ma ¥
mo was Puad 3166 01-1054 9:27p
[RNL fWerdin sutr. TIMEBLD was iap6/Hd 331082154 834
mwm—lw 301301-]2-95 1232%p L
5 3 $
8 L
Np10mmwm—mm 1295 l233p $
€ 15 s ile L)
[Adult messs fle rd by READMS was: RS OTI295 1Z 34p E
TT7Z 98 9123h [ 3
125
Pudl 144y TOEU3 TOEFOW
[Pu-24T inhalalion R s
[Nudide Gme [Liver T BawS [T BmeS |UB Cad __ |[Kidveys Testes Oviries Other C BawV R Marow [T BV
Pu-24T O.0E+ 1 0.00E+00)] 0.00E+00, 0.00E+)0] 0.00E+00: U.O00EH0[ U.00EF0 0.00E+00 0.00E+00 0.00E+00 0.00E+00}
[Am-241 O.0E | 0.00E+00 0.00E+00 0.00E+00| U.00EH0| U.U0E+00 0.00E+0 OO00EH0|  O.00EH0 0.00E+00 X X
[Pu-ZdT 200  1.T9EDG] T.TOED6| T.T9ED6) T.18ED7 BIAETE Z1ZEQ9 3.69E-14
Am-241 2.0E- T75E-14 TT7E-14 TT5E-13 T.T5E-T5 B7IE-16 ZO8E-T7| . U.00E+00
Pu-24T T.0E 3.TTEDS 2.5TEDS 3 TTEDS 2.40E06 TBSEDS| . . T.TI9EDS 3.65E-12
(Anv24T T.0E- T.66E-T2 TTTETZ T6E-TZ] T0GE-T3 830E-14 TITETS 6.08E16 ITTETZ 0.00E+00
[Pu-24T SOED 4 80ED4 3.20ED4 4B0ED] 25305 2.40EDS 5.69EDT] TT6ET7
[Am-24T 50F-] T.O5E-10 TOSE-TT 1.05E-T0)] 5.53E-12 5.2TE-12 T.25E-T3] 3 86E-14
[Pu-Z4T T.UED) T.TZED3 TASEDA T.12ED3 4.5TEDS 3.38EDS 1.3ZED6| A0EDT|
Am-24T T.0E-| 49TE-10 3.2TE-T0] 4TE-T0 201E-TT ZASE-TT SEIE-T3 T"RET3]
2.37ED3 T.53E03 2.32ED3 6.00E05 T T6EDA| 275E06]  SAPEDT
[Am247 Z0E-|  2.04ED9 T36ED9 2 S.2TE-TT T.02E-10 Z4TE-12 TASET3] X
Pu-241 3.0ED 3 4EDT 2. 28ED3| 3| T17TED4 40GEDE T.25ED6] 2.52E07
[Anr24T 30E- ISTEDD . Z.5ET0 S3AET2 1.63E-12 331E-13
[Pu-2417 20ED) 4. 4ED3 2 96ED3] 05 221ED4 326E06] T.62E06 4 45ED7
[Ame2AT 40E-|  71.79E09 5.19ED9 A . 3BOET0 9.23E-12 285E-12 T82ET13
[Pu-24T 6.0EQ) 6.23E03 4. TSED3 6.22E03 492ED5 3.TOED4 T.38E06| 228606 . T2ED7
Am-241 6.0E-| TAETE| T.OSET8| K 1.30E-10)] BTTETO[  194ETT] G.00E-12
Pu-241 B.O0ED 7.76ED3 S.TTED3 TT5EDT] M . . 2 BAED6
[Am-24T B0E| 2.72E08] E T36ED9 3. 3E-TT DOCE-TZ|
[Pu-24T T.OE+ SOTEDY 6.05E03 9 O7ED3 . .
[Am2AT TOE 398EDY Z66EDB] X E E AT2ETT TA8E-TT]
Pu-24T T.35E+ T.TTED2 T18ET3 T.TTED? 2.63ED5 S TBEDY| 5 47TED6 T. SIE-OZ
[Am2AT TSE|  7.68ED8| A | JIBIEDD 5. 10E-T1 28TE-TT 9.
Pu-24T 20E+ T.38ED7| . ZO0EDS 6.7TTEDS T8TEDS 497TED6 T.35E02]
[Ari-24T 2.0E | TTOEO7 i T.19ED7 T.75E-T0 5 BIEDD TATETO A36E-TT[ T 1.386ED7]
[Pu-241 3.0E+ 1.62ED2 T.OSEDZ 1.62E02 T.28E03 1.95ED04 1.92ED5 5.93ED06 T.30ED2
Am-ZAT 3.0E 2.13ED7 1.47ED7 2 T3EQ7 1. . 2.53E-T0] 7.80E-1T TI96EDT
Pu-241T 40E+ T.T9E02 T19EDZ TBED[  J.08EDB 8 73E04 2.12ED5 6.55E06 T30ETZ]
[Am-24T 4.0E 3. 13ED7 Z.10ED7| 3 14EQ7 T.59E-10 . 5 T.T5ET0 2 44E07
[Pu-24T SO0E+ 15TEDZ T.28E07 TSTED? 6 8ZEDG] 9.24E04 2.2TEDS 6. 1.3TEDZ
[Am-24T SOE 4 20ED7 2 B0ED7] 3 [ TA9ET0| X 497E-T0 T.54E-T0 2.8TEDT| 4.05E-TT
Pu-24T 6.0E+ 2.00ED2 1.33ED2 TOEDZ[ S33E08| 9.39ED4 23TEDS T3TED6 1.24E02 2.38E06]
{Am-24T 60E 3.2TEQ7 33TEDT SZSET7| TA0ET0]  253EDR 6.24E-T0! T93E-T0 3.27TED7 6.27E-TT
[Pu-24T BOE+ 2TTEDZ 1.4TEDZ 2YTEDD 3.60ED6 998EDd 250ED5 T.T3ED6 T.TTEDZ] 3.5TED6
Am-Z4T BOE TA3IEDT 30EDT| TA0ED7|  T.26E-10| } . 2.72E-T0 4 TTED7 1.23E-T0
Pu-241 S.0E+ 2.15ED2 1.44ED7 2. 14ED? 3. TOE06 TOTED3 2.55ED5 7.87ED6 T.ISED2 4.00ED6
[Am24T 90E B3TEDT 568ED7] BABEDY| 1.B3EI0) 399ETS k X [ 4335EQ07 T.62E-T0
[Pu-ZdT TOEF¥|  219ED2[ T3BED2 ZTTEDD 275EDE TOTEDS Z59ED3| T99EDG, TTAEDZ 4 69ET6
Am-2471 TOE 9&0EDT 6A0EDT| 935ED T2TE-T0| 4. 26ET8| LA "3 STETD SOOEDT|  206E-T0|  338EA9]
Pu-24T T.2E+ 20802 TA0ET2 2. 22ZED7 23ZED6 I.O% 2.6AEDS B 16EJ6] .
Am24T T.2E TTSEDS| TBSEDT T.TTEDG T.2TE-T0 53 139EDS 4 30E-10 S9SEDT
Pu-23T1 T.5E+ ZHEDZ T53EDZ 2.2TEDZ 2.04E06 T.0ZE03 ZTTEDS BIGED6[ 1.13EDZ]
Am-ZAT T3E TSTED6] T.OIEDS 1.50E06 T33E-T0 6. 7TEDB| . . [ 746EQ7]
Pu-23T T7E+ 232E02 T.35ED2 7I0EDZ 1.95 TOZED3 273EDS| SATEDS T.1AED2
(Am2AT TTE | 1.73ED% T16ED6 T T2EDG TASE-TO| Eﬁ é%g 63310 8 STEDT|
Pu-24T1 2.0E+ 2.36ED2 1.3TED2 ZIIEDY R . A 5 B.6ZED6 TT5ED?
Am24T 20E 2UTEDG T3BEDG] 2OSEV6]  T.GAE-ID| i z [ 7T38ET0] TOTED9|
Pu-231 2 5E+ 23ZED2 1.62E02 TI0EVZ] TBOEDS| 99BEDA 2BTEDS 8 B5EDS] TISEDZ
Am-241 25E 2.86ET8 T.78EDG 2. 63ED6 1.57E-T0 TOEDT[  JISEDD 9.72E-10
Pu-241 3.5E+ Z5AEDZ 1.70E-02 2A9EVZ " TOEDS| 9.69E04 3.00E-0S 9 26EDS 1.22E02
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Appendix A3: Stella program for intake scenario #2

Blood_Am241(t} = Blood_Am241(t- dt) + (tmtc_2 + gontc_2 + o0tc_2 + kid2tc_2 + sitc_2
+ cbsltc_2 + oltc_2 + o2tc_2 + raintc + i2_to_tc2 + a2_to_tc2 + ¢_2_to_tc2 + e2_to_tc2

+ liv1_2_to_tc_2 - telivl_2 - tco2_2 - tcol_2 - tcebs_2 - tekid2_2 - tco0_2 - tegon_2
- tctbs_2 - teub_2 - tekid1_2 - teuli_2 - radtc_2) * dt
INIT Blood_Am241 = 0

INFLOWS:

tmtc_2 = 7.6e-3"rm_2

gontc_2 = 1.9e-4*gon_2

o0tc_2 = 1.386%00_2

kid2tc_2 = 1.39e-3*kid2_2*.5

sitc_2 = 6.006e-3"si_2

cbsitc_2 = 7.6e-3*cbs1_2

oltc_2 = 1.39e-2%01_2

o2tc_2 = 1.9e-5%02_2

raintc = (LOGN(2)/(432.2*365))*Blood_Pu241
i2_to_tc2 = 1.3863e-2%i_2

a2_to_tc2 (IN SECTOR: Inhalation Am-241)
c_2_to_tc2 (IN SECTOR: Inhalation Am-241)
e2_to_tc2 (IN SECTOR: Inhalation Am-241)
livli_2 to_tc_2 = 1.85e-3*Liver_Am241
OUTFLOWS:

telivli_2 = 11.6*Blood_Am241

tco2_2 = 0.466*Blood_Am241

tcol_2 = 1.67*Blood_Am241

_2 = 3.49*Blood_Am241

tckid2_2 = 1.16e-1"Blood_Am241*.5

2 = 10*Blood_Am241

= 8.2e-3*Blood_Am241
tctbs_2 = 3.49*Blood_Am241
_2 = 1.63*Blood_Am241
tckid1_2 = 0.466"Blood_Am241
teuli_2 = 3.03e-1*Blood_Am241
radtc_2 = (LOGN(2)/(432.2*365))*Blood_Am241

cbs1_2(t) = cbs1_2(t-dt) + (cbscbs1_2 + cbvcbs1_2 + radincbs1 - cbs1tc_2 - radcbs1_2) * dt

INITcbs1_2 =0

INFLOWS:
cbscbs1_2 = 8.21e-5%cbs_2
cbvebs1_2 = 8.21e-5*cbv_2

radincbs? = (LOGN(2)/(432.2*365))*cbs1
OUTFLOWS:

cbsltc_2 = 7.6e-3*cbs1_2

radcbs1_2 = (LOGN(2)/(432.2*365))*cbs1_2

cbs_2(t) = cbs_2(t - dt) + (tccbs_2 + radin_cbs - cbscbs1_2 - cbscbv_2 - radcbs_2) * dt

INITcbs_2 =0

INFLOWS:

tecbs_2 = 3.49*Blood Am241

radin_cbs = (LOGN{(2)/(432.2*365))*cbs
OUTFLOWS:

cbscbs1_2 = 8.21e-5*cbs_2

cbscbv_2 = 4.11e-5"cbs_2

radcbs_2 = (LOGN(2)/(432.2*365))*cbs_2
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cbv_2(t) = cbv_2(t - dt) + (cbschv_2 + radin_cbv - cbvcbs1_2 - radcbv_2) * dt
INITcbv_2 =0

INFLOWS:

cbscbv_2 = 4.11e-5"cbs_2

radin_cbv = (LOGN(2)/(432.2*365))"cbv

OUTFLOWS:

cbvcbs1_2 = 8.21e-5%cbv_2

radcbv_2 = (LOGN{2)/(432.2*365))"cbv_2

Feces_Am241(t) = Feces_Am241(t - dt) + (ulilli_2 + radin_lli - llifec_2 - radlli_2} * dt
INIT Feces_Am241 = O

INFLOWS:

ulilli_2 = 1.8*uli_2

radin_lli = (LOGN(2)/(432.2*365))*Feces_Pu241

OUTFLOWS:

llifec_2 = 1*Feces_Am241

radlli_2 (LOGN(2)/(432.2*365))*Feces_Am241

gon_2(t) = gon_2(t - dt) + (tcgon_2 + radingon - gontc_2 - radgon_2) * dt
INIT gon_2 =0

INFLOWS:

tcgon_2 = 8.2e-3*Blood_Am241

radingon = (LOGN(2)/(432.2*365))*gon
OUTFLOWS:

gontc_2 = 1.9e-4*gon_2

radgon_2 = (LOGN(2)/(432.2*365))*gon_2

kid1_2(t) = kid1_2(t- dt) + (tckid1_2 + radinkid2 - kid1ub_2 - radkid1_2) * dt
INIT kid1_2 = 0

INFLOWS:

tckid1_2 = 0.466*Blood_Am241

radinkid2 = (LOGN(2)/(432.2*365))*kid1

OUTFLOWS:

kidlub_2 = 9.9e-2*kid1_2*.5

radkid1_2 = (LOGN{2)/(432.2*365))"kid1_2

kid2_2(t) = kid2_2(t - dt) + (tckid2_2 + Dkid2 - kid2tc_2 - radkid2_2) * dt
INIT kid2_2 = O

INFLOWS:

tckid2_2 = 1.16e-1*Blood_Am241*.5

Dkid2 = (LOGN(2)/(432.2*365)) *kid2

OUTFLOWS:

kid2tc_2 = 1.39e-3*kid2_2*.5

radkid2_2 = (LOGN(2)/(432.2*365)) "kid2_2

Liver_Am241(t) = Liver_Am241(t - dt}

+ (tclivl_2 + rainlivl - livisi_2 - radlivi_2 - livl_2 to_tc_2) * dt
INIT Liver_Am241 = 0

INFLOWS:

tclivi_2 = 11.6*Blood_Am241

rainlivl = (LOGN(2)/(432.2*365))"liv1

OUTFLOWS:

livisi_2 = 4.9e-5*Liver_Am241

radlivi_2 = (LOGN(2)/(432.2*365))*Liver_Am241

livi_2_to_tc_2 = 1.85e-3*Liver_Am241

00_2(t) = 00_2(t - dt) + (tco0_2 + radin_o2 - oOtc_2 - rado0_2) * dt
INIT00_2 =0

INFLOWS:

tcoO0_2 = 10*Blood_Am241

radin_o2 = (LOGN(2)/(432.2*365))*00

OUTFLOWS:

o0tc_2 = 1.386%00_2

radoO_2 = (LOGN(2}/(432.2*365}}"00_2
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o1_2() = o1_2(t-dt) + (tcol_2 + radinol - oltc_2 - rado1_2) * dt
INiTo1_2 =0

INFLOWS:

tcol_2 = 1.67*Blood_Am241

radinol = (LOGN(2)/(432.2*365)) %01

OUTFLOWS:

oltc_2 = 1.39e-2%01_2

rado1_2 = (LOGN(2)/(432.2%365))*01_2

02_2(t) = 02_2(t-dt) + {tco2_2 + radino2 - 02tc_2 - rado2_2) * dt
INiTo2_2 =0

INFLOWS:

tco2_2 = 0.466"Blood_Am241

radino2 = (LOGN(2)/(432.2*365))"02

OUTFLOWS:

o2tc_2 = 1.9e-5%2_2

rado2_2 = (LOGN(2)/(432.2*365))%*02_2

m_2(t) = rm_2(t - dt) + (tbsrm_2 + tbvrm_2 + radinrm - tmtc_2 - radrm_2) * dt

INITrm_2 =0
INFLOWS:
tbsrm_2 = 4.93e-4"tbs_2

tbvrm_2 = 4.93e-4"tbv_2

radinrm = (LOGN(2)/(432.2*365))*rm
OUTFLOWS:

tmtc_2 = 7.6e-3*rm_2

radrm_2 = (LOGN(2)/(432.2*365}))"rm_2

si_2(t) = si_2(t-dt) + (livlsi_2 + radinsi + st2tosi2 - sitc_2 - siuli_2) * dt
INITsi_2 =0

INFLOWS:

livisi_2 = 4.9e-5"Liver_Am241

radinsi = (LOGN(2)/(432.2*365))"si

st2tosi2 = 24*ST_2

OUTFLOWS:

sitc_2 = 6.006e-3*si_2

siuli_2 = 6%*si_2

tbs_2(t) = tbs_2(t - dt) + (tctbs_2 - tbsrm_2 - thstbv_2 - radtbs_2} * dt
INITtbs_ 2 =0

INFLOWS:

tetbs_2 = 3.49"Blood_Am241

OUTFLOWS:

tbsrm_2 = 4.93e-4"ths_2

tbstbv_2 = 2.47e-4%tbs_2

radtbs_2 = (LOGN(2)/(432.2*365))*tbs_2

tbv_2(t) = tbv_2(t - dt) + (tbstbv_2 + radintbv - tbvrm_2 - radtbv_2} * dt
INITtbv_ 2 = O
INFLOWS:

| tbstbv_2 = 2.47e-4*tbs_2

| radintbv = (LOGN(2)/(432.2*365))*tbv

OUTFLOWS:

tbvrm_2 = 4.93e-4"tbv_2

radtbv_2 = (LOGN(2)/(432.2*365)}*tbv_2

uli_2(t) = uli_2(t - dt) + (tculi_2 + radinuli + siuli_2 - ulilli_2 - raduli_2) * dt
INITuli_2 =0

INFLOWS:

tculi_2 = 3.03e-1"Blood_Am241

radinuli = (LOGN(2)/(432.2*365))"uli
siuli_2 = 6*si_2

OUTFLOWS:

ulilli_2 = 1.8*uli_2

raduli_2 = (LOGN(2)/(432.2*365))*uli_2
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Urine_Am241(t) = Urine_Am241(t - dt)

+ (tcub_2 + kid1ub_2 + radinub - ubu_2 - radub_2) * dt
INIT Urine_Am241 = 0

INFLOWS:

tcub_2 = 1.63*Blood_Am241

kidiub_2 = 9.9e-2*kid1_2*.5

radinub = (LOGN(2)/(432.2*365))*Urine_Pu241
OUTFLOWS:

ubu_2 = 12*Urine_Am241

radub_2 = (LOGN(2)/(432.2*365)) *Urine_Am241

a_2(t) = a_2(t-dv) + (a2_input + radin_a2 + a2_input_2 + rad_i2 - a2_to_tc2 - rad_a2) * dt
INlTa_ 2 =0

INFLOWS:

a2_input = IF TIME <0.5 THEN 0.3*0.1*PULSE(100*2*DT,0,DT)

ELSE PULSE(0,0,0)

radin_a2 = (LOGN(2)/(432.2*365))*a

a2_input_2 = IF TIME <40.5 THEN 0.3*0.1*PULSE(100*2*DT,100,0T)
ELSE PULSE(0,0,0)

rad_i2 = (LOGN(2)/(432.2*365))*i_2

OUTFLOWS:

a2_to_tc2 = 69.31472%a_2

rad_a2 = (LOGN(2)/(432.2%365))"a_2

b_2(1) = b_2(t- dt) + (b2_input + radin_b2 + b2 _input_2 -b_to_ST_2-rad b2) * dt
INITb_2 =0

INFLOWS:

b2_input = IF TIME <0.5 THEN 0.3*0.9*PULSE(100*2*DT,0,DT)

ELSE PULSE(0,0,0)

radin_b2 = (LOGN(2)/(432.2*365))*b

b2_input_2 = IF TIME <40.5 THEN 0.3*0.9*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

b_to_ST_2 = 1.73287*b_2

rad_b2 = (LOGN(2)/(432.2*365))"b_2

c_2(t) = ¢_2(t-dt) + (c2_input + radin_c2 + c2_input_2 - c¢_2 to_tc2 - rad_c2) * dt
INITc_ 2 =0

INFLOWS:

¢2_input = IF TIME <0.5 THEN 0.08*0.5*PULSE(100"2*DT,0,DT}

ELSE PULSE(0,0,0)

radin_c2 = (LOGN(2)/(432.2*365))*¢c

¢2_input_2 = IF TIME <40.5 THEN 0.08*0.5*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

c_2_to_tc2 = 69.31472%c_2

rad_c2 = (LOGN(2)/(432.2"365))*c_2

d_2(t) = d_2(t-dt)
+ (d2_input + f_to d_2 + g_to_d_2 + radin_d2 + d2_input_2 - d_to_ST_2 - rad_d2) * dt
INITd_2 =0
INFLOWS:
d2_input = IF TIME<O0.5 THEN 0.08*0.5*PULSE(100*2*DT,0,DT)
ELSE PULSE(0,0,0)
f_to_d_2 = (LOGN(2)*f_2)
g_to_d_2 = 1.3863e-2"g_2
radin_d2 = (LOGN(2)/(432.2*365))*d
d2_input_2 = IF TIME<40.5 THEN 0.08*0.5*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)
OUTFLOWS:
d_to_ST_2 = 3.46574"d_2
rad_d2 = (LOGN(2)/(432.2*365))*d_2
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e_2(t) = e_2(t-dt) + (e2_input + radin_e2 + e2_input_2 - e2_to_tc2 - rad_e2} * dt
INITe 2=0

INFLOWS:

e2_input = IF TIME <0.5 THEN 0.25*0.15*PULSE(100*2*DT,0,DT}

ELSE PULSE(0,0,0)

radin_e2 = (LOGN(2)/(432.2*365))"e

e2_input_2 = IF TIME <40.5 THEN 0.25*0.15*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

e2_to_tc2 = 1.3863e-2%¢_2

rad_e2 = (LOGN(2)/(432.2*365))"e_2

f 2(t) = f_2(t-dt) + (f2_input + radin_f2 + f2_input_2 - f_to_d_2 - rad_f2) * dt
INITf 2 =0

INFLOWS:

f2_input = IF TIME<0.5 THEN 0.25*0.4*PULSE(100*2*DT,0,DT)

ELSE PULSE(0,0,0)

radin_f2 = (LOGN(2)/(432.2*365))"f

f2_input_2 = IF TIME<40.5 THEN 0.25"0.4*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

f_to_d_2 = (LOGN(2)*f_2)

rad_f2 = (LOGN(2)/(432.2*365))*f_2

g_2(t) = g_2(t-dt) + (g2_input + radin_g2 + g2_input_2 - g_to_d_2 - rad_g2) * dt
INIiTg2=0

INFLOWS:

g2_input = IF TIME <0.5 THEN 0.25*0.4*PULSE(100*2*DT,0,DT)

ELSE PULSE(0,0,0)

radin_g2 = (LOGN(2)/(432.2*365))"g

g2_input_2 = IF TIME <40.5 THEN 0.25*0.4*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

g_to_d_2 = 1.3863e-2%g_2

rad_g2 = (LOGN(2)/(432.2*365))*g_2

h_2(t) = h_2(t-dt) + (radin_h2 + h2_input_2 + h2_input - h_to_i_2 - rad_h2) * dt
INITh 2 =0

INFLOWS:

radin_h2 = (LOGN(2)/(432.2*365))*h

h2_input_2 = IF TIME<0.5 THEN 0.25*0.05*PULSE(100*2*DT,0,DT)
ELSE PULSE(0,0,0)

h2_input = IF TIME <40.5 THEN 0.25*0.05*PULSE(100*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

h_to_i_2 = 1.3863e-2"h_2

rad_h2 = (LOGN(2)/(432.2*365))*h_2

| i_2() = i_2(t-dt) + (h_to_i_2 + radin_i2 - i2_to_tc2 - rad_i2) * dt
INITi_2=0
INFLOWS:
h_to_i_2 = 1.3863e-2*h_2
radin_i2 = (LOGN(2)/(432.2*365))*i
OUTFLOWS:
i2_to_tc2 (IN SECTOR: Am241)
rad_i2 = (LOGN(2)/(432.2*365))*i_2

ST_2(t) = ST_2(t-dt) + (b_to_ST_2 + d_to_ST_2 + radin_ST2 - st2tosi2 - rad_ST2) * dt

INTST 2 =0

INFLOWS:

b_to_ST_2 = 1.73287*b_2

d_to_ST_2 = 3.46574%d 2

radin_ST2 = (LOGN(2)/(432.2*365))*ST
OUTFLOWS:

st2tosi2 (IN SECTOR: Am241)
rad_ST2 = (LOGN(2)/(432.2*365))*ST_2
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a(t) = a(t-dt) + {a_input + a_input_2 - a_to_tc - rad_a) * dt

INITa =0

INFLOWS:

a_input = IF TIME<0.5 THEN 0.3*0.1*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

a_input_2 = IF TIME <40.5 THEN 0.3*0.1*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

a_to_tc = 69.31472*%a

rad_a = (LOGN(2)/(14.4"365))"a

b{t) = bi{t-dt) + (b_input + b_input_2 - b_to_ST - rad_b} * dt

INITb =0

INFLOWS:

b_input = IF TIME <0.5 THEN 0.3*0.9*PULSE(5000*2*DT,0,0T)

ELSE PULSE(0,0,0)

b_input_2 = IF TIME <40.5 THEN 0.3*0.9*PULSE(5000"2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

b_to_ST = 1.73287*b

rad_b = (LOGN(2}/(14.4*365))"b

c(t) = cl{t-dt) + {(c_input + c_input_2 - c_to_tc - rad_c) * dt

INITc =0

INFLOWS:

¢_input = IF TIME <0.5 THEN 0.08*0.5*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

¢_input_2 = IF TIME <40.5 THEN 0.08*0.5*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

c_to_tc = 69.31472"%c

rad_c = (LOGN(2)/(14.4*365))"¢c

d(t) = d(t-dt) + (d_input + f to_ d + g_to_d + d_input_2-d_to_ST - rad_d) * dt
INITd =0

INFLOWS:

d_input = IF TIME <0.5 THEN 0.08*0.5*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

f_to_d = (LOGN(2)*f)

g_to_d = 1.3863e-2%g

d_input_2 = IF TIME <40.5 THEN 0.08*0.5*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

d_to_ST = 3.46574*d

rad_d = (LOGN(2)/(14.4*365))*d

e(t) = e(t-dt) + (e_input + e_input_2 - e_to_tc - rad_e) * dt

INITe =0

INFLOWS:

e_input = IF TIME <0.5 THEN 0.25*0.15*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

e_input_2 = IF TIME <40.5 THEN 0.25*0.15*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

e_to_tc = 1.3863e-2%e

rad_e = (LOGN(2)/(14.4*365))%e
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fit) = f(t- dt) + (f_input + f_input_2 - f_to_d - rad_f) * dt

INITf =0

INFLOWS:

f input = IF TIME <0.5 THEN 0.25*0.4*PULSE(5000*2°DT,0,DT)

ELSE PULSE(0,0,0)

f input_2 = IF TIME <40.5 THEN 0.25*0.4*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

f_to_d = (LOGN(2)*f)

rad_f = (LOGN(2)/(14.4*365))"*f

g{t) = glt - dt) + (g_input + g_input_2 - g_to_d - rad_g} * dt

INITg =0

INFLOWS:

g_input = IF TIME <0.5 THEN 0.25%0.4*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

g_input_2 = IF TIME <40.5 THEN 0.25*0.4*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

g_to_d = 1.3863e-2"g

rad_g = (LOGN(2)/(14.4*365))"g

h{t) = h(t-dt} + (h_input + h_input_2 - h_to_i - rad_h) * dt

INTh =0

INFLOWS:

h_input = IF TIME<0.5 THEN 0.25*0.05*PULSE(5000*2*DT,0,DT)

ELSE PULSE(0,0,0)

h_input_2 = IF TIME <40.5 THEN 0.25*0.05*PULSE(5000*2*DT,100,DT)
ELSE PULSE(0,0,0)

OUTFLOWS:

h_to_i = 1.3863e-2*h

rad_h = (LOGN(2)/(14.4*365))*h

i{t) = i(t-dt) + (h_to_i-i_to_tc - rad_i) * dt
INITi =0

INFLOWS:

h_to_i = 1.3863e-2*h

OUTFLOWS:

i_to_tc = 1.3863e-2"i

rad_i = (LOGN(2)/(14.4*365))"i

Pu-241

Blood_Pu241(t) = Blood_Pu241(t - dt)

+ (tmtc + gontc + oOtc + kid2tc + liv2tc + sitc + cbsltc + oltc + o2tc + IN + INJECTION
+ e_to_tc + c_to_tc + a_to_tc + i_to_tc - telivl - tco2 - tco1 - tecbs - tekid2 - tcoO - tegon
- tetbs - tcub - tekid1 - teuli - radte) * dt
INIT Blood_Pu241 =0

INFLOWS:

tmtc = 7.6e-3*rm

gontc = 1.9e-4*gon

o0tc = 6.93e-1%00

kid2tc = 1.39e-2*kid2*.5

liv2te = 2.11e-4"liv2

sitc = 6.006e-3 *si

cbsitc = 7.6e-3%cbs1

oltc = 4.75e¢-4%01

o2tc = 1.9e-5%02

IN = INPUT

INJECTION = PULSE(0,0,DT)

e_to_tc (IN SECTOR: Inhalation Pu241)
c_to_tc (IN SECTOR: Inhalation Pu241)
a_to_tc ({IN SECTOR: Inhalation Pu241)
i_to_tc (INSECTOR: Inhalation Pu241)




OUTFLOWS:
tclivl = 1.941e-1"Blood_Pu241
tco2 = 1.29e-2*Blood_Pu241
tcol = 8.06e-2*Blood_Pu241
teccbs = 1.294e-1*Blood_Pu241
tckid2 = 3.23e-3*Blood_Pu241
tco0 = 2.773e-1*Blood_Pu241
= 2.3e-4*Blood_Pu241
tctbs = 1.941e-1*Blood_Pu241
tcub = 1.29e-2*Blood_Pu241
tckid1 = 6.47e-3*Blood_Pu241
teuli = 1.294e-2*Blood_Pu241
radtc = (LOGN(2)/(14.4*365))*Blood_Pu241

cbs(t) = cbslt - dt) + (tccbs - cbscbs1 - cbscbv - radcbs) * dt
INITcbs =0

INFLOWS:

tccbs = 1.294e-1*Blood_Pu241

OUTFLOWS:

cbscbs1 = 8.21e-5*cbs

cbscbv = 4.11e-B*cbs

radcbs = (LOGN(2)/{(14.4*365))"cbs

cbs1(t) = cbs1(t-dt) + (cbscbs1 + cbvebs1 - cbsite - radcbs1) * dt
INIT cbs1 =0

INFLOWS:

cbscbs1 = 8.21e-5*cbs

cbvcbs1 = 8.21e-5%*cbv

OUTFLOWS:

cbsitc = 7.6e-3*cbs1

radcbs1 = (LOGN(2)/(14.4*365))*cbs1

cbv{t) = cbv(t - dt) + (cbscbv - cbvcbs1 - radcbv) * dt
INIT cbv = O

INFLOWS:

cbscbv = 4.11e-5*cbs

OUTFLOWS:

cbvebs1 = 8.21e-5%cbv

radcbv = (LOGN(2)/(14.4*365))"cbv

Feces_Pu241(t) = Feces_Pu241(t - dt) + (ulilli - lifec - radlli} * dt
INIT Feces_Pu241 = 0O

INFLOWS:

ulilli = 1.8*uli

OUTFLOWS:

llifec = 1*Feces_Pu241

radlli = (LOGN(2)/(14.4*365))*Feces_Pu241

fn

gon(t) = gon(t - dt) + (tcgon - gontc - radgon} * dt
INIT gon =0

INFLOWS:

tcgon = 2.3e-4*Blood_Pu241

OUTFLOWS:

gontc = 1.9e-4*gon

radgon = (LOGN(2)/(14.4*365))*gon

INPUT{t) = INPUT(t - dt) + (- IN) * dt
INIT INPUT = O

OUTFLOWS:

IN = INPUT




kid1(t) = kid1(t - dt) + (tckid1 - kid1ub - radkid1) * dt
INIT kid1 = O

INFLOWS:

tckid1 = 6.47e-3"Blood_Pu241

OUTFLOWS:

kidiub = 1.386e-2"kid1*.5

radkid1 = (LOGN(2)/(14.4*365))"kid1

kid2(t) = kid2(t - dt) + (tckid2 - kid2tc - radkid2) * dt
INIT kid2 = O

INFLOWS:

tckid2 = 3.23e-3 *Blood_Pu241

OUTFLOWS:

kid2tc = 1.39e-2"kid2*.5

radkid2 = (LOGN(2)/(14.4*365))"kid2

livi(t) = livi(t-dt) + (tclivl - livlliv2 - livisi - radlivl) * dt
INIT livi =0

INFLOWS:

tclivi = 1.941e-1*Blood_Pu241

OUTFLOWS:

livtliv2 = 1.77e-3*liv1

livisi = 1.33e-4*livl

radlivl = (LOGN(2)/{14.4*365)) *liv1

liv2(t) = liv2(t - dt) + (liv1liv2 - liv2tc - radliv2) * dt
INIT liv2 = O

INFLOWS:

livllivz = 1.77e-3*livl

OUTFLOWS:

liv2tc = 2.11e-4*liv2

radliv2 = (LOGN(2}/(14.4*365))*liv2

0o0(t) = o0(t - dt) + (tcoO - 00tc - rado0) * dt
INIT o0 = O

INFLOWS:

tcoO = 2.773e-1*Blood_Pu241

OUTFLOWS:

o0tc = 6.93e-1"00

radoO = (LOGN(2)/{(14.4*365))*00

ol1{t) = o1(t-dt) + (tcol - oltc - olub - rado1) * dt
INITo1l =0
INFLOWS:
tcol = 8.06e-2*Blood_Pu241
OUTFLOWS:
oltc = 4.75e-4%01
olub = 4.75e-4%01
radol = (LOGN(2)/(14.4%*365))*01
02(t) = o2(t - dt) + (tco2 - o2tc - rado2) * dt
3 INITo2 =0
| INFLOWS:
tco2 = 1.29e-2"Blood_Pu241
OUTFLOWS:
o2tc = 1.9e-5%02
rado2 = (LOGN(2)/(14.4*365))*02

rm(t) = rm{t - dt) + (tbsrm + tbvrm - tmtc - radrm) * dt
INITrm =0

INFLOWS:

thsrm = 4.93e-4"tbhs

tbvim = 4.93e-4%tbv

OUTFLOWS:

tmtc = 7.6e-3*rm

radrm = (LOGN(2)/(14.4*365))*rm
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si{th = si{t - dt) + (livisi + ST_to_si - sitc - siuli) * dt
INITsi =0

INFLOWS:

livisi = 1.33e-4"liv1

ST_to_si = 24*ST

OUTFLOWS:
sitc = 6.0066e-3 *si
siuli = 6*si

ST(t) = ST(t-dt + (b_to_ST + d_to_ST - rad_ST - ST_to_si) * dt
INITST =0

INFLOWS:

b_to_ST (IN SECTOR: Inhalation Pu241)

d_to_ST (IN SECTOR: Inhalation Pu241)

OUTFLOWS:

rad_ST = (LOGN(2)/(14.4*365))*ST

ST_to_si = 24"ST

tbs(t) = tbs(t - dt) + (tctbs - tbsrm - tbstbv - radtbs) * dt
INITtbs =0

INFLOWS:

tctbs = 1.941e-1*Blood_Pu241

OUTFLOWS:

tbsrm = 4.93e-4*tbs

tbstbv = 2.47e-4*tbs

radtbs = (LOGN(2)/(14.4*365)) *tbs

tbv(t) = tbv(t - dt} + (tbstbv - tbvrm - radtbv) * dt
INIT tbv = O

INFLOWS:

tbstbv = 2.47e-4*tbs

OUTFLOWS:

tbvim = 4.93e-4*tbv

radtbv = (LOGN(2)/(14.4*365))*tbv

uli{t) = uli(t - dt) + (tculi + siuli - ulilli - raduli) * dt
INITuli =0

INFLOWS:

teuli = 1.294e-2*Blood_Pu241

siuli = 6*si

OUTFLOWS:

ulilli = 1.8*uli

raduli = (LOGN(2)/(14.4*365))*uli

Urine_Pu241(t) = Urine_Pu241(t- dt) + {tcub + kidlub + olub - ubu - radub) * dt

INIT Urine_Pu241 = 0O

INFLOWS:

tcub = 1.29e-2*Blood_Pu241

kidiub = 1.386e-2"kid1*.5

olub = 4.75e-4"01

OUTFLOWS:

ubu = 12*Urine_Pu241

radub = (LOGN(2)/(14.4*365)) " Urine_Pu241




Appendix A4: Stella Flow Diagram for Biokinetic Model of Pu-241 and Am-241

by Inhalation




Appendix A5: Stella IT generated output file acute scenario #2 (Excel format)

Duys POAL |Blood Ao [Feces P04 [Feom AngAl [Uine AUl [Urine Amd] fLiver An4l [¢2 d2 e2 if2 I!I h2 i2
0| 0| 0| 0} 0 0] 0 o 0] 0 0] 0 0] 0)
1] 194.850307) Q050206 35737984 7.166633 0225638 8 SEE-03| 3.005968 1.691446) 1773904 6095679 10.063743| 1.257968 0.012999)
2| 100342058] 0021046 701314401 14.03094) 117028 A0E03 3395785 1.805965| 372149 3048495 9.92733 1.240916 0.030026{
3|  61.0M4W1 9.845-03] 510977749  10.216457! Q07241 23560 3.349448) 14205961 3.672286, 1.SU4S7% 9.792763 1.204095| 0.046588)
4| 40959681 SSTAB| 284227643 3.678969 0050183/ L66ED 3.628191 Q229412 3.62508 0762452 9.66002} 1.207503 0.062697|
3| 29.038687) 3B 14480453 2890268 007171 1.346-08 3.674464 0.133596) 1573408 0.381308) 9.529015 1191134 0.078359)
6]  21.288605) LIEEW| DO 1.455658 0.028768| LI1SE-8 3708045 0.08344 3.54964 0.190695| 9.399905 1.174988] 0.093 586}
7 16,0208 29508| 38292714 Q761702 00307 LOgE-03 3.736552 0.061081 34TIR 0.095368) 9.272485 1159061 0108386
8] 12367708 200603 21.13794) Q431578 Q019121 1.OLE08 3709 0098658 31430047 Q047694 914672 1.143309 a102%7;
9 9.810821 2MEM| 13819381 Q274047 0016353 9.5TE-04 3788318 0.042199) 3,385 0.023852| 9.022801 112788 0136738,

0.038727! 3337604 Q011929 8900491 1112561 0l

0.036752) 3.292439) S97E3| 779638 1.09748| 0163484
0.035528] 1 M7508 2. 96E-03| 8 66082 1.082603 0.176276
Q.034684; 3.208781 149603/ 8543413 1067927 0.188651
0034082 3.16038 7AGE04| 84276 1.05345 0200738
003348} 3.117508| 3 TE0) 8313355 1.039169| 0212422}
0.032981 307547 LETE04 8200658 1.025082! 0223753
0.032511 3033558 9.336-08] & 085488 1011186 0.234738]
0.0320591 2992434/ 4. 6TE-0S | TIWRS 0997478 Q243384
0.031619] 2951868) 233E05) 18N8 Q906  0.255698;

10 RO12262 2 TIE| 9.978128 0.197901 0014402 9.0TE-04| 381316
1n 6.742414) 26808 R07337%; 0160334 0.01302) BEIE04 1837629
12 5842391 266503 7.097808) 0.141226) 0012036 BRBEM| 3,851 796
13 5.201413 26E03) 6.5T30R) 0.131036) 0.011331 7.87E-04| 188568
14 4742008 26260 62574 0.125196 0010624 7.594€E04 390932
15 4.409912; 26160 6075895 0.121458 001048 7.2380¢ 3.932699
16 416113 259603 5.937497] 0118863 0010171 6.966-04 1955825
17| 3987001 257608 5.877437] Q116767 9.966-03 6 T1E-04| 3978708
18 1850878, 2 55EA8) 5.732296) 0114947 9.806-08 G4TEY 4001338
19 374367 2ME®) 5.645338] Q113275 9.67TE0| G26E-04 408378

3662207 25203 5.563148; 111687 9.56E03/ 60TE-04| 4.045868| Q.031187 2911851 L17E05 7.764936 0.970617) 0265687,
3.594063) 2 XE-3| 3453975 Q11011 949603 S.89E-04) 4067713 0.030763 2872377 S.94E-064 1659671 0957459 0275359
3536733 248E-03) 5406908 0108652 940603 STEN 408044 0.030346) 2833437 2 92E-06) 7.555832 [ aaked 0.284719
3.487059] 247EQ, 3.331463| 0.10718] 933608/ SSTE04 411087 0.029934/ 2795028 1.4GE-06} 74534 0931675 0.293775
3.442828 245E-03 3.257376] 0105732 9.27E-08; S.43E-04 4.132065| 0.029528] 27514 7.30E-07| 7.352356 Q919043 0.302533
3402489 24360 5.184496) 0.104306/ 9.21E-08 SIE04 4133026/ 0029127 279756 1656507 7.25268 0.906585| 0311

3364954 24260 3112734 0.102899; 9.15E-0 5. 189604 4173757
3.32946} 240E-8| 5.042033) 0101513/ 9.10E-03/ S.07TE04 4194257
3.205414) 2 36E-03) 4.972353| 0.100148 9.04E-03) A96E04. 421453
3.262619) 237603 4908665 0.098796) RIGE3 4.87E-04 A2UST7|
3.230632 235E-03| 4835947 0.097465 RNMED 4.786-04 4.254399)
3.199329) 2 ME0 476918 0.096152| S HE0 A4.PE0 4273998
316858} 23208 4703345 0.0M857 RHED 4.61E-04 4.293377
3138293 230E-08 4.638429 009358 8 HE03 4 SME04 4.312536)
3.108404| 229E-08) 4.5H416 0.09232 875EW 447E-04 4331478
3.078868/ 227E-03) 4511293 0.091077| | E03 441E-04 4.350204
3049652 226E-08| 4.499047) 0.08983 865603 A MED A6
3.020733 224E-1 4.387665 0.088641 R 61E-03 429604 4.387016
2992095 223600 432114 0.087447 8 S6E-03 4604 4405104
2963726 221E| 4.267443 0.08627! 8S1E 418604 4422984/
2933618 2 0E03) 4 20858 0.085109 R47E0 4 13E04 4440656
2907763, 218603 4150533 0.083963 R42E0 40804 4458123
2880157, 217E0, 4093291 &38E-03 4040, 4475386
2852796 2 15E-0| 4.036842 Q.081718 RIIE-/ 4.00E-04 4492446
2825677 2 14E0) 3.981176] 0.080619, R 29E-03 395604/ 4.509305|
2798798 212603 1926281 0.079534, 8UED I9EM 4525963
2772155, 211E-08) 3872147} 0.078464/ S AE-B ISEEN A S4UB
2745748 209E-3| 3818764 0.077408| 8 I1SE-08 38E0 4.558693
2719578 2 06E-03, 376612 0.076367| 811E-03) 3.80E-04/ 45M4767
2693633 207E-03| 3.714207| 0.0733%9! BOTEAS, 3.TEO4 4590647
266792 205E-03) 3663012 0.074326 RO0ED 1 MEN 4.606336,
26424 204E-03) 3612577 0.073326/ 7.98E08 ANE04 4621833
2617188 2003 3.562742| 007234 1.9E0D 3.6TE0¢ 4637146
2592157 201E08; 3.513647 0.071367| 78903 364504 465221
23567383 200E-03 3465232 7.85E-03 61E-04 4667211
2527 1.96E-03 3417489, Q06461 71.81E0 3.56E04 4681968
2518413 197603 3.3204061 0.068527 1TE® 5S04 4696343
2434274 1.96E-03/ 3323977 0067606/ 7. 73608 3 S3E04/ 470938
2470355, 1.94E-03 min 0066697 7.69E-03 350604/ 472188
2446653/ 1L9IE0 3.233099 0.065801 7164608 3ATEO4 ATI19%
248168 L92E03 3.188513/ 0.064917 7.6EW 34504 4753058
2399897 1L91E03 3144604 0.06404 7.56E-03 142504 4.766748|
237684/ L8E03 3101304, 0.063194 7.526-08 3.40E-04 4.780265|
2353995/ 1.88E-03 3058604 0062335 748603 33I7E04) 4793611
233136} 1.87E08 3.016495| 0.061497| TAED 335604, 4.806787
2308935 1.86E-03 29M497] 0.060671 7.41E-03 33204 4819795
2286718, 1L3E-0 2934021 0.059656) 7137603/ 3 ME04 4832637
2264708 1.88E-03 2893699 0.059052, 73360 32804 4815313
2242902 1LRE03 2853816/ 0.0582%9, 729603 325604/ 4857825
22213 1L8IE-33 2814545, 0.057477 7.25608 ABE04 480175
21999/ 1.80E-03 2775819 Q056705 T.REB A0 4882364,
2178701 1. 79E08 273769 0.055944/ RAL 0] 31960 4809394

Q028732 2 6R0884 1.83E07 7.154358 0.894295) 43918t
Q.028343) 2646513 9.13E-08} 7.057367 0817 1327084]
0.0279%9 2610634 4.5TE8| 6.96169)] 0.870211 0334713

Q.02758) 257541 2 2896-08| 686731 0858414 0342076
0.027206) 2540328 1. 14E-08| 674208 0846776 0.349177)
0.026837 2 505838/ S.E-09) 6682365 0.835296) 0.356023|
Q026473 247918 2.86E-09) 6 TH 083972 0.362619)
0.026114] 2438402 143E-09) 6502406 0812801 0.368971

0.02576( 2405344, 7.15E-10) 641425 0.901 781 0.375083|
0.025411 2372733 3.STE10] 6327289 0790911 0.380962|
0.025066| 2340565 1.79E-10} 6241506 Q780188 0386613
0.04727| 2308832 SNME 6.156985 0.769611 0.392041
0.04391 2277529, A4TE1L 6073412 0.799176] 0.39725)
0.024061 2246651 22E11 5.991069 0. 74890 0.402246]
0.023734 226191 LIZEN 5.909843 073873 0.407(33
0023413 2196144 5.596-12 589717 Q.728715) Q411617
0.023095 2156504 280E-12) 5750678 0718835 0416002
002 2127266 1.40E-12 5.672709 0.709089 0420191
0.02A473] 2098424 G913 5595798 Q699473 042419
0.022168] 2069973 3.506-13/ 3.519928 0.689991 0428005
0.021 968 2041908/ L7513 5445087 0.680636 0431638,
02157 2014223! 875614 53N 0.671408| 0.435093|
0.021279)] 1.986913 43TEH 35.298434 0.662304 0.43837%|

0.02099] 1.959973 2196-14) 526598 065334 0441489}
0.020706] 1.9333% 1.09E-14 5.158729 0.644466) 0.444437)
Q020425 1.907184 S4TE-LS) 5.08584 Q.635728] Q447224]
0.020148| 1.881328 2HES) 3.016866 0.627108] 0449854
0.019875 1855816/ 1L37E-1S 4548943 0.618605, 045233
0.019605| 1.830653 GOIE16 4.881742] Q610218 Q4354657

0.01934] 1.805832, 34E-16 4815551 Q601944 0.456837|
0019077 1.781346) 1L.NE16} 4.750256! 0593782 0.4588M
0018819 1757193 8 56E-17) A.6BS947| Q585731 0460772
Q018564 1.733366 428617 462231 QASTT78 0462534/
Q018312 1709863 214E17) 4559635 0.569954| 0464164
0.018064 1.686678 LOTE1? 44978909 0.562226) 0.465664|
0.017819 1.663808| S.ME18) 4436821 0.554603| 0.467038]
0017577 L6AI M8 268618 437666 0. 54703, 046829
0.017339) 1.618993 1L.34E18} 4317318 0539664 0.469421
Q017104 1.59704 6.NE-19) 428713 0.532347| 0470436
0016872 1.5753%4 3.356-19) 4201025 0.525128) Q471337
0016643 1554083 1.6EE-19] 4144061 0.518008) 0472127
Q016417 1.53295 & 38E-20) 4087867 0.510963| Q472809
0.016195! 151218 4.196-20] 4.032436 0.504054) (473385
0015975 1.491658 210E-20] 1977756 0497219 0473855
0.015738| 1471431 1.0SE-20] 3923817 0490477 0474233
0.015343| 1.45147%9 S.4E-2 387061 0.483826) 0.474509]
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el format)

Appendix A6: Stella II generated output file acute scenario #3
Days

(Exc

Blood Pud] [Blood AmCA4) [Feves Pu24l | Feves A4l {Urine Pu241 |Urine AmM1 |Liver Ang41 ic2 d2 c2 h2 i2

0| 0! 0| 0, 0 0| 0| 0 0 0| 0 0 0| [ 0|
1{ 389.700613 0.100411]  714.75968| 14333265 0451277} 0.017158 601193 0| 3382893 7347809  12191357] 2012749, 2515936 0.025998]
2| 201084117 0.042092 140263 2806187 0.234051 8.08E-03 6.77387) 0| 1.611929 7445497, 6.096991 19.85466] 2481832 0.060052]
3| 122089782 1,021.96| 20432913 0.144819) 4.71E08 7.098896| 0) 0341192 7344572 3.049151| 19388527 2448191 0.093177|
4] 81919361 0.011044] 36455286  11.357937! 0100367, 331E0 7256382 [} 0.458824 7.24501$| 1524903 19.32004/ 2415005 0.125393]
3| 3R07T3T 769603  289.60906 3.780836 0.074342 2.69E-03/ 7348029/ 0 0267193 7.146807| 0.762616]  19.058151 2382265 0.156719
L3 4257121 S3TEDS]  146.079142) 2911316 0.057536 23768 741609 0] 0.170849) 7.049929) 038139 1879981 2349976 0.1871724
7] 320416857 SEIEM] 76585427 1.523408 0.046142] 217E03 7473105 0 0.122162 6.954364/ 0.190736 18 544971 2318121 0216771
8| 24733415 360603 43473587 086315 0.03842) 203603 73525861 0) 0.097315] 18293583 2.286698] 0.245533;
9| 19621641 SASE(|  27.638761 0548093 0.032706} 1.91E08 7576636/ 0 0.084399) 6767101 0.047704] 18045603 22357 027479
10{ 160M58 SA2E08 0.393801 1.81EA8/ 7.626319) 0 0.077454 6.675368 0.023857]  17.800982 2223123 0300615}
1] 134894828 S3TBM] 16146751 0320668 0.02604| 1.73EAB! 7675258 0 0.073504) 6.584879 0011931 17.559676 219496 0.326069)
12| 11604781 S33B03( 14195616 028452 0.024072] 1.65E-08: 7.723592| 0| 0.071057| 6495615/ SITE® 17.32164) 2165208 0.352553]
13| 10402877 59650 1314618 0262073/ 0022662} 1.37EG3 1.3 9 0.069368) 6407561 298E03|  17.086829 2135854 0377383
14 948401 S2SE03| 12539147 0250393/ 0.021642f 151E-03 7819643 0) 0.06806S| 63207 149E-08| 16855201 21069 0401475}
15 8.819625 SAE®W 1215179 0.242995) 0.0208964 145E-03/ 7.865398] 0 0.066961 6.235016] T46E04| 16626711 2078339 0424845
16| 833447 SASEL3| 11874995 0.237727 0020342} 139603, 791163 | 0 0.063962 6.150494; IBEN] 16401317, 2.050165; 0447507
17 7974002 S.1460| 11.634873 0.233533| 0.0199234 1 4EG| 7957406 0 0.065023| 6.067116] L8TEM4| 16178977 2022372, 0469477
18 7701755 SIIE@| 11464592 0.229893 00195981 1.29608, 8.00267, 0 0.064119] 3.984869) 9. ME05 1595963 1.994956| 0490768
19, 7491339 SOTEAS|  11.290676 022655 0.01934/ 1.25E3| 8047443 0 0.063238) 35.903736 467EQS| 15743295 1.967912| 0.511396]
20 7324414 S.04603|  11.126296] 0223374 0.019129] 1.21E08; 8091736 0 0.062373| 5.823702] 233E05] 15529872 1.941234 0531375
21 7188126 $.006-08 1096795 0.220303| 0.018951 118503 8135547 o 0.061527 5.744753 LITEGS| 15319342 1914918} 0550714
2 7.073465' 49TE03| 10813817 0217303/ 0.018796) 1.14E03 817888, 0 0.060691 5.666874 SBAE06| 1111664 18889584 0.565439]
23 6974117 493E03| 10662927 0.21436) 0.018658; LNE® 8221739 0! 0.059868 5.59005 2.92E06 14.9068} 1.86335 0587331
24 6.885656; 4.90E-03] 10514782 0.211464. 0018531 1.09E-03/ 8264129 0 0.059056| 5.514267] 146E-06]  14.704713: 1.838089 0.603067|
25 6.904977| ABTE3| 10368993 0.208611 0.019412] 1.06E03/ 8306052 0 0.058258 5439511 730607 14.505364 181317, 0.622}
26 6.729908) 4SE03]) 10225468 0.205799| [At:<] 1.4E8| 8347513 0 0.057465| 5.365769) 3.65E07|  14.308716) 1.78859 0.635363)
27 6.658921 4.80E(3] 10084065 0.203028 0.018192] 1.0tE03 8388514/ 0 0.056686| 3.293025| 1L.83E07] 14114734 1.764342] 06541681
28 6.590948| 4.77E-03 9.944705| 0.20029/ 0.018087 9.92E-04 842906 [J 0.055917| $.221267; 9.14E-08 13.92338| 1.740422| 0.66%427|
29 6.525238| 4.74E-03 9.80733 0.197592] 0.01 7985 9.736-04 8469153, 0) 0055159 5.150482; ASTEOB} 13734619 1.716827| 0.684151
30 6461265 4.70E-03 9.6718%| 0.19493 0.017884 9.3SE-04 8508798 0) 0.054411 5.080636/ 228E08] 13548417 1.693552| 0.698354
31 6398659 A67E-03 9.538359| 0.192304 0.0) 7785 9.38E-04| 8547997, 0| 0.053674! 3.011777 114608 13364737 1.670592] 0.712046}
32 633716 4.64E-03 9406691 0.189715| 0.017687 9.23E-04| 8586754 0 0.052946| 494383 STIE09] 13183547 1.647943 0.725238}
33 6.276586) 461E03 9.276858 018716 0.017591 9.08E-04| 8625073 0 0.052228 4.876808) 286E-09| 13004813 1.625602 0.737941
M 6.216809| 4.58E-03 9.148833/ 0.184639) 0.017493| B.94E04| 8662956/ 0 0.05152) 4.810688| 143E-09| 128285| 1.603563 0.750167|
35 6157736 4.SMED 9.022587/ 0.182153 0.017399) 88IE-04| 8700408, 0 0.050822) 4.743467 TISE10] 12654577, 1.581822] 0.761923]
36 6.099304/ 451E03 8.8950%4| 0.1797 0017308 869E-04| 8737432 0 0.050133 4.681129] ISTENO| 12483011 1.560376} 0.773227]
37 6.041466 448E-03 877533 0.177281 0.01721) B857E0Y, 2774031 0 0,049453 4.617664) LT9EI0] 1231371 1.539221 0.784082)
38 5.984191 44SE03 8654269 0.1748%4 0.017M18] BAGE4, 8810209} 0 0.048783 4.555039) 8MEIN 12146883 1.518353 0.7945
39 3927453 442E08 8534887 0.17254 0.017025 83604/ 8845068} 0 0.048121 4493302 447E-11] 11982139 1497767} 0.804497f
.+ 40| 5871236 439608 241716 0.170217] 0.016933 826E-04 8881313 0 0.047469, 4432382 224E11]| 11819686 1477461 0.814067}
41 5.815526 436E-03 8.301066| 0.16726| 0.016842] SI1TE04 8916246 0 0.046825 4372288 LI2E1L| 11659435 1457429 0.823234;
42 5.760314 433E-8 8186582 0.165666 0.016751 8.08E-04 8950771 0 0.04619| 4.313008| S39E12|  11.501356, 1.437669| 0.832003
43 5703592 430603 8073684 0.163437 0.016661 7.996-04 8.984891 0 0.045564] 4.254532| 280E-12{  11.345419) 1418177} 0.840383§

4“4 5651354 4.2TE08 7.962352] 0.161237| 0016571 191E04 9.01861 0 . 4.196848 140E-12) 11191595, 1398949} 0.
45 5.597593 4.25E-3 7.852562, 0.159068| 0.016482f 7.83E04/ 9.05193/ 0] 0.044337] 4.139946 T.00E-13]  11.039856| 1.379982| 0.85601
46| 5544311 4.22E-08 7744295/ 0.156927 0.016393 T.ISE04 9.084856| 0| 0.043736, 4.083813 3S0E-13] 10890174 1.361272] 0.863276f
47| 5491497 4.196-03 7637528 0.154816 7.68E-04 2.117389 0 0.043143; 4.028443) 1L7SE-13| 1074252 1.342815 0.870186]
48 543915 4.166-03 753241 0152733/ 0018217 161604 9.149534! 0| 0.042558, 3973823 87SE-14| 10596868 1.324608| 0876751
49 3.387267 4.13E-0@ 7428413 0.150679 0.01613 154E04 9.181294 0| 0.041981 3.919546] 4.38E-M 1045319 1.306649| 0.882978)
30 5335844 4.10E-3 7326024/ 0.148652/ . TATEO4 9.212671 0| 0.041412; 3.866797| 219E-14] 10311458 1.288932 0.889874|
31 3.28488 4.08E-03 7.225085 0.146653 0.015958] 14164 9.24367 0 004085/ 3814368 1.09E14] 10171648 1.271456} 0.894448f
52 323437 4.05E-3 7125484 0.14468| 0.015873 735604 9.274292! 0 0.040296/ 3.76268| SATELS| 10033733 1.234217 0.899708]
53 3.184313 4.026-03 7.027294; 0.142735 0.015788] 728604 9.304542| 0) 0.03975| 3.711633 274E-13 9.897687 Lani 0.90466|
4 3134703 3.99E-03 6.930465| 0.140816/ 0.015703 122504 9334122/ 0| 0.030211 3.661307| 137615 9.763485 1.220436| 0.909313}
35 $.085543 3.97E 6.834977) 0.138922/ 0.01562] T1TEM 9.363936/ 0 0.038679; 3.611663] 685E-16 9.631102| 1.203888} 0913673}
36 3.036826 394E0 6.740813| 0.137083 0015536} TIIEM 9.393087 0 0.038155 3.562692] 342E16| 9.500513, 1187564 0.917749
57 4.988549)| 31.92E-08 6.647934) 0.135212] 0.015454 TOSE04 9421877 0 0.037637 3514383/ 1.71E 16| 9.3716%4 1.171462} 0.921544}
58 4.9407) 3.89E-8 6.556381 0.133393 0.01537 T.00E-04 945031 0 0.037127] 3.466733/ 836E-17 9.244621 1.135578} 0.923068]
59 4.893306, 3.86E-03 6466078 . 0.131602 0.015291 6.95E-04! 947388 0 0.036624 3.41972¢] 4.28E-17 911927 1.139909¢ 0.928327]
60) 4.846335. 384E08 6.377026) 0.129633. 0.015209) 6.89E-04 9.506116 [ 0.036127 3.373357, 2.14E-17 8995619 1.124452; 0.9313284
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