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Executive Summary

The internal dosimetry program at the Savannah River Site (SRS) consists of
radiation protection programs and activities used to detect and evaluate intakes
of radioactive material by radiation workers. Examples of such programs are

* air monitoring

+ surface contamination monitoring
* personal contam.nation surveys

* radiobioassay

* dose assessment

The objectives of the internal dosimetry program are to demonstrate that the
workplace is under control and that workers are not being exposed to radioactive
material, and to detect and assess inadvertent intakes in the workplace.

The Savannah River Site Internal Dosimetry Technical Basis Manual (TBM) is
intended to provide a technical and philosophical discussion of the radiobioassay
and dose assessment aspects of the internal dosimetry program. Detailed infor-
mation on air, surface, and personal contamination surveillance programs is not
given in this manual except for how these programs interface with routine and
special bioassay programs.

The TBM is divided into four parts:

* InPartintake and dose assessment methods are discussed. Minimal
routine bioassay programs are also developed for specific radionuclides.

* In Part II the radionuclide specific routine bioassay programs given in
Part 1 are used to develor ~outine bioassay programs for specific facili-
ties.

* In Part I1I the methods and capabilities of in-vitro bioassay techniques
are discussed.

* In Part IV the methods and capabilities of in-vivo bioassay techniques are
discussed.

The TBM is intended to give some insight into the reasoning behind the develop-
ment and application of internal dosimetry procedures. The TBM is not intended

to be a procedure, and not all procedures necessarily have their technical basis in
its pages.
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Introduction

The objectives of the internal dosimetry program are to demonstrate that the
workplace is under control and that workers are not being exposed to radioactive
material, and to detect and assess inadvertent intakes in the workplace.

Part 1 provides an overview of dose assessment aspects of the internal dosimetry
program at SRS, including

+ definition of dosimetry terms

* performance criteria for internal dosimetry programs

* methods of calculating dose

* methods of calculating intakes

» designing routine bioassay programs

* missed dose tables for designing bioassay programs

* followup to incidents

* medical procedures for mitigation of dose following intakes
The internal dosimetry program outlined in this manua!l is intended to meet or
exceed the requirements of DOE Order 5480.11! for monitoring the workplace
and for assessing internal radiation doses to workers. The Draft Internal Dosimetry
DOELAP? provides the basic requirements for the SRS internal Dosimetry
Program. This manual should be considered to be complementary to the DOELAP
Manual, providing detailed information specific to SRS; it is not intended to be

used as a procedure, but rather, to provide justification in support of site
procedures.
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The words shall, should, and may are used as follows in this manual: shall denotes
a requirement; should, a recommendation; and may, a permissible practice. Other
verbs are used orly in a tutorial sense.

Absorbed Dose - is the energy deposited in matter per unit mass by ionizing
radiation. The SI unit is the Gray (1 Gy = 1 J/Kg) and the traditional unit is the
rad (1 rad = 0.01 Gy). Unless specified the material in which the energy is
deposited is soft tissue.

Activity Median Aerodynamic Diameter (AMAD) - is the diameter of a unit
density sphere with the same terminal settling velocity in air as that of the aerosol
particle whose activity is the median for the entire aerosol.

ALARA -is an acronym for As Low As Reasonably Achievable. It is the objective
of current radiation protection efforts to maintain exposures to radiation as low
as reasonably achievable, with limiting economic and social factors being taken
into acco nt.

Annual Effective Dose Equivalent - is the effective dose equivalent from both
external and internal irradiation received in a calendar year. The annual effective
dose equivalent is expressed in the same units as dose equivalent.

Annual Limit on Intake (ALI) - is the quantity of a single radionuclide which,
if inhaled or ingested, would irradiate a person, represented by Reference Man
(ICRP Publication 23) to the limiting value for control of the workplace.

Assimilation - means the same as intake.

Bioassay - is the measurement of the amount or the concentration of radioactive
material in the body or in biological material excreted or removed from the body.

Biokinetic Model - is a series of mathematical relationships formulated to describe
the intake, uptake and retention of a radionuclide in various organs of the body
and the subsequent excretion from the body by various pathways.

Breathing Zone Air Sampler (BZA) - is an air sampler that draws air close
enough to the nose 5o as to be considered representative of the air a person breaths.

Committed Dose Equivalent - is the calculated dose equivalent projected to be
received by a tissue or organ over a 50-yr period after an intake of radionuclide
into the body. It does not include contributions from external dose. Committed
dose equivalent is expressed in the same units as dose equivalent.

Committed Effective Dose Equivalent - is the sum of the committed dose
equivalents to various tissues in the body, each multiplied by its weighting factor.

Committed effective dose equivalent is expressed in the same units as dose
equivalent.

Confirmed Assimilation - is an intake of radioactive material that will deliver
an effective dose equivalent of 100 mrem in the 12 months following the intake.
A confirmed assimilation requires a special hazards investigation.
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Confirmed Deposition - radioactive material in the body verified by bioassay
measurements. '

Cumulated Activity ~ is the integral activity of a source organ over a specified
period of time.

Cumulative Effective Dose Equivalent - is the sum of the annual effective dose
equivalents received for all years of employment at SRS. Cumulative effective dose
equivalent is expressed in the same units as dose equivalent.

Decision Level - is the amount ¢f material in a sample corresponding to a 5%
chance of a false positive. If the result of an analysis is above the decision level
then material is deemed to be present. '

Deposition - is the fraction of an intake retained in the body.

Derived Air Concentration (DAC) - is the quantity obtained by dividing the ALI
for any given radionuclide by the volume of air breathed by an average worker
during a working year (2400 cubic meters). ‘

Direct (/n Vivo) Bioassay - is the assessment of radioactive mate:ial in the body
by detection of radiations emitted by the material.

Dose Equivalent - is the absorbed dose multiplied by the quality factor for the
types of radiation absorbed. The SI unit of dose equivalent is the Sievert
(1 Sv = 0.01 J/Kg) and the traditional unit is the rem (1 rem = 0.01 Sv). It is
assumed in radiation protection that 1 Sv of any type of radiation will produce
the same biological damage as any other type of radiation.

Effective Dose Equivalent - is the sum of the weighted dose equivalents to all
significantly irradiated organs. The units of effective dose equivalent are the same
as those for dose equivalent. An effective dose equivalent of 1 Sv is deemed to
pose the same stochastic risk as a uniform whole body dose equivalent of 1 Sv.

Exposure Route - is a pathway by which radioactive material enters the body.
The main exposure routes are inhalation, ingestion, absorption through the skin,
and entry through a cut or wound in the skin.

Gastrointestingl Tract Model - is a mathematical representation used to stylize
the behavior of radionuclides in the contents of the human gastrointestinal tract.

Indirect (In Vitro) Bioassay - is the measurement or analysis of radioactive
material in excreta or other biological samples removed from the body.

Intake - is the amount of radioactive material taken into the body by inhalation,
absorption through the skin, injection, ingestion or through wounds. Part of the
intake may be exhaled, excreted or excised; part of the intake may be deposited
into the respiratory tract, GI tract or wound; part of the intake may translocate
to extracellular fluid.

Metabolic Model - is a mathematical representation of the behavior in the

metabolic processes of cells, tissues, organs and organisms. It is used to describe
distribution among tissues and excretion.

Ivouvady
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Minimum Detectable Amount (MDA) - is the smallest amount of a material in
a sample that will be detected with a 5% probability of false detection while
accepting an 5% probability of false non—detection. The MDA is used in the design
of analytical systems and is not to be used as a criteria to decide if material is
present in a sample (see decision level).

Nonemployee Occupational Worker - is an individual who is either a
subcontractor to DOE or a DOE - contractor who performs work for or in
conjunction with DOE and whose occupational exposure records are maintained
by the DOE or DOE contractor.

Occupational Worker - is an individual who is either a DOE or DOE contractor
employee; an employee of a subcontractor to a DOE contractor; or an individual
who visits to perform work for or in conjunction with DOE or utilizes DOE facilities.

Organ Content - is the amount of a radionuclide present in the organ of reference

_at a specific time and means the same as organ burden. ,

Personal Air Sampler (PAS) - is a portable breathing zone air sampler that is
carried by a worker.

Positive Result - (see definition for Decision Level).

Radiation Werker - is an occupational worker whose job involves operating
radiation producing devices or working with radioactive material, or who is likely
to be routinely occupationally exposed above 0.1 rem (0.001 sievert) per year,
which is the sum of the annual effective dose equivalent from external radiation
and the committed effective dose equivalent from internal radiation.

Reference Man - is a representative human model with the anatomical and
physiological characteristics defined in the report of the ICRP Task Group on
Reference Man (ICRP Publication 23).

Respiratory Tract Model - is a mathematical representation of the behavior of
particles and gases in the human respiratory tract.

State-of-the-Art - refers to the most advanced technology that has been
commercially available for at least 5 years.

Special Bioassay Monitoring - refers to a bioassay measurement not part of the
routine program, such as measurement made for prompt follow-up to a potential
intake.

Task Group Lung Model - is the model that describes the behavior of particles
in the respiratory tract of man developed by the ICRP Task Group on Lung
Dynamics.

Uptake - is the amount of a radionuclide absorbed into extracellular fluid or taken
up by the systemic compartment of the body, (e.g. by injection into blood, by
absorption from compartments in the respiratory tract or the GI tract or by
absorption through the skin or through wounds in the skin).

Valid Bioassay - is an analysis that accurately determines the activity in a sample
that contains only metabolized material.
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Visitor - is a nonemployee not classified as a “nonemployee occupational worker”
visiting a facility that is operated by DOE or a DOE contractor. This includgs any
occupational worker who performs work for or in conjunction with DOE or utilizes
DOE facilities and whose occupational exposure records ai'e maintained by their
employer.

Weighted Dose Equivalent - is the dose equivalent to an organ multiplied by the
stochastic risk weighting factor for that organ. Weighted dose equivalent has the

. same units as dose equivalent. A weighted dose equivalent of 1 Sv is deemed to

pose the same stochastic risk as a uniform whole body dose equivalent of 1 Sv.
Weighting Factors - are fractions used in the calculation of annual and committed
effective dose equivalent to equate the risk arising from the irradiation of a tissue’
to the total risk when the whole body is uniformly irradiated. The weighting factors
as defined by ICRP Publication 26 are

Weighting
Organ or Tissue Factor
Gonads 0.25
Breasts ‘ 0.15
Red Bone Marrow 0.12
Lungs 0.12
Thyroid 0.03
Bone Surfaces 0.03
Remainder(a) 0.30

(a) Remainder means the five other organs with the highest dose (e.g., liver,
kidney, spleen, thymus, adrenals, pancreas, stomach, small intestine, upper
large intestine or lower large intestine, but excluding skin, lens of the eye,
and extremities). The weighting factor for each such organ is 0.06.

Whole Body Dose Equivalent - is the dose equivalent that results when the whole
body is irradiated. If the irradiation is uniform whole body dose equivalent is the

same as effective dose equivalent. Whole body dose equivalent is expressed in the
same units as dose equivalent.

Working Level - is a unit of air concentration of potential alpha energy released
from radon and its daughters. One working level is any combination of short-lived
radon daughters in one liter of air that will result in the emission of 1.3 x 105 MeV
of potential alpha energy (1 WL = 2.08 x 105 J m=3},

Working Level Month (WLM) - is the cumulative exposure equivalent to

exposure to one working level for a working month (170 hours). 1 WLM = 0.0035
J hm-3,

Ivuvpa v
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Design Criteria for Internal Dose
Monitoring Programs

An internal dosimetry monitoring program may consist ‘of either breathing zone
air monitoring, bioassay, or both. The two basic types of monitoring programs
used are

* routine monitoring program
¢ speciz]l monitoring program

A routine monitoring program consists of breathing zone air monitoring and
bioassay, which are performed at prescribed times. The purpose of the routine
monitoring program is to confirm that workplace air monitoring is working properly
and that workers are not being exposed unintentionally to radioactive material.
Routine monitoring programs are also used to assess dose from controlled
exposures to radioactive materials, for example, chronic exposure to tritiated
water.

A special bioassay program is initiated in response to a specific incident,for
example, an unintentional personal contamination. The purpose of the special
bioassay program is to determine if an intake has occurred, and if it has, to
calculate the dose.

To design an adequate monitoring program we need to define the goals of the

program, for example, what we expect the program to achieve. The objectives of
the monitoring programs will be given in this section.

VA LA O
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Routine Monitoring Programs

There are two types of routine monitoring programs
* workgroup
e worker

A workgroup monitoring program is used in facilities where the workers have a
reasonable potential for exposure to radioactive materials but are unlikely to
receive a committed effective dose equivalent (CEDE) in excess of 100 mrem from
intakes during the year. A worker monitoring program is required if workers are
likely to receive in excess of 100 mrem CEDE.

Potential for Expcsure

DOE policy states that facilities should, where feasible, be designed and operated
with engineered controls that prevent intakes of radioactive material by workers.
A facility that has effective containment and contamination control, where workers
are unlikely to receive 100 mrem CEDE during the year, is called a "clean” facility.
The routine monitoring program in a clean facility concentrates on rhonitoring the
workplace environment rather than the worker, and only a minimal bioassay
program is required.

If effective containment is lost and workers are likely to be exposed to radioactive
material that could deliver more than 100 mrem CEDE in the year, enhanced
monitoring programs are needed to identify the exposed individuals. In this
situation the worker is also monitored. Thus, the monitoring requirements for a
clean facility are less complex than these for a facility that is not clean.

Monitoring Programs for Clean Facilities

A clean facility is one where radioactive material is contained to the extent that,
although there is some reasonable potential for exposure to radioactive materials,
workers are unlikely to receive an intake that would deliver a dose in excess of
100 mrem CEDE in any calen.Jar year. The purpose of the monitoring program
in a clean facility is to verify that the air and contamination monitoring are working
properly and that the facility is clean. The monitoring program for a clean facility
consists of

* an air monitoring program that samples air that is representative of the
worker's breathing zone and is capable of detecting intakes of 40 DAC-h
or more in a calendar year

* a bioassay program that can detect intakes by a workgroup that would deliver
a dose of 100 mrem CEDE in a calendar year

Air Monitoring Program for a Clean Facility

Teoivindb

The air monitoring program requires that concentrations of radionuclides in the
air of less than 0.02 DAC be measured throughout the year, assuming continuous
occupancy for 2000 hours a year. This requirement is for each independent source
of radioactive material.
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Workgroup Bioassay Program

independent Sources

The bioassay program for workers in a clean area focuses on the workgroup, which
is a collection of workers who perform approximately the same tasks in
approximately the same locations. A fraction of the workers in the workgroup
should be monitored at a frequency where an intake that would deliver 100 mrem
CEDE would be detected; note that this program is not designed to identify
individuals who exceeded 100 mrem CEDE, but rather to sample a group of
workers that is unlikely to be exposed to radioactive materials. If any member of
the workgroup has an intake of radioactive material then all members of the
workgroup should be placed on a special bioassay program.

The NCRP! recommends that 10% of a workgroup composed of 100 or more
workers should be sampled at a frequency of not less than once a year. Workgroups
composed of 11-100 workers should have 10 workers monitored, and all workers
in workgroups composed of 10 or less workers should be monitored.

Who Should not be in a Workgroup Bioassay Program
Any worker who

* has radioactive material in his body that interferes with detecting and
assessing additional intakes

» uses any form of respiratory protection
e enters Airborne Radioactivity Areas
should not be part of a workgroup bioassay program.

These workers should be placed on a worker bioassay program. In practice,
workers who have significant potential for exposure to transuranics are not placed
on workgroup bioassay programs. ‘

The criteria specified in the previous section are for each independent source of
radioactive material. The air monitoring and workgroup bioassay programs for
one source of radioactive material do not have to account for any other
independent sources. For example, if workers routinely enter multiple clean
facilities, the air monitoring program for each facility should be able to detect 40
DAC-h and the workgroup bioassay program should be able to detect intakes by
the workgroup that would deliver 100 mrem CEDE. The detection capability of
the programs does not have to be reduced because of multiple independent
sources. Likewise, if one glovebox in a laboratory contains plutonium and another
separate glovebox contains tritium, the air monitoring program should be able to
detect 40 DAC-h of plutonium and 40 DAC-h of tritium. If the plutonium and
tritium are in the same glovebox, the air monitoring program should be able to
detect 40 DAC-h of the mixture.

Monitoring Programs for Workers

If workers are likely to be exposed to radioactive material that would deliver a
committed effective dose equivalent in excess of 100 mrem CEDE in any calendar

Tovvensy
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Monitoring Programs

Independent Socurces

year, the worker should be placed on a worker monitoring program. The purpose
of this program is to detect exposures of the worker to radioactive material so that
dose may be assessed and special bioassay programs initiated if necessary.

Once a worker monitoring program is required, certain performance objectives
must be met. First and foremost the minimum monitoring program must be able
to demonstrate compliance with the § rem annual effective dose equivalent
(AEDE) limit and the 50 rem annual organ dose equivalent (AODE) limit. Note
that these limits are the sum of internal and external dose and that they apply to
a specific person, This means that the minimum monitoring program required for
each person will vary depending on the internal and external dose they receive
and our ability to assess future intakes of radioactive material.

Rather than define a custom monitoring program for every worker, conservative
performance objectives were established that may be used to develop generic
monitoring programs for workers who are expected to receive less than 2 rem
AEDE. These performance objectives are

e The monitoring program shall be capable of assessing intakes of radioactive
material in a year that will deliver an effective dose equivalent of 100 mrem
in the 12 months following the intake. ’

» The monitoring program should be capable of assessing 1/10 of the above,
that is, 10 mrem in the 12 months following the intake.

Note that a constant time interval of 12 months after the intake is used so the
calendar date of the intake does not need to be considered in the design of the
monitoring program.

The internal dosimetry monitoring program for a worker may consist of bioassay
alone or bioassay augmented with breathing zone air sampling. Bioassay is the
preferred method to assess intakes, but breathing zone air sampling data may be
used in situations where adequate bioassay data are not available.

The 100 mrem and 10 mrem performance objectives apply to each independent
source of radioactive material in the workplace. For example, if a worker handles
tritium in one building and plutonium in another (for example, they are
independent sources), the monitoring program for the worker should be able to
detect 100 mrem from intakes of tritium and 100 mrem from intakes of plutonium.
If the sources are not independent, the 100 mrem performance objective applies
to the mixture. Note that the 5 rem AEDE and 50 AODE rem limits apply to all
occupational sources of radiation and radioactive material and the independent
source rule may not be used.

Inadequate Programs

Tvie wirge

With the use of personal air samplers (PASj, feces bioassay, and urine bioassay
the 100 mrem 12-month EDE design objective can be met for all radionuclides.
One complication occurs when an excretion curve is relatively flat and high
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Missed Dose

frequencies (for example, every week) are required to strictly meet the 100 mrem
objective while comvient frequencies (for example, annual) are only slightly over
the objective. In these situations, considering the conservative nature of the missed
dose calculations, missed doses of up to 200 mrem will be deemed acceptable.

If worker monitorimg programs can not ensure compliance with the 5 rem AEDE
and 50 AODE rem: limits then work restrictions should be imposed to prevent
intakes of radioactive materials.

Workgroup monitoring programs are designed for individuals who are not being
exposed to radioactive material, and for this reason PAS and feces bioassay are
not routinely used for workgroup monitoring. If the workgroup monitoring program
can not meet the 100 mrem CEDE design objective, then the following actions
should be taken:

» Steps should be tzken to verify that the air monitoring program is working
properly and that it can detect exposures in excess of 40 DAC-h.

e The minimum dose that can be detected with the current bioassay programs
should be documented.

* If a bioassay type has a missed dose of less than 100 mrem CEDE at some
impractical frequency (every day urine samples for example), then a bioassay
program consisting of that bioassay type at a reasonable frequency should
be instituted. The theory behind this program is that statistically, some
fraction of any intakes that occur will be detected. This is reasonable
considering the workers are not being exposed to radioactive material.

e Operational studies employing personal air samplers and fecal sampling
should be considered for workers with the highest potential for exposure.

Design objectives for routine bioassay programs were given in terms of effective
dose equivalent in the previous sections. Now we need a method of describing the
ability of a given bioassay program to detect dose to see if a program meets these
objectives. In this manual we use what is called "missed dose” to describe the
abilities of a bioassay program. Missed dose is the maximum effective dose
equivalent associated with a less-than~-MDA result from a given bioassay program.

Let us consider a bioassay program for tritiated water to illustrate missed dose.
The MDA for tritium in the urine is 0.02 uCi/L. Assuming the following:

* a 10 day biological halflife for water in the body
* adose-rate to concentration factor of 0.2 mrem/day per pCi/L of body water
the missed dose D for urine bioassay at 15 days after intake is
D = 0.2°(0.02 pCi/L)e!5:0.693/10 = 0,011 mrem

This missed dose may be compared to the design objective of 100 mrem CEDE
to determine the adequacy of collecting urine samples every 15 days. Tables of

TMor g
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missed dose are presented in Chapter 9 for single acute inhalation intakes of pure
radionuclides. These tables are for the design of routine bioassay programs and
may not be appropriate for other purposes.

Missed dose is only one of several factors that go into the design of a bioassay

program. We must also consider the following:

* monitoring the buildup of long-halflife material in the body

placing upper limits or caps on intakes
s cost
e time away from the job
» aesthetics
In addition, bioassay is sometimes used to monitor and control exposures of

workers to radioactive materials. This can lead to a higher bioassay frequency than
indicated by a missed dose analysis alone.
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Special Bloassay Programs

A special bioassay program is initiated in response to an unintentional intake of
radioactive material. The special bioassay program has the same design goals as
the routine worker monitoring program, for example, the special bioassay program

* shall ensure compliance with 5§ rem AEDE and 50 rem AODE limits

* shall detect and assess intakes that could deliver 100 mrem in the 12 months
following the intake

o should detect and assess intake that could deliver 10 mrem in the 12 months
following the intake

Inadequate Special Bioassay Programs

A special bioassay program that is inadequate to comply with the 100 mrem design
objective warrants an investigation to determine the cause of the inadequacy. Steps
should be taken to correct any problems identified by the investigation.

Programs that can not ensure compliance with the 5 rem and 50 rem limits warrant

immediate work restrictions for the involved individuals and an investigation to
determine the cause of the inadequacy.

10060 at
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Designing Routine Monitoring Programs

Design objectives for routine internal dosimetry monitoring programs were given
in Chapter 2. In this section a practical means of implementing these design
objectives in a routine monitoring program is given. Recommended minimum
monitoring programs for various radionuclides are given in Chapter 10. The
routine programs for a specific facility are given in Chapters 12 through 17.

Elements of a Routine Monitoring Program

Source Terms

One objective of the Technical Basis Manual is to derive monitoring programs for
facilities at SRS. To accomnplish this we first identify source terms and radionuclides
of concern, and then worker and workgroup monitoring programs are
recommended for the facility. Assignment of specific workers to appropriate
worker or workgroup programs is the responsibility of Health Protection Operations
in the facility.

Efforts should be made to identify major source terms in a facility
+ streams of radionuclides coming into and out of a facility
e areas where radionuclides are produced in a facility
+ areas where the chemical or physical form changes significantly
» areas where the potential for release increases significantly

Radionuclides present, chemical and physical forms, particle size distributions, and
biological solubility should be determined if feasible.

1e011904¢
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Radionuclides of Concern

Radon

Air Monitoring

There may be many radionuclides present in 2 facility; some have the potential
for delivering significant doses or may be used as tracers for a mixture of
radionuclides. Such radionuclides sre referred to as radionuclides of concern
because air monitoring and bioassay programs are designed to detect them.

Radionuclides of concern are determined as follows. All radionuclides in a facility
to which workers could be exposed are identified from contamination survey
records, safety analysis reports (SAR), technical reports, the open literature,
personal interviews, etc. The radionuclides whose radiotoxicity and exposure
potential combine to deliver the majority of the dose, say 90%, are deemed to
be the radionuclides of concern. All other radionuclides may be ignored unless
they are suitable for use as a tracer.

A radon survey of 360 buildings at SRS was completed in 1987). Radon levels
a: ="'l locations were below the EPA action level of 4 pCi/L. Because of this survey
and the nature of work currently done at SRS, all radon exposures are deemed
to be non-occupational and are therefore not within the scope of this manual.
The situation will be reassessed if future operatiors at SRS involve exposure to
radon.

Air monitoring capable of detecting 40 DAC-h over a year should be performed
in locations were workers have the potential for exposure to airborne radioactive
material. ‘ |

Potential for Exposure of Workers

Historical records concerning contamination of workers, airborne radioactivity,
and surface contamination are useful for determining the potential for exposure
of workers to radioactive material. Safety evaluations for a facility can be consulted
to augment the historical records or to provide the primary information for new
facilities. If the air monitoring programs in a facility are not adequate tc detect
40 DAC-h in a year then workers in the facility should be assumed ta be likely
to receive intakes.

Workers with No Potential for Exposure

Air monitoring and bioassay programs are not required for workers with no
potential for exposure to radioactive materials. In general, if radioactive material
is not processed or stored in a facility then workers are assumed to have no
potential for exposure in that facility.
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Workgroup Bioassay Program

If workers have the potential for exposure to radioactive materials but are unlikely
to receive intakes in excess of 40 DAC-h then air monitoring and workgroup
bioassay programs are required. At a minimum, workers who enter Radiological
Control Areas (RCA) where protective clothing is required, should be on a
workgroup monitoring program. Some fraction of workers in workgroups with the
highest potential for exposure should be sampled (see Chapter 2, page 4) so that
samples from the workgroup are submitted uniformly throughout the year. In
practice, all workers in the workgroup are usually placed on the program because
it makes the program easier to administer.

The minimum bioassay frequency is determined by feeding an intake of the
radioactive material that would deliver a 100 mrem CEDE into a Reference Man
biokinetic model and observing the time after intake when the quantity of material
in the bioassay goes below the Minimum Detectable Amount (MDA); this is the
maximum time between bioassays for the workgroup. For design purposes the
workgroup should be assumed to have 12 workers who are monitored, which
conveniently translates annual worker frequency to a monthly workgroup
frequency. Once actual workgroups are identified, the number of workers actually
monitored may be used. If the 100 mrem objective can not be reasonably achieved
then the actions outlined in Chapter 2, page 6 should be taken.

If a mixture of radionuclides is present and its fractional composition is known
and relatively constant, the 100 mrem performance objective may be based on
the dose delivered by the mixture and one radionuclide can be used as a tracer.
Alternatively, if the fractional composition is not known, the performance objective
may be based on the most limiting single radionuclide detected by each bioassay
technique. For example, in a mixture of U-238, Cs-137, Ce-144, and Nb-95,
the frequency of whole body counts can be based solely on detecting a 100 mrem
dose from Ce-144, and the urine bioassay frequency is based solely on detecting
a 100 mrem dose from U-238.

If chronic exposures are anticipated, then chronic biokinetic models should be
used for the missed dose analysis, otherwise, acute biokinetic models should be
used.

Worker Bioassay Program

The bioassay type and frequency for a worker bioassay program are selected with
a missed dose analysis, as was done with the workgroup bioassay program, with
the following exceptions:

s the design objective is a 12-month effective dose equivalent of 100 mrem
in place of a committed effective dose equivalent of 100 mrem

* the design objective applies to a specific worker, not a workgroup

* bioassay frequency for a worker should be not less that once a year
Workers exposed to transuranics, thorium, or insoluble uranium are required to
have urine bioassay, chest counts, and either personal air samplers (PAS) or feces

bioassay. Feces bioassay is required for workers using any form of respiratory
protection (except for plastic suits used for protection from tritium).

1900004e
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If convenient, the acute intake that would give a 12-month dose of 100 mrem
may be used for chronic intakes. Also, the committed effective dose equivalent
may be used in lieu of the 12-month effective dose equivalent for designing worker
programs.

If the dose objectives given above can not be achieved then the actions outlined
in Chapter 2, page 6 should be taken.

Workers can have radioactive materials in their body that interfere with the
detection and evaluation of intakes, for example, medical radionuclides and
previous occupational intakes. In these situations a rough estimate of missed dose
should be performed for the worker to ensure that doses in excess of 5 rem annual
effective dose equivalent can be detected.
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Designing Special Bioassay Programs

Design objectives for special bioassay programs were given in Chapter 2. A general
discussion of special bioassay programs is given in Appendix 4A of the Internal
Dosimetry DOELAP. Special bioassay programs for SRS are recommended in
DPSOL 193-212 for a number of scenarios. This section will provide some general
philosophy for special bioassay programs and mention some important specifics.
Medical procedures for accelerating the removal of radioactive materials from the
body will also be reviewed.

Special Bioassay Programs

Special bioassay programs are initiated to determine if an intake has occurred,
and to quantify the intake and calculate the dose. Such evaluations are basically
an iterative process of postulating and verifying models.

For example, a contamination incident triggers a conservative intake estimate
based on the available data and standard assumptions. Thus, we have postulated
a model that describes all relevant aspects of the intake such as time of intake,
the mode of intake, biokinetic models, etc. Key assumptions in the model are then
identified and bioassay data are collected to justify more accurate (usually less
conservative) assumptions in the model.

This process is repeated until we are comfortable with the answer, which could
mean

* additional information will not justify any significant changes in the model

* a point of diminishing returns has been reached, i.e., it is not worth fooling
with any more

Thus, the uncertain aspects of our model dictate the data needed, which dictates
the experiments that should be performed (the type and frequency of bioassay).

T v
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When Special Bioassay Programs Are Required

A special bioassay program is required whenever a worker is suspected to have
had an intake of radioactive material. For example:

e personal contamination
* airborne radioactivity
* positive routine bioassay

Whether or not a worker is suspected to have had an intake can be very subjective.
The best policy is to err on the safe side - if in doubt, sample, because you can
only collect today's data today.

Chest and Whole-body Counts

Fecal Samples

Urine Samples

Nasal Swipes

Chest and whole-body counts should be performed as soon as possible after a
suspected intake of any photon emitter. If there is no external contamination the
counts will provide valuable information on the initial deposition of material in
the body. If there is external contamination, the counts still provide an upper limit
of the initial deposition, which may be used to pian the special bioassay program.

Chest counts should be performed following a suspected intake of thorium,
uranium, or any of the transuranics. Note that this applies to soluble uranium
compounds like uranium hexafluoride.

Fecal samples should be collected after a suspected intake of strontium, thorium,
uranium, or any of the transuranics. Note that this applies to soluble uranium
compounds like uranium hexafluoride. At least three days of excretion or two
voids, which ever takes longer, should be collected. For larger intakes, fecal
samples should be collected for 7 to 10 days following the intake.

True 24-hour urine samples are preferable for all special bioassay programs except
for those assessing intakes of tritiated water. Onsite samples are acceptable in lieu
of 24-hour samples if they represent 8 hours of excretion and are submitted
promptly for analysis.

A positive nasal swipe indicates an intake may have occurred. A negative nasal
swipe does not indicate anything - it especially does not indicate that an intake
did not occur.

Composition of Radioactive Materials

19009649

There are two things to remember about the composition of radioactive materials
at SRS

* most radionuclides exist as mixtures

* the importance of each radionuclide in a mixture depends on who you ask



Page 4 of 8

Issued 12/20/90 internal Dosimetry Technical Basis Manual
Part |, Chapter 4, Rev 0 WSRC-IM-90-139

For example, a worker may be exposed to highly enriched uranium reported by
the production department as being essentially pure (>98%) U-235. Further

investigation reveals that the material is pure U-235 by mass but essentially pure
U-234 by activity.

19000040
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Survey of Medical Procedures

Various medical procedures are used at SRS to mitigate the dose from intakes of
radioactive materials. NCRP Report Number 65, Management of Persons
Accidentally Contaminated with Radionuclides!, is the basic technical resource
used by the Medical Department, but the professional judgement of the physician
plays an important part of determining the actions to be taken for any particular
case. This section will review some of the more important procedures used at SRS
to mitigate dose from intakes radioactive materials.

Treating Intakes of Transuranics

Calcium or zinc salts of diethylenetriaminepentaacetic (DTPA) acid have been
used at SRS for over twenty vears to chelate plutonium and the higher transuranics.
DTPA is not used to chelate neptunium because the chelate is not stable2. This
limitation is not of great importance because an intake of neptunium large enough
to require chelation has never occurred at SRS. Calcium salts of DTPA are
administered typically by inhalation to males and to females who are known not
to be pregnant. The zinc salts of DTPA are proported to have a lower
embryotoxicity and are therefore used on females who may be pregnant.
Zn-DTPA is administered by injection because it has a foul taste.

Treating intakes of Uranium

Intakes of uranium that could be nephrotoxic are treated with oral doses of sodium
bicarbonate, which causes the formation of a less toxic uranyl bicarbonate complex
in the kidneys. There are no treatments in use at SRS for highly enriched uranium.

Treating Intakes of Radioiodine

Potassium iodide (KI) is used to block uptake of radioiodine by the thyroid. To
be effective the KI must be administered as soon as possible after intake.

Treating Intakes of Tritiated Water

Intakes of tritiated water are routinely treated by increased intake of water. Very
large intake would be treated with diuretics prescribed by the physician.

Treatment of Contaminated Wounds

Tissue contaminated with transuranics is removed from wound sites to prevent
uptake to the blood and deposition in systemic organs. Chelation therapy is usually
used in conjunction with excision of tissue. Silver nitrate is occasionally
administered topically to wounds to cauterize the site and lockup any radioactive
material that may still be present.

Use of Cathartics

Cathartics are routinely administered to reduce the residence time of ingested
material in the gastrointestinal tract. A shorter residence time reduces uptake of

the the material to the blood and reduces the dose to the GI tract. The usual
cathartic administered is Fleets phosphate of soda.

Tvoivuge
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Use of Lung Lavage

Lung lavage is a risky procedure that would only be considered for very large
intakes of insoluble uranium or transuranics. This procedure has never been used
at SRS.

Skin Contamination

Skin contamination is usually dealt with by Health Physics personnel. If they are
unsuccessful at removing contamination the physician may resort to more drastic
measures such as bleach and sandpaper.

1o eige



Page 7 of 8
internal Dosimetry Technical Basis Manual ssued 12/20/90

WSRC-IM-90-139 Part |, Chapter 4, Rev 0

References

(1) Management of Persons Accidently Contaminated with Radionuclides.
NCRP Report Number 65, 1979.

(2) Treatment of Incorporated Transuranium Elements. 1AEA Technical Report
Series Number 184, 1979,

1ennegav



Page 8 of 8

issued 12/20/90 internal Dosimetry Technical Basis Manual
Part |, Chapter 4, Rev 0 WSRC-IM-80-139

19000049



Page 1 of 32

Internal Dosimetry Technical Basis Manual Issued 12/20/90
WSRC-iM-90-139 Part |, Chapter 5, Rev 0

Chapter 5

Calculating Intakes

Chapter 5 Preview
* Iterative Methods of Calculating Intake from Bioassay
» Siatistical Techniques Used in Iterative Intake Evaluations
* Evaluation of Multiple Types of Bioassay Data
* Noniterative Methods of Calculating Intake from Bioassay
¢ Calculating an Intake from Air Concentration Measurements
¢ Decision Rules for Intakes
* Assumptions Used for Calculating Intakes
¢ Reported Precision for Intakes
* Uncertainties in Intake Estimates
e Computer Codes
¢ Types of Bioassay
* Evaluating Americium-241 Chest Counts



Page 2 of 32
Issued 12/20/90

internal Dosimetry Technical Basis Manual

Part |, Chapter 5, Rev 0 WSRC-IM-90-139

5

Calculating Intakes

An intake is the quantity of radioactive material that passes through the nares,
the mouth, or the skin. For practically all occupational exposures intakes can not
be measured but rather must be inferred from other measurements such as bioassay
and air monitoring. This inference requires a biokinetic model of some sort that
can relate intake to air concentration or bioassay data such as urine and fecal
excretion. Intake calculations can become quite complex, but they have the
advantage of at least attempting to account for all radioactive material that enters
the body, whether it can be measured or not.

Intake calculations may be based on
e air concentration measurements
* bioassay
* both air concentration measurements and bioassay

Bioassay-based intake calculations may be classified as iterative or non-iterative.
This section will give an overview of each technique.

lterative Methods of Calculating Intake from Bioassay

19009049

Assume a biokinetic model has been selected that completely describes the intake,

retention and excretion of a radioactive material in an idealized Reference Man.
This model specifies

* how material enters the body, how much is deposited, and the rate at which
it leaves the deposition site

¢ the rate at which material will feed into the bloodstream and the
gastrointestinal tract
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* where the material will reside in the systemic organs and for how long
* where the material will be excreted and at what rate

The biokinetic model is selected with the hope that is adequately describes what
is happening to material in a real person, who we will call John Doe.

Reference Man is given an intake of radioactive material and expectation bioassay
data are generated that match the types and times of John Doe's empirical binassay
data.

Working on the assumption that biokinetics of the material in John Doe and
Reference Man are the same, any difference in the expectation and empirical
bioassay data may be attributed to the magnitude of the intake. The intake is
therefore adjusted to produce the "best” match between the expectation and
empirical data (exactly what "best” means is discussed later).

In its simplest sense, the process just described is iterative bioassay evaluation. In
this case one parameter, the intake, was changed to make the expectation and
empirical bioassay data match. Frequently, there are systematic differences
between the expectation and empirical bioassay that can not be reconciled by
adjusting the intake alone. In these cases the assumption that the biokinetics of
Reference Man and John Doe are the same is considered incorrect and the
biokinetic model is modified to obtain better agreement. Modifications can range
from changing the particle size of inhaled material to changing half-lifes ir systemic
compartments.

The problems with modifying biokinetic models are that several different
modifications can cause the same effect in the expectation bioassay data and the
empirical data from an occupational exposure may be woefully inadequate for
adjusting parameters in a biokinetic model. The end result may be that even though
the expectation bioassay data and empirical bioassay data match, we may still have
the wrong model, the match being fortuitous.

To summarize the problem, on one nand we have a strong desire to eliminate
systemnatic differences between the expectation and empirical bioassay data, which
may require modifying biokinetic models. On the other hand, we may not know
what parameter in the biokinetic model to adjust. The general rule we will use
for iterative bioassay evaluations is to begin with standard models. If there is an
obvious parameter that can be adjusted to make the data fit better, such as
biological elimination rate of tritiated water, then that parameter should be
adjusted. If the parameter is not obvious, then modify parameters that are not
well known first, and then, if necessary, modify parameters that are relatively well
known. The respiratory tract model is assumed to be less well known than the
systemic model. Thus, in an iterative evaluation of bioassay data, modifications
to the standard biokinetic model should be tried in the following order:

* use variations of standard lung model
- different Particle AMAD

- mixture of classes, for example, 50% class W and 50% class Y

P4
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° modify standard luhg model

- change retention times for compartments in respiratory tract, NP and TB
regions first, then P

- change fraction of deposition in compartments of respiratory tract, NP
and regions first, then P

* modify systemic retention model Br excretion model, short half-life
compartments first and then the long half-life compartments

In vitro lung solubility studies and particle size studies can provide information on
inhaled material. This information should be incorporated into the evaluation if
possible.

Modifications to parameters can be constrained by using several different types
of bioassay data, for example, feces, urine, and chest count bioassay data.

The major problem with iterative methods are that a biokinetic model, which
includes exposure pathways and patterns, must be fully specified. Multiple
over-lapping acute and chronic intakes can make it impossible to specify the model
and perform an iterative evaluation. In many instances non-iterative methods can
be used to evaluate these cases.
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Statistical Techniques Used In Iterative Intake Evaluations

Statistics are used in iterative intake evaluations to help answer two questions.
o Do I have the right biokinetic model?

*  What is the best estimate of the intake (assuming I have the right biokinetic
model)?

The Right Biokinetic Model

As discussed previously, the right biokinetic model is a modification of a standard
model that adequately predicts all the available bioassay data. Statistical techniques
are used to aid the evaluator in deciding whether or not the fit is adequate, but
it must be stressed that the evaluator is the final judge of adequacy. Two statistical
methods used are:

¢ examination of residuals
* runs test

A residual ey is the weighted difference between the observed bioassay data o; and
the expectation bioassay data 6;:

ei = Vwj (0 - 8)).

A plot of the residuals versus time that has the residuals evenly and randomly
distributed about the zero line shows that the variance of the data was properly
handled and the there is no systematic bias. Draper! and Thakur? may be
consulted for further information on residual plots.

The Runs Test is a non-parametric test of the assumption that the residuals are
randomly distributed about the zero line. Draper!, Thakur?, and Mendenhall3
discuss the test in detail. A model is assumed to be correct if the probability
associated with the Runs Test is greater than 5%. This means that we are assuming
the residuals can not be too randomly distributed (i.e., we can not have too many
runs) and that we are rejecting fits where the residuals have less than a 5% chance
of being derived from a random parent distribution (i.e., too few runs).

If a model passes the Runs Test and has a good residual plot we can say there
is no reason to believe that the model is wrong. Note that we are saying the model
is not wrong, not that it is correct. The residual plot and Runs Test may indicate
that a model has a systematic bias and yet the model may still be acceptable. The
evaluation of tritiated water intakes provides a good example. The urinary
excretion following an intake of tritiated water frequently follows a slight but distinct
sinusoidal pattern about the expectation line. This pattern does not significantly
impact the intake estimate but it will cause a perfectly good fit to be rejected. This
example reinforces the the fact that statistics are only an aid to the evaluator, who
must make the final decision as to whether or not the model is acceptable.

The Best Estimate of Intake

The best estimate of an intake I is the one that minimizes the difference between
the observed contents o of a bioassay compartment and the expected contents 6
at time t. The sum of the squares SS is given by

SS = X wi(o; - ;)2

Poeresy
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where o; and 8; are understood to be a function of time and w is the weighting
factor. For a given bickinetic model 8 is calculated using f, the fraction of a unit
intake expected to be present at time t after an intake I:

6 =1

Substituting I f; for 6, differentiating with respect to I, setting the expression equal
to zero, and solving for I gives the following expression:

I (w05 fj)
2
Z (wfy)

The weighting factor is usually the inverse of the total variance of the bioassay
measurement. The total variance is composed of the variance of the radiometric
technique, the biological variance of the individual, and the variance between the
biokinetic model and the individual. This overall variance is seildom known, so
various assumptions are made for the weighting factor in order to calculate the
intake with the above equation:’

» The weighting factor is a constant k for all measurements
wi =k

* The weighting factor is inversely proportional to the measurement
1/w; @ 05 = k'

¢ The weighting factor is inversely proportional to the expectation measurement
H/wj a 6;=k*6;=k*'I'f;

The first assumption leads to an unweighted fit

Z (o0i'fi)
z(f5)

The second assumption leads to a point weighted fit

(fi)

1= ——5——
Z(f5/705)

The third assumption leads to a group weighted fit

Z (o)
Z(fi)



Page 7 of 32

internal Dosimetry Technical Basis Manual issued 12/20/90

WSRC-IM-90-139

Part |, Chapter 5, Rev 1

Less-Than Data

Another method is an “eye-ball” fit, whimsically referred to as an eye-chi fit.

The question of which fitting technique is the best depends on how much
confidence is placed on the estimates of the variance. If the overall variance of
each datum is known, then a weighted fit using these variances as weighting factors
should provide the best fit (note that this is different than the second assumption
discussed above). If the overall variance is not known, then the group weighted
fit should provide the best fit because it is more resistant to outliers than the point
weighted fit. The eye-chi fit is provided because it will sometimes provide the best
“looking"” fit, but the user should be aware that changes in scale will greatly affect
what looks good. If the correct biokinetic model is used, the expected and observed
values will match rather well and the calculated intake will not be greatly affected
by the type of fit used. On the other hand, if an incorrect model is used, then
statistics alone will not provide the correct answer.

The variance V in the intake I is given by

N
VeZ (oi/fi-1)2/(N-1),
1=

where N is the number of data. The error E in the intake is the square root of
the variance

E = V.

Note that one or more outliers can produce a high error for a fit that is otherwise
quite good.

In summary

* The goal is to select a standard model that matches all observed data, i.e.,
the residual plot is uniform and random and the Runs Test result has a
probability of >5%.

* If necessary, modify the bickinetic model to achieve an acceptable fit.

¢ The group-weighted fit is recommended as the default fitting method.

* If several models fit the data, the single best model is assumed to be the one
with the most runs. If two or more models have the same number of runs,
then the model with the highest runs probability is the best. If two or more

models have the same number of runs and the same runs probability, then
the model with the lowest error is the best.

Less-than data are data reported as less than some reporting level, for example,
plutonium urine results of <0.1 d/m/L or a Ce-144 whole body count of <20 nCi.

laasdaadd
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Outliers

19009049

Less-than data are used as a constraint on a fit, that is, the predictions of a model
should agree with the less-than data. For example, if a model predicts a urine
concentration of 0.002 d/m/L and the measured concentration is <0.1 d/m/L, the
empirical and expectation results are in agreement. Less-than data are not used
for residual plots, the Runs Test, or least squares fitting procedures; however,
several codes in use at SRS accept less~than data and plot it along with positive
measurements to aliow easy comparison. ,

An outlier is a datum that does not seem to belong with the rest of the data, that
is, it is significantly higher or lower than its neighboring data. In general, we do
not reject or "throw out” any data because it does not seem to belong. The
preferred method of handling outliers is to collect sufficient data to "dilute” the
influence of the suspect result. Sometimes we can not obtain sufficient data to
dilute the outlier. In these cases the outlier should be included in the evaluation
but its impact on the fit may be reduced by giving it a relatively small weight or
by using an eye-chi fit. By using these techniques the desired fit is achleved but
unlike data rejection, it is clear what is being done.

An outlier can also be a datum that does not agree with a model that agrees well
with all other data. If good reasons can be given for outliers that do not match
a model, the datum may be given little weight in the evaluation. For example, the
excretion on the first day of an intake typically does not agree with models because
the short-term excretion has the most uncertainty in a model. For this reason we
do not have to be overly concerned with excretion on day 1 that does not match
a model that otherwise looks good.
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An Example of lterative Evaluation of Bioassay Data

A relatively simple intake of tritiated water will be evaluated to illustrate the
statistical procedures discussed.

The urine bioassay data collected following an acute intake of tritiated water is

given below:
Concentration of tritium Time after intake
in urine (nCi/L) {days)
47.3 1.29
46.4 1.34
44.0 1.99
41.3 2.31
41.0 2.94
34.8 4.00
32.8 4.56
31.1 5.02
29.7 5.40
29.0 5.96
26.3 6.92
23.1 7.96
22.6 8.96
19.4 9.96
17.5 10.96
14.3 13.48
11.7 15.00
7.6 17.81
7.0 20.00
6.2 21.52
5.4 21.97
4.2 23.79
4.0 25.08
3.2 27.46
2.4 28.29
2.8 29.29
2.1 30.27
0.7 41.29
0.4 52.00
<0.2 73.00
<0.2 93.00

Evaluation of Bioassay Data

The computer code CAIBEC was used to evaluate the bioassay data. The standard
biokinetic model for tritiated water assumes a 10 day biological halflife for water
in the body. The best fit of the data to this biokinetic model is shown in Figure
S-1 and the residual plot in Figure 5-2. This fit gives an intake of 1801 pCi %
35% at 1o, and 4 runs (12 positive residuals and 17 negative residuals), which
has a probability of 1.860°10-5. Four significant digits are given in the intake to

facilitate comparisons. As discussed on page 19 of this chapter, intakes should be
reported with two significant digits.

19609649
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Group Weighted Fit
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Figure 5-1. Tritium Urine Data Modelled with a 10-Day Elimination Half Life

A cursory examination of Figure 5-1 show that this is the wrong biokinetic model;
both the residual plot and Runs Test reinforce this conclusion. The residual plot
in Figure 5-2 shows a clear pattern and the Runs Test indicates that the probability
of 4 runs occurring randomly in this data is very low.

The less-than data at day 73 and day 93 are represented in Figure 5-1 as circles
whereas the rest of the data are presented as stars. The less-than data are not
used in the Runs Test, are not plotted on the residual plot, and are not used to
calculate the intake or its error.

19009049
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Figure 5-2. Residual Plot for Figure 5-~1.

The fit was evaluated with various values of the biological halflife of water in the
body. The following table presents the results of the iterations:

Biological Halflife Intake and Error
ber Runs  Probability (uCi)
10.0 4 1.860°10°> 1801 £+ 35%
9.0 4 1.860°10-5 1723 = 29%
8.0 6 5.142-10-4 1645 = 20%
7.0 13 3.999-10"1 1568 + 11%
6.9 13 2.264+10"1 1560 + 11%
6.8 13 2.264:10"! 1552 £ 12%
6.7 17 7.951+10-} 1545 £ 13%
6.6 16 6.707+ 10"} 1537 £ 15%
6.5 14 3.733:10-} 1529 + 18%
6.4 10 4.721:10-2 1522 £ 21%
6.0 2 5.434-1077 1491 + 39%
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Figure 5-3. Tritium Urine Data Modelled with a 6.7 Day Elimination Half Life.

By the criteria given on page 7, a biological halflife of 6.7 days produces the best
fit to the data. - The plot of data is given in Figure 5-3 and the residual plot in
Figure 5-4. In Figure 5~3 we see that the expectation line is consistent with the
less-than data. The residual plot shows that the residuals are symetrically
distributed about zero (remember that this is a group weighted fit, so each residual
is weighted with the square root of its expectation measurement).

What was gained by modifying the standard biokinetic model? The initial intake
estimate using standard models gives a committed effective dose equivalent
(CEDE) of

1801 ECl 5000 mrem = 110 mrem,
81000 uCi

where 81000 pCi is the ALI for tritiated water which delivers a CEDE of 5000
mrem. The dose calculated with the modified biokinetic model is

6.7 days 1545 uCi
10 days = 1801 uCi

« 110 mrem = 63 mrem.
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Figure 5-4. Residual Plot for Figure 5-3.

For some applications the initial dose estimate of 110 mrem would have acceptable
accuracy, for other applications it would not. The accuracy required for an intake
and dose estimate depends on the application.
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Evaluation of Multiple Types of Bloassay Data

Two or more type of bioassay data may be available for evaluating an intake. For
example, chest count, urine bioassay, and feces bioassay data may be available
following an intake of plutonium. The biokinetic model used to evaluate the intake
should produce expectation bioassay results that agree with all the available
empirical bioassay data. In the plutonium example, the biokinetic model should
produce expectation urine, feces, and chest results that agree with the empirical
bioassay data.

The degree of agreement sought depends on the magnitude of the intake and the
relative quality of the different bioassay data. For large intakes we shouid modify
the biokinetic models to achieve a better agreement between the expectation and
empirical bioassay data, which we assume produces a more accurate estimate of
the intake. Also, if one type of bioassay data is less accurate or less reliable than
the others then the model does not have to match it as well as it mus: match the
more accurate data.
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Non-lterative Methods of célcuiatlng Intake from Bloassay

In a non-iterative calculation the area under an empirical retention or excretion
curve is determined by numerical or graphical techniques. A biokinetic model is
selected and the area under its expectation retention or excretion curve is
calculated. Any difference between the expectation and empirical areas is assumed
to be due to the difference in intake. No comparison between expectation and
empirical bioassay is possible which' means that there is no feedback with which
to modify the biokinetic model. The advantage of non-iterative methods is that
they can be made to analyze just about any set of bioassay data, so long as all
the data may be described by one biokinetic model.

The primary application of non-iterative methods is in the evaluation of intakes
of tritiated water and some uranium exposures.
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Calculating an Intake from Alr Concentration Measurements

Intake estimates should be based on bioassay data with consideration given to air
monitoring and other workplace monitoring data data when it is available. Intakes
may be based on workplace monitoring data alone with either of the following
circumstances:

» Dbioassay is not feasible (radon exposures for example), or

* when workplace monitoring data indicate that a radiation worker received
an intake of radioactive material that would deliver an effective dose
equivalent in excess of 100 mrem (in the 12 months following the intake),
but the bioassay data are insufficient to confirm or refute the intake.

The intake is calculated by multiplying the time-averaged concentration that best
describes the worker's exposure times volume of air breathed, assuming a breathing
rate of 0.02 m3 per minute. Appropriate protection factors for respirators may
be applied to the calculated intake.
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Decision Rules for Intakes

All intakes of radioactive material are evaluated in terms of effective dose
equivalent. The convention for defining what is and what is not an intake is
therefore imp.icnt. If bioassay did not have any systematic or random errors,
any positive result would indicate that an intake occurred. Because these errors
are always present in bioassay, we use certain rules to keep from assigning a large
number of false intakes. An intake is assumed to have occurred (it is a confirmed
intake) in the fellowing instances:

* Rule A: positive bioassay measurement is associated with a known incident

» Rule B: positive bioassay measurement is followed by two consecutive
bioassay measurements, one of which is positive

e Rule C: positive bioassay measurement is obtained and an appropriate
confirmatory bioassay measurement is not obtained.

All confirmatory bioassay measurements shali be able to detect an intake that
would deliver a 12-month effective dose equivalent of 100 mrem. This means that
if a followup bioassay is not performed within a certain time of the first positive
result, the intake is assigned even if the followup eventually turns up negative.

Rule A means that approximately 5% of all workers involved in incidents not
resulting in an intake will be falsely assigned an intake. The magnitude of a false
intake will almost always be small because it is detected immediately. Therefore,
the dose erroneously assigned as a resualt of Rule A should be small.

Rule B means that approximately 0.5% of all workers on a routine annual bioassay
program will be assigned an erroneous intake. The more frequent the routine
bioassay, the higher the probability of a false intake vL=ing assigned.

The 0.5% false positive rate is the accepted norm for SRS but it may be
unacceptably high in centain situations. If so, then a fourth bioassay may be
analyzed, reducing the false positive error rate to 0.07%. Note that performing
a fourth bioassay means that sometimes a fifth bioassay is required in order to break
a 2-positive/2-negative tie.

The false positive error rate is easily calculated for these rules, but the false negative

error rate is much more difficuit to calculate in the general case because excretion
or retention data must be known or assumed.
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Assumptions Used for Calculating Intakes

Many assumptions may be required for evaluating occupational intakes of
radioactive material because the biokinetic models can be very complex and limited
data is available. Assumptions used to determine followup action should be very
conservative, producing the highest intake consistent with the known facts.
Followup bioassay programs should be designed to supply information that will
permit conservative assumptions to be replaced with experimentally determined
facts. Assumptions used for final intake calculations should be reasonably
conservative, considering known facts and previous experience.

When information is not available the following assumptions should be
used to evaluate intakes for the purpose of determining followup
actions:
* intake pathway - inhalation
* intake pattern - acute
» Aerosol AMAD - 1.0 um
* time of intake - immediately after the time when the last bioassay
measurement was below the detection level or when the potential for exposure

to radioactive materials began.

+ inhalation class - the class that results in the highest committed effective dose
equivalent.

When information is not available, the following assumptions should be used to
evaluate intakes for the purpose of calculating intakes:

» intake pathway - inhalation

* intake pattern - acute

*» Aerosol AMAD - 1.0 um

¢ time of intake - halfway between the time when the last bioassay that was
below the level of detection and the time of the positive bioassay or when

the potential for exposure to radioactive materials was highest

* inhalation class - the class that was used in the most similar case
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Reported Precision for Intakes

An intake is an intermediate between bioassay and dose equivalent. In this sense
the number of significant digits with which the intake is reported is not important;
however, to promote consistency and to avoid the appearance of unjustified
precision, all intakes should be reported with no more than two significant digits.
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Uncertainties in Intake Estimates

All intake estimates have an degree of uncertainty caused by random and
systematic errors in the biokinetic models, the bioassay measurements, etc. These
uncertainties. are discused in NCRP Report 874 and Traub and Robinson.
Uncertainties in intake estimates are typically not calculated or reported for the
following reasons:

» they are difficult or impossible in practice to determine and,

* they are not used for anything, for example, the errors are not propagated
to dose, there are no acceptable errors to compare with, etc.

The only recommendation that can be made here is a qualitative one - reduce

errors to the extent reasonably achievable and give the most accurate intake
estimate possible.
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Computer Codes

The two principle computer codes used at SRS to estimate intakes from bioassay
data are CAIBECS and PUCHEL’. CAIBEC is used to evaluate single acute or
chronic intakes of any radionuclide and PUCHEL is used to evaluate multiple acute
intakes of transuranics treated with chelation. Occasionally, custom evaluations
may be performed on bioassay data that can not be evaluated with either of the
two standard codes. These evaluations should be thoroughly documented.
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Types of Bloassay

Chest Count

Location of Material

19009049

Bioassay may be classified as in vivo or in vitro. In an in vivo bioassay the material
in the body is quantified by the radiation it emits. With in vivo bioassay we directly
quantify material in the body, which greatly simplifies the calculation of mtakes
by allowing us to accomplish the following:

* determine some information on the location of material in the body as &
function of time S

¢ place an upper limit on material that could be in the body and yet not be
detected

In vivo bioassay can be complicated by the presence of external contamination
on the person, materials that do not emit high intensity penetrating photons, and
materials that emit photons that interfere with the analysis.

With in vitro bioassay we quantify the material in solids and fluids excreted or taken
from the body. The principle advantage of in vitro bioassay is that it allows us
to evaluate intakes of materials that are difficult or impossible to quantify by in
vivo methods. We must infer what is in the body from what comes out of the
body; this inference is usually more difficult and less accurate than direct
measurement.

To evaluate bioassay data we make certain assumptions concerning how the
measurements relate to our models. This section will discuss these assumptions for
the ‘following types of in vivo and in vitro bioassay:

chest count

whole-body count
incremental and spot urine
accumulated and spot feces
nasal irrigation and smears
wound counts

Chest counts are performed with the use of germanium or phoswich detectors that
are placed close to the upper area of the thorax.

The chest count is a count of photons leaving through an area of the chest. The
material producing the photons may be in the lungs, the structure of the chest,
the GI tract, etc. In addition, the chest count gives no information on the
distribution of the material. For example, the material might be one hot particle
in one lung or it might be evenly distributed throughout both lungs. The chest
counters are calibrated with phantoms that have all the radioactive material
uniformly distributed in the lungs and we usually assume the same, that is the

number reported for a chest count is the amount of material evenly distributed
in the lungs.



Page 23 of 32

Internal Dosimetry Technical Basis Manual Issued 12/20/90

WSRC-IM-90-139

Part |, Chapter 5, Rev 0

Chest Counts for Uranium

Use of Tracers

Enriched uranium is quantified with the 185 keV photon of U-235 whereas natural
and depleted uranium are quantified with the 63 keV photon of Th-234, the
short-lived daughter of U-238. Note that U-234 and U-23% are not quantified
by chest counts. Thus, whichever photon is used to quantify uranium in the chest,
the isotopic composition of the uranium must be known in order to calculate the
total uranium content.

A tracer is a radionuclide for which we have relatively good detection capability
that is mixed with a radionuclide that we have difficulty detecting. The classic
example is the presence of an Am-241 tracer in Pu-239. If the ratio of Am-241
to Pu-239 is known, the Am-241 in the chest may be quantified and the Pu-239
content subsequently inferred using the known ratio. If the ratio is not known,
the Am-241 merely indicates that an intake of plutonium may have occurred, but
additional information is required to decide how much, if any. The tracer method
assumes that the tracer and primary materials behave in the same manner in the
body. This assumption should be used with caution after the day of the intake.

External Contamination

Whole-body Count

Location of Material

External contamination fixed to the skin can cause erroneous chest counts,
particularly for the transuranics. In general, the final chest count after all
decontaminaticn efforts are completed is assumed to be valid unless there is
defensible evidence that there is non-removable external contamination on the
person.

Whole body counts are performed with large Nal detectors in a standing geometry
(Canberra FastScan).

The whole body counter measures the total activity in the body but does not give
any information on the distribution of material. The distribution is assumed to be
that dictated by the biokinetic models. In practice this assumption is satisfactory
because the dose resulting from material quantified by whole-body counting
(usually fission and activation products) is typically quite small and the distribution
of the material does not greatly influence the dose. The distribution of material
in the body should be determined experimentally for intakes that deliver committed
effective dose equivalents in excess of 1 rem.

External Contamination

External contamination fixed to the skin can cause erroneous whole-body counts.
In general, the final whole-body count after all decontamination efforts are
completed is assumed to be valid unless there is defensible evidence that there
is non-removable external contamination on the person.

Cs-137 in Workers from Non-SRS Sources

Cs-137 is present in the environment from atmospheric weapons tests. The Cs-137
can work its way through the food chain and end up in man, for example, through

10008846
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Urine Bioassay

Tims Interval

19009049

the deer to human pathway. This natural background can cause problems in
interpreting whole-body count data. The levels of Cs-137 typically observed in
workers (5-30 nCi) do not represent a significant dose alone, but if the Cs~137
is used as a tracer, a small body content can represent relatively large doses. The
following guidelines should be followed concerning Cs-137:

 If feasible, Cs-137 should not be used as a tracer in designing bioassay
programs. ‘

* Cs-~137 in the bodies of radiation workers should be assumed to come from
occupational sources, and doses assigned accordingly unless there is evidence
that the Cs-137 comes from a non-occupational source.

¢ A positive Cs-137 whole-body count for an individual who has potential for
exposure to Cs-137/Sr-90/TRU mixtures (especially individuals who work
with waste streams from the separation facilities) should trigger a special
bioassay program including analyses for Sr-90 and plutonium,

The following sections outline the specifics of a urine bioassay.

In vivo measurements are usually interpreted as instantaneous measurements at
a point in time, for example, we assume the distribution of the material in the body
does not change during the time it takes to perform the measurement. For this
reason in vivo retention functions that are used to evaluate in vivo data are
expressed as the fraction of an intake expected to be present at a point in time.

On the other hand, most in vitro measurements represent the collection of the
sample over a time interval. The excretion functions used to evaluate the in vitro
data are therefore expressed in terms of the fraction of an uptake excreted over
a given time period.

Thus, to evaluate in vitro bioassay data, for example, a urine sample a time interval
must be ascribed to each sample. There are several different methods of doing
this in use in the industry today, and in order of preference, they are:

* Method A: The times for each void are recorded and the interval calculated
as the difference between the first and last void times. This method will always
give the right answers if it is done correctly, but in practice it seems as if it
is seldom done correctly.

* Method B: The creatinine in a sample is measured and the time interval
calculated assuming a constant creatinine output per day. This method is quite
good, but requires fresh or refrigerated urine.

* Method C: The specific gravity of the sample is measured and the time
interval calculated assuming a constant output rate of solids in the urine. The
accuracy of this method has not been documented.

* Method D: The volume of the sample is measured and the time interval
is calculated assuming a constant volume of urine is excreted per day (1.4
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liters per day is a popular value). This method is simple, easy, and may
occasionally give the correct answer.

For best results the bladder should be emptied at every void, and that is usually
what we assume. Methods A and D are used at SRS.

Samples frequently span non-integral time periods, for example, from day 1.1 to
day 1.7, which gives a time interval of 0.6 days ending at 1.7 days after the intake.
In these cases the excretion function can be tailored to the sample or the sample
can be tailored to the time period. The excretion function is readily adapted to
the sample by looking at the expectation excretion for the interval from day 1.1
to day 1.7. The problem is that each sample can represent different time intervals
which means that there is no expectation line with which empirical results can be
compared.

The alternative is to somehow normalize the bioassay results to integral one day
values. For example, the result from day 1.1 to day 1.7 could be adjusted to give
the result from day 1 to day 2. This method allows all the expectation and empirical
results to be readily compared on the same graph. The disadvantage with this
method is that additional error can be introduced into the bioassay result in the
normalization procedure. Consider, for example, the following urine bioassay

results:
Volume Pu Conc
Urine S le T { void (ml] (m/1.5 L
1 5-9-86 9:50 900 10
19:00
5-10 2:00
2 5-11 3:.05 950 10
10:05 ‘
21:.08

The time of the last void prior to sample 1 was 6:30 on 5-9, which we wiil assume
to be the time of intake. The activity in the first sample is

(10 d/m)(900 ml) / 1500 ml = 6.0 d/m
and
(10 d/m)(950 ml) / 1500 ml = 6.3 d/m

in the second sample. Thus,

Time Activity
Urine S le _ Time I | (days (d/ le)
1 0.00 - 0.81 0.81 6.0
2 0.81 - 2.61 1.80 6.3

These results can be modeled as 6.0 d/m excreted from t = 0.00 day to t = 0.81
day and 6.3 d/m excreted from t = 0.81 day to t = 1.80 days. The alternative
method is to normalize the results to integral 1 day intervals:
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excretion on day 1 = 6.0 / 0.81 = 7.4 d/m, and
excretion on day 2 = 6.3 / 1.80 = 3.5 d/m.

At SRS we typically use the normalization method because it permits us to evaluate
all of the data graphically at one time.

Urine samples that are adjusted according to their volume as described in method
D are called spot urine samples. For example, routine urine samples are almost
always spot samples. At SRS the concentration of spot urine samples is reported
in units of d/m per 1.5 liters. The urine output is assumed to be 1.§ liters per day,
so the concentration is numerically equal to the daily excretion rate. This method
can produce wide variations in the excretion rate and is used only if there is no
information concerning the time interval a sample represents.

Urine Bioassay for Uranium

Uranium in urine may be analyzed using some chemical property of uranium, in
which case the results will be in units of mass. This is referred to as an elemental
analysis for uranium. On the other hand, the uranium may be analyzed using the
radiation emitted by radioactive isotopes, in which case the results will be in units
of activity. This is referred to as an isotopic analysis for uranium. Elemental analysis
is used to evaluate chemical toxicity problems whereas isotopic analysis is used to
assign dose.

Fcr all enriched uranium most of the dose comes from U-234. In any event, the
dose per unit intake of U-234, U-235, U-236, and U-238 are so close that the
precise isotopic composition of uranium in the urine is not needed for dose
calculations (note that this is not true for chest counts).

Background Uranium in Urine

Uranium in the urine of SRS workers from natural sources has been observed to
be approximately 100 ng per liter.

Total and Isotopic Urine Bioassay for Piutonium

Prior to 1988 plutonium in urine was analyzed by gross alpha counting, which gives
results in total alpha-emitting plutonium, for example, the sum of Pu-238, Pu-239,
Pu-240, etc. Since 1988 plutonium in urine has been analyzed by alpha
spectrometry, which gives results by isotope. Evaluations are frequently performed
on mixtures of total and isotopic plutonium urine data. This may be accomplished
by summing the isotopic results to produce a total plutonium value. An total
plutonium intake is calculated and then partitioned into isotopic plutonium intakes.

Contaminated Urine Samples

1900904y

Urine samples are occasionally contaminated with extraneous radioactive material.
Only the chemists who analyze the urine samples can declare that a positive result
is due to extraneous material (and they must document their reasons for thinking
s0). The internal dosimetrists should not say a sample is contaminated, but rather

collect sufficient data to show that a particular result is an outlier and may be
legitimately ignored.
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Feces Bioassay

Time Interval of a Fecal Sample

The material measured in a fecal sample is the sum of excretion from the systemic
body, translocation from the lungs, and unabsorbed ingested material accumulated
over a certain time interval. This time interval can be difficult to specify because
there can be considerable and variable lag time in the GI tract. To minimize this
problem, fecal samples should be collected over a time period that is long compared
to the GI tract lag time, a week for example, and the data evaluated with an
accumulated feces excretion model. This is particularly important in the first week
following an intake. A single isolated fecal sample should be assigned the time
interval between voids, and if this time is unknown an interval of 1 day should
be used. ‘

Systemic Excretion to the Feces

There is excretion of material from the liver to GI tract via the bile. For plutonium,
the quantity of material excreted in the bile is approximately the same as that
excreted in the urine8. The excretion of plutonium in the bile may be ignored in
the first week following an inhalation intake because it is typically smail compared
to the early translocation of material from the lungs. The impact of excretion via
the bile should be determined for other time periods and materials.

Effact of Chelation on Fecal Excretion

Chelation immediately after intake greatly increases the urinary excretion rate of
plutonium and other transuranics. Most of this increase is assumed to come from
the chelation of free plutonium in the blood, for example, the increase in urinary
excretion reflects unincorporated plutonium. Excretion of plutonium in the bile
also increases, but reflects the removal of plutonium that was incorporated in the
liver. Thus, if a person has a small systemic burden when chelated, there will
be little increase in the fecal excretion of plutonium, but if they have a large
systemic burden, there will be a large increase in fecal excretion. This effect should
be considered when evaluating fecal samples.

Use of Tracers in Fecal Samples

If a mixture of materials with different transport characteristics and solubilities is
inhaled, the composition of the mixture may change as it makes its way to the
feces. Thus, the composition of material in the feces may not be representative
of the composition of the material that was inhaled. The ratio of tracers to other
materials should always be determined from samples of the inhaled material rather
than excreted material,

Contaminated Feces Samples

Feces samples are occasionally contaminated with extraneous radioactive material.
Only the chemists who analyze the feces samples can declare that a positive result
is due to extraneous material (and they must document their reasons for thinking
so). The internal dosimetrists should not say a sample is contaminated, but rather
collect sufficient data to show that a particular result is an outlier and may be
legitimately ignored.
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Nasal [rrigation and Nasal Smears

The biokinetic models for the nasal region of the respiratory tract are, at their
best, very rough approximations of what is actually happening to material in the
nasal region. For this reason nasal irrigation is viewed primarily as a therapeutic
procedure. Material removed from the nasal region may be analyzed to dete rmine
the composition of the inhaled material. '

Nasal smears indicate that material was probably inhaled if positive and indicate
nothing if negative, hence, a negative nasal smear does not indicate that an intake
did not occur.

Wounds

We are interested in how much material is deposited in a wound and the rate at
which it is translocated to other parts of the body. These parameters form the
source term for evaluating urine binassay data. The dose to a wound site is seldom
calculated.

Problems associated with quantifying the material in wounds are

* the depth of deposition and self absorption of the material can create
significant uncertainties in the efficiency

* if material is located, Medical may elect to debride the wound and apply silver
nitrate, which strongly absorbs low energy photons

Material excised from a wound should be quantified, and knowing the amount

of material that was originally przsent, an attempt made to determine how much
material could be left in the body.
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Evaluating Americium-241 Chest Counts

Am-241 is readily detected by germanium and phoswich chest counts (MDA of
approximately 0.13 nCi) but the interpretation of the chest count data is
complicated by the ingrowth of Am~241 from any Pu-241 that may be present.
This section discusses the evaluating of Am-241 chest count data.

Supported and Unsupported Am-241

Am-241 that is present in an aerosol at the time of intake is referred to as
unsupported Am-241. Am-241 that grows in after the intake from the Pu-241
present is referred to as supported Am-241. Supported Am-241 is assumed to
exhibit the same retention in the lung as the plutonium particle in which it is born.
Unsupported Am-241 can exhibit retention in the lung that is different than that
of the plutonium that is present.

A measured Am-241 chest content q(t) at a time t after intake is thus given by

q(t) = X-g(t) + Y*jt) f(t), Equation 1

where
X = intake of unsupported Am-241,
Y = intake of Pu-241,
g(t) = fraction of Am-241 intake present in lungs at time t,
j(t) = fraction of Pu~241 intake present in lungs at time t,
and
f(t) = ratio of supported Am-241 to Pu-241 at time t.

The intake retention fractions g(t) and j(t) may be calculated with INDOS. The
ratio f(t) is given by

f(t)

]

ka/(ka~k1) (e7ky't - ek t)

e"kl'l
where
ki = decay rate constant for Pu-241, and
k2 = decay rate constant for Am-241,
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Once the intake of Pu-241 is calculated, the intake of a~Pu (Pu-238, 239,240)
is calculated assuming a constant ratio of Pu-241 to o-~Pu. This ratio is usually
obtained by mass spectroscopy of the material.

Calculating Intakes of Am-241 from Chest Counts

Given the fact that there is Am-241 in the chest, there are four different scenarios
we can postulate:

1. There is no Pu-241 in the intake.
2. There is no unsupported Am-241 in the intake.

3. Both unsupported Am-241 and Pu-241 are in the intake and the ratio of
unsupported Am-241 to Pu-241 in the intake is known.

4. Both unsupported Am-241 ‘and Pu-241 are in the intake and the ratio of

unsupported Am-241 to Pu-241 in the intake is unknown.

Scenario 1 means that the intake was pure Am-241, for example, Y in Equation
1 is equal to zero. Standard codes (CAIBEC and INDOS for example) may be
used to calculate the intake in this case.

Scenario 2 means that all the Am-241 present came from the Pu-241, for
example, X in Equation 1 is equal to zero. Standard codes may be used to calculate

the intake once f(t) is applied to the intake retention fractions calculated for
Pu-~241.

If Pu-241 and unsupported Am-241 are present g(t), j(t), and f(t) must be
calculated and applied to the same chest counts. There are no standard codes that
can do this; therefore, a large part of the calculations must be done manually or
by non-standard codes. Equations for least squares estimates of intake are given
below.

Calculating Intakes When the Am-241/Pu-241 Ratio is Known

If the ratio K of Pu-241 to Am-241 in the intake is known then the intake X
of unsupported Am-241 that minimizes the sums of the deviations of the observed
and expectation chest ¢ounts is

N N
X=Z @+ Kirf)/ 2 G+ Kjifi)?

where q, j, and f are understood to be functions of time and N is the number of
chest counts. The intake Y of Pu-241 is given by

Y = K-'X
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Calculating Intakes When the Ani-241/Pu-241 Ratio is Unknown

If the ratio K of Pu~241 to Am-241 in the intake is unknown then the intake
X of \ 1rupported Am-241 and intake Y of Pu-241 that minimize the sums of
the devi:dons of the observed and expectation chest counts are

N N

N N
I Gifi)? T (qig) - Z (iiif) . (quiify)
X = i=1 i=1 i=1 i=1

N, N N
Z @) I Gifi)? - Z (giifi) ' T (guiifi)
i=1 i=1 i=1 i=1

and

N N N N
Z (@)X (quif) - Z (eijif)* T (qigi)
i=1 i=1 i=1

1=

Y =

j=

N ) ‘ : N N
@)z Gif)? - T (edif)* T (aifi)
i=1 i=1 i=1
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Calculating Dose

One purpose of an internal dosimetry program is to calculate the dose a worker
receives from internal sources of radioactive material. The basic strategy used to
calculate internal dose is to

» determine the number of atoms that decay in relevant organs and tissues of
the body over the time span of interest,

» apply factors that relate the number of decays to the energy absorbed in the
organs and tissues, and

» convert the energy absorbed in the organs and tissues into some measure of
biological effect or risk of biological effect.

This section gives an overview of each step.

Calculating the Number of Decays

Calculating the number of decays is the most complex step in calculating dose
because it requires the evaluation of experimental data, for example, bioassay data.

To calculate the number of decays U in a tissue or organ i one must first determine
the quantity q (t) of radioactive material that is in the organ as a furiction of time.
There are three ways of determining q(t):

* Method A: Use in vivo bioassay to measure q(t) at various t, and with an
appropriate biokinetic model calculate q(t) for all times.

* Method B: Use in vitro bioassay to measure the excretion e(t) by a given
pathway and with an appropriate biokinetic model calculate q(t).

AU T
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e Method C: Use in vivo bioassay, in vitro bioassay, and air monitoring data
with an appropriate biokinetic model to calculate the intake I. Once I is
calculated work backwards to find q(t).

One should notice that in practically all situations biokinetic models of some sort
must be used to calculate U. For example, in method A the bioassay measurements
can be used to determine q(t) at the times t when measurements were made.
Information concerning q(t) at any other times must be obtained by interpolation
and extrapolation, which require a model of how q(t) behaves at these times.

Method A, which uses in vivo measurements of radioactive material in the organ,
has the advantage of being the most direct, least complex, and, when it works,
the most accurate method of calculating U. Disadvantages include the problems
of quantifying from outside the body the quantity of radioactive material in a
particular organ and the difficulties in accounting for the material in organs and
tissues which were not measured. This method is used occasionally at SRS for
evaluating whole body count data for Cs-137 that is not easily evaluated with
method C.

Method B, which uses measurements of radioactive material in excreta, has the
advantage of being applicable to radioactive materials that can not be quantified
by in vivo bioassay, and, in certain cases, provides quite accurate results.
Disadvantages include the added complexity of biokinetic models, and problems
with accounting for feed compartments such as the lung or organs that do not
excrete through the excretion pathway(s) being monitored. This method is used
primarily for evaluating urine bioassay data for tritium.

Method C, which calculates an intake as an intermediate, has the advantage of
accounting for radioactive material in organs and tissues that can not be directly
measured, and it is capable of incorporating all types of bioassay measurements
and air monitoring information into the calculation. The primary disadvantage is
the great complexity of the biokinetic models, which can require lengthy computer
calculations and many assumptions. At SRS this is the primary method for
evaluating dose from intakes of materials other than triti'im.

In section 4.6 of ICRP 30 Part 1! and section 3.3 of ICRP 30 Supplement to
Part 12 the basic method of calculating the number of decays is given. This basic
method is used with two slight modifications.

First, biokinetic models are assumed to apply to any time after the intake, which
allows transformations and dose to be computed for any time period. This
assumption may not be strictly correct in all cases and caution should be used for
large doses calculated over short time periods,

Second, the ICRP assumes that daughter radionuclides follow the metabolism of
the parent, except for some iodine and tellurium isotopes. This practice is followed
except when more accurate biokinetic models that account for known differences
in the biokinetics of the parent and daughter radionuclides are available.
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Calculating Absorbed Dose

The committed dose equivalent Hso T to a target organ T from source organs S
containing radionuclides j that emit radiations i is given by the following equaticn
from section 4.3 of ICRP 30 Part 1:

Hm ‘r =, k § Z [Us ESEE(‘“—S)UJ

by

[/ 8j

i,

Thé wAs.am k converts from MeV/g to Sv. This method of computmg organ dose
equivalent is used with the following modifications:

The whole body is always a source organ and the number nf transformations
U in the whole body is computed as discussed in section 3.2 of ICRP 30
Supplement to Part 1.

The target and source organs for dose calculations are given in Table 6-1
and Table 6-2. The dose to target T is summed over all applicable source
organs S.

Transformations that occur in the NP region of the respiratory tract are
included in the calculation of the transformations for the lung.

Complete tables of SEE(T+S) for 36 source organs and 24 target organs
specific to males and females can be generated for most radionuclides of
interest with the SEEAGE code3. Alternatively, the SEE(T«S) given in the
supplements to ICRP 30 can be used for dose calculations. If a SEE(T«S)
is not available from SEEAGE or the supplements of ICRP 30 the specific
effective energy SEE(T«S) for radiation i, source S, and target T should
be calculated according to the protocol given in section 4.5 of ICRP 30 Part
1. This value should be summed over all significant radiations emitted by a
radionuclide.

Iy Qudy
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Calculating Effective Dose Equivalent

Computer Codes

Methods for weighting and summing organ dose equivalents to obtain effective dose
equivalent are given in section 4.7 of ICRP 30 Part 1 and section 3.4 of ICRP
30 Supplement to Part 1. A more detailed discussion is presented in user's manual
to the ICRP code*. This method is used with the following modifications:

* All targets and sources are retaired for the dose calculation, for example,
the 10% significant target or 1% significant source rules are not used.

¢ In Table 6-1 the weighting factor for each target organ is presented. The
effective dose equivalent is the sum of the weighted organ dose equivalent
of six risk organs and five remainder organs. The risk organs are those that
have a weighting factor other than 0.06. The remainder organs are the five
organs with a weighting factor of 0.06 that have the highest 50-year
committed weighted organ dose equivalent. The ICRP practice of weighting
the highest remainder organ dose equivalent with N x 0.06, where N is the
number of remainder organs not eliminated by the 10% rule, and assigning
this as the remainder dose is not followed. Remainder organs are selected
from the combined dose of a radiocnuclide and its daughters; however, they
are selected separately for each radionuclide in a mixture of radionuclides
taken into the body.

The computer code RADOSES is used exclusively to calculate dose from intakes
of yranium and transuranics. TRITDOSES is used exclusively to calculate dose
from| intakes of tritiated water. GENMODY is a general purpose code that is used
primarily for calculating dose from intakes of fission products; however, these
intal.es can usually be handled with the simplified techniques covered in the next
seciion,

Simplified Method of Caiculating Effective Dose Equivalent

19009049

In many situations the committed effective dose equivalent received from an intake
of rydioactive material is quite small, on the order of 100 mrem or less. The annual
effurtive dose equivalent from such intakes can be even smaller by a factor of fifty
or yiore. In such cases it is conveniently to assign the committed effective dose
equsivalent in the year of the intake in lieu of assigning separate annual effective
dose equivalents. The committed effective dose equivalent from an intake may
be issigned to an individual in the year of the intake if either of the following
coritlitions apply:

¢ more than 99% of the committed effective dose equivalent is received within
two calendar years

¢ the committed effective dose equivalent is less than 100 mrem

In jrractice this simplified method is used only for intakes of fission and activation
praciucts. Intakes of uranium and transuranics are more conveniently handled by
assigning annual effective dose equivalent with the code RADOSE.

The intake to committed effective dose equivalent conversion factors given in EPA
Feuleral Guidance Report Number 118 should be used to calculate dose with this
technique.
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Plutonium Isotopes

The isotopic composition of the plutonium taken into the body should be
determined on a case by case basis and this composition used for dose calculations.
In many incidents the composition of the plutonium is not known, in which case
the compositions presented below should be used.

Intakes that are assumed to be Pu-239 with an unknown isotopic composition and
that are determined from methods that do not identify isotopes of plutonium should
be assumed to have the following composition:

*» Pu-238 = 0.1071 times the gross alpha plutonium determination

e Pu-239 = 0.8929 times the gross alpha plutonium determination

e Pu-241 = 12.89 times the gross alpha plutonium determination
Intakes that are assumed to be primarily Pu-238 with an unknown isotopic
composition and that are determined from methods that do not identify isotopes
of plutonium should be assumed to be 100% Pu-238.
Intakes of Pu-239 that are determined from methods that identify isotopes of
plutonium should be assumed to have the following composition unless

measurements indicate otherwise:

» Pu-238

0.1199 times the Pu-239 determination

* Pu-241

14.44 times the Pu-239 determination

Intakes of plutonium that are determined from methods that identify isotopes of
plutonium should be assumed to contain 100% Pu-238 unless measurements
indicate otherwise.

19909649
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Evaluation of Tritium Urine Bioassay Data

Intakes of tritiated water may be evaluated in terms of intake as shown in Chapter
§5. An alternative and very useful method is to calculate the effective dose
equivalent directly from the urinary excretion data without calculating the intake.
This method will be discussed in this section.

Calculating Effective Dose Equivalent

The effective dose equivalent H; delivered from the time of uptake to time t after
uptake is given by

Ht = k * Uo
where
U = number of tritium atoms that decay in free body water during the time

interval ending at t, and

>
n

a constant.

Derivation of the Constant k

If the free water of the body has a tritium concentration of 1.0 pCi/L then the
absorbed dose rate D to the free water is

(1.0 uCi/L) (3.7°10%d/s/uCi) (5.7 keV/d) (3600 s/h) (24 h/day),

(1000 g/L) (6.242-101%eV/d/rad)

D = 2.919+10°4 rad/day per uCi/L in body water
With Q = 1.0 rem/rad, the dose equivalent rate H to body water is

H = 2.919:1074 rem/day per uCi/L in body water

ICRP 30! indicates that the organ is interest is the soft body tissue rather than
the free body water. The “density” term in the formula given above changes from
1000 g/L (42000 g of water divided by 42 L of water) to 1500 g/L (63000 g of
soft tissue divided by 42 L of water). The dose equivalent rate Hg, to soft tissue
is thus

Hg = 1.946°10-4 rem/day per pCi/L in body water = k

Calculating the Number of Decays
A semi-logarithm." plot of tritium concentration in urine versus time after uptake
typically yields a straight line. The area under this line is proportional to the number

of atoms that decay in the free body water assuming that the concentration of
tritium in the urine js the same as that in body water.

19009640
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An Example

One method of calculating the area under the excretion curve is to fit the excretion
data with a function consisting of one of more exponentials and then to integrate
the function over the time interval of interest. Another method is to simply
“connect the dots” and calculate the area of the trapezoids that are formed9.

The tritium urine bioassay data given in Chapter 5 were fit to a single exponential
function:

C(t) = 53.45 0.1025 ,Cy/L,

where t is given in days. The number of decays that will occur in the body U over
the next fifty years (18250 days) is given by

18250
U=f0 C(v) dt.

U = 53.45/0.1029 = 519.4 uCi-days/L
The committed effective dose equivalent Hgg is given by
Hso = (519.4 uCi*days/L)(1.946° 1074 rem*L/uCi-day) = 0.101 rem

Also, the intake I of tritiated water is given by the product of the initial
concentration of tritium in the body water times the volume of the body water

I = (53.45 uCi/L) (42 L) = 2245 uCi.

In Chapter 5 the committed effective dose equivalent was reported as 0.063 rem
and the intake as 1545 uCi. The difference between the estimates in Chapter $
and those given here may be attributed to the fy of 0.47 used in the Chapter 5
calculation. This value is based on Reference Man parameters, which do not
adequately describe this person. For example, an f; of 0.3? used in the Chapter
5 calculation would make it agree with the calculations performed here.

190419040
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Significant Digits in Dose Estimates

At SRS dose is rounded to the nearest S mrem before it is reported. Once rounded
the dose becomes an exact integer. A dose of 155130 mrem thus has six significant

digits. This is merely a bookkeeping practice and does not imply that we can
determine doses with an error of one part in a million.

Ieigend®
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Table 6-1. Target Organs for Reference Man

Reference Male Reference Female Weighting
Qrgan Name _Mass (g) Mass (g) _Factor
adrenals 14 14 0.06
brain 1400 1200 0.06
breasts 26 360 0.15
gall bladder wall 10 8 0.06
LLI wall 160 160 0.06
SI wall 640 600 0.06
S wall 150 140 0.06
ULI wall 210 200 0.06
heart wall 330 240 0.06
kidneys 310 275 0.06
liver 1800 1400 0.06
lungs 1000 800 0.12
muscle 28000 17000 0.06
ovaries —-— 11 0.25
pancreas 100 85 0.06
active marrow 1500 1300 0.12
endosteal 120 60 0.03
skin 2600 1790 0.06
spieen 180 159 0.06
testes 35 - 0.25
thymus 20 20 0.06
thyroid 20 17 0.03
bladder wall 45 45 0.06
uterus - 80 0.06
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Table 6-2. Source Organs for Reference Man

Reference Male Reference Female

Qrgan Name Mass (2) Mass (g)
adrenals 14 14
brain 1400 1200
breasts 26 360
gall bladder cont 55 . 50
gall bladder wall 10 8
LLI content 135 13§
LLI wall 160 160
SI content 400 375
SI wall 640 600
S cont 250 230
S wall 150 140
ULI content 220 210
ULI wall 210 200
. heart content 425 350
heart wall 330 240
kidneys 310 275
liver 1800 1400
lungs 1000 800
muscle 28000 17000
ovaries — 11
pancreas 100 85
active marrow 1500 1300
cort bone surf 60 60
cort bone vol 4000 2720
trab bone surf 60 60
trab bone vol 1000 680
skin 2600 1790
spleen 180 159
testes 35 ——
thymus 20 20
thyroid 20 17
bladder cont 200 200
bladder wall 45 4 45
uterus - 80
whole body 70000 58000

soft tissue 63000 §3240

19009649
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Biokinetic Models and
Biokinetic Functions

In this manual a biokinetic model is defined as a system of physiological
compartments in which the movement of material is governed by first-order linear
kinetics. A biokinetic function is an equation, usually a sum of exponential terms,
that describes the condition of a compartment or system. For example, an uptake
retention function for a system of compartments describes how much material is
present in the system at any time after uptake. In ICRP 30 it is common for a
term of a biokinetic function to correspond directly to one compartment of the
biokinetic model, but this is not always the case, especially for mammillary models.

The biokinetic models used to evaluate bioassay data and calculate dose from
intakes of radionuclides are documented in this chapter. Detailed documentations
of mammillary and tritium gas biokinetic models are also included.

Respiratory Tract Model

The respiratory tract model described in ICRP 30! is used to evaluate binassay
data and calculate dose equivalent following intakes of radioactive material.
Retention classes for inhaled radioactive materials are determined from bioassay
data, simvulated lung solubility tests, and the recommendations of the ICRP. In
this report only the retention classes recommended by the ICRP are given. The
ICRP 30 respiratory tract model is assumed to apply to intakes of all radionuclides
except for some compounds of tritium, sulfur, nickel, and mercury, for which the
ICRP uses special respiratory tract models.

19009049
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Gastrointestinal Tract Model

19009049

The gastrointestinal tract model described in ICRP 30! is used to evaluate bioassay
data and calculate dose equivalent following intakes of radioactive materials. The
fraction f; of ingested material passing through the wall of the small intestine as
reported by the ICRP is given in this report.
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Systemic Blokinetic Models and Functions

Systemic biokinetic models may be classified as either cantenary or mammiliary.
Cantenary models do not explicitly incorporate recycling of material among the
compartments whereas mammillary models do. The retention and excretion
functions for a cantenary model are easily obtained because of the direct
relationship of the compartments to the terms of the functions. Biokinetic functions
for mammillary models are more difficult to derive, as discussed in later in this
chapter.

Most retention functions presented here are stable element retention functions,
i.e., they do not incorporate radioactive decay. Stable element functions are
denoted by upper case symbols such as R whereas radio element functions are
denoted by lower case symbols such as r.

The computer code CAIBEC?, which is used to evaluate intakes of radioactive
materials, requires retention functions expressed as a sum of seven or less
exponentials. Excretion functions are converted to pseudo-retention functions?
so that they may be used with CAIBEC.

19009049
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Biokinetic models and functions for the following elements are given in this report:

californium
americium
curium
plutonium
neptunium
uranium
thorium
europium
cerium
barium
lanthanum
cesium
iodine
antimony
ruthenium
zirconium
niobium
strontium
zinc

cobalt
iron
manganese
tritiated water
tritium gas
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Blokinetic Models for Selected Elements

Californium

Systemic Rotention

Urinary Excretion

Tlie respiratory and GI tract parameters for all compounds of californium are class
W with an f; of 10-3.4

The systemic retention function for californium given in ICRP Publication 487 is

- . "5 - . -S
e 3.798-107t 9.495°10 t,

Ry(t) = 0.65 + 0.25e C,

where
t = time after uptake in days, and

C = fraction of uptake going to gonads: 3.5°10"4 for males and 1.1:10-4
for females.

The first term describes the retention of californium on the bone surfaces with
a 50 year half-life, the second term describes the retention of californium in the
liver with a 20 year half-life, and the constant third term C describes the permanent
retention of californium in the gonads. The remainder of the uptake, "0.1, goes
directly to excretion with a 0.25 day half-life. The ICRP 48 retention function
is used to calculate dose and evaluate in vivo bioassay data following uptakes of
californium.

The excretion function for americium and curium is used to evaluate urine bioassay
data following uptakes of californium.

ny srovp LILLED Ca LTI
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Americium and Curium

Systemic Retention

Urinary Excretion

Poeresy

The respiratory and GI tract parameters for all compounds of americium and
curium are class W with an f; of 1¢~3.4

The systemic retention function for americium and curium given in ICRP
Publication 485 is '

-3.798+10"5 9.495:10-3t + C

Rs(t) = 0.45e + 0.45¢ C,

where
t = time after uptake in days, and

C = fraction of uptake going to gonads: 3.5 *+ 10~4 for males and 1.1°10-4
for females.

The first term describes the reiention of Am/Cm on the bone surfaces with a 50
year half-life, the second term describes the retention of Am/Cm in the liver with
a 20 year half-life, and the constant third term C describes the permanent retention
of Am/Cm in the gonads. The remainder of the uptake, "0.1, goes directly to
excretion with a 0.25 day half-life. The ICRP 48 retention function is used to
calculate dose and evaluate in vivo bioassay data following uptakes of americium
and curium.

Durbin and Schmidt® presented a mammillary model for americium in man. This
model was considered by the ICRP when developing the above retention function.
The Durbin~Schmidt model may be manipulated to produce the following urinary
excretion function (see Chapter 7, page 54 for details):

: -2.775¢ -5.867+10"3
Eyu(t) = 1.385:10" e +1.729-10-5e
= *107 - .10-4
4 5.066-10-5~ 110597107 oo 0621371074
- .10-5
1,083 10-5" 2217 10F

where l"-:u(t) is the instantaneous rate of excretion of stable material into the

urine at time t after uptake. The pseudo-retention function derived from this
excretion function is

. -2.775t -5.867+10"3t
Ry(t) = 7.820°10-2¢ + 4.610°10"3e
-1.059-10"3 -5 137104
+ 8.820°10"2¢ + 6.419-10-2¢ ° ‘
- .10-5
+ 7.648-10-1¢" 22177107y )



Page 8 of 60
issued 12/20/90

internal Dosimetry Technical Basis Manual
Part |, Chapter 7, Rev O

WSRC~IM-90-139

with an f;, of 0.64. Experience has shown that this function underestimates
excretion rates in the first few months after uptake. The first two terms in the
Durbin~Schmidt function were replaced with those from an empirical curium
excretion function presented by Parkinson’ to produce the
Parkinson-Durbin-Schmidt (PDS) excretion function8:

. -0.935t -7.330:10-%
Ey(t) = 5.300:1072¢ + 1.900° 103

+ 1,600 104e 89907107 | ¢ gcc. 10-5¢~1:059°1073

- ‘10~ -2.217+10-5
+ 8.762:10-6¢ 2.137- 1074 + 1.083:10-5¢ 2.217:10 day-1.

The pseudo-retention function derived from this excretion function is

: -0.935t -7.330-10"2t
Rp(t) = 8.253-102¢ +3.776° 1072

- .10-3 _ o
+2.590-10-2¢ 789907107 g 545 40-2,7 10597107

- . -4 _ , -5
+ 5973102672137 107 g 446 10-1e 722177107

with an f, of 0.69. The PDS excretion and pseudo-retention functions are used
to evaluate urine bioassay data following uptakes of americium and curium.

19009049
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Systemic Retention

Urinary Excretion

19609049

The respiratory and GI tract parameters for oxides of plutonium are class Y with
an f; of 10-5, nitrates are class W with an f; of 10-4, and all other compounds
are class W with an f; of 10-3.4 Intakes of plutonium have been observed at SRS
that are best modelled as class D material.

The systemic retention function for plutonium given in ICRP Publication 485 is

Ry(t) = 0.45¢= 379871075 | g 45 =9:495:10%

where
t = time after uptake in days, and

 C = fraction of uptake going to gonads: 3.5°10~4 for males and 1.1-10~4
for females. ‘

The first term describes the retention of plutonium on the bone surfaces with a
50 year half-life, the second term describes the retention of plutonium in the liver
with a 20 year half-life, and the constant third term. C describes the permanent
retention of plutonium in the gonads. The remainder of the uptake, "0.1, goes
directly to excretion with a 0.25 day half-life. The ICRP 48 retention function
is used to calculate dose and evaluate in vivo bioassay data following uptakes of
plutonium. -

Langham?® presented an empirical urinary excretion function for plutonium

E, (1) = 0.002¢ 074
where E, (t) is the fraction of a unit uptake excreted on day t. The time t must
be an integer and greater than or equal to 1. Langham's function underestimates
excretion after a few years following uptake so Lawrence!0 added a long-half-life
exponential term to Langham's function to correct the problem:

-0.74 -1.9:1075.

Eu(t) = 0.002t + 8.6°10%e

Jones!! presented the following instantaneous urinary excretion function

-0.558t -4.42-10"2

Eyu(t) = 4.75-1073% +2.39-10%e

-3.80+10"3t

+ 8.55-10"%¢

— . "S
+ 1.42-10-5¢ 284710704, o1,

The maximum difference observed between the Lawrence and Jones excretion
functions over 10,000 days is 34% which occurs on day 1. The pseudo-retention
function derived from the Jones excretion function is
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-4.42+10"2t

C Rp() = 1.590-102¢ 0598 4 1.010- 1072

+ 4.190-10-2¢~380°107% | g 394, 10-1¢ ~2-84° 1075

with an fy of 0.54. The Lawrence and Jones excretion functions, and the Jones
pseudo-retention function are used to evaluate urine bioassay data following
uptakes of plutonium. The choice of which function to use for a specific application
depends primarily on which one is most readily incorporated into the mathematical

techniques used.

Fecal Excretion
The ICRP!2 presented Durbin's systemic fecal excretion function

; 030" -1.1+10"1
E(t) = 6.0-10-3¢ 0347t | 1 6.10-3¢~ 117107

- «10-2 - . 10-4
4 1.2:1074¢ 712107 g g gp-se~ 187107

—1.7-10-4
+1.2:10-5 17 10 ' day-1.

Note that this function does not address clearance of plutonium from the
respiratory tract through the GI tract to the feces.

19009649
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The respiratory and GI tract parameters for all compounds of neptunium are class
W with an f; of 10-3.4

The systemic retention function for neptunium given in ICRP Publication 483 is

- . '5 - . -
3.798+10-5t 9.495-10 5z+ c

R,(t) = 0.75e + 0.15¢

where
t = time after uptake in days, and

C = fraction of uptake going to gonads: 3.5°10"* for males and 1.1-10-4
for females.

The first term describes the retention of neptunium on the bone surfaces with a
50 year half-life, the second term describes the retention of neptunium in the liver
with a 20 year half-life, and the constant third term C describes the permanent
retention of neptunium in the gonads. The remainder of the uptake, "0.1, goes
directly to excretion with a 0.25 day half-life.

The NCRP presented a slightly different systemic retention function for neptunium
in Report 9013

- . "s - . 'S
1.899°10 t, e 4.748°10 t,

Ry(t) = 0.50e 0.10 C,

where
t = time after uptake in days, and

C = fraction of uptake going to gonads: 3.5:10"4 for males and 1.1-10-4
for females.

The first term describes the retention of neptunium on the bone surfaces with a
100 year half-life, the second term describes the retention of neptunium in the
liver with a 40 year half-life, and the constant third term C describes the permanent
retention of neptunium in the gonads. The remainder of the uptake, “0.4, goes
directly to excretion with a 0.25 day half-life.

The systemic retention function used to calculate dose and evaluate in vivo bioassay
data is a combination of the ICRP 48 and NCRP 90 functions:

- +10-5 - +10-5
3.798-10 t, o ~9:495 1072

Re(t) = 0.50e 0.10 C,

where

t = time after uptake in days, and
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Urinary Excretion

C = fraction of uptake going to gonads: 3.5°10~4 for males and 1.1+10-4
for females.

The first term describes the retention of neptunium on the bone surfaces with a
50 year half-life, the second term describes the retention of neptunium in the liver
with a 20 year half-life, and the constant third term C describes the permanent
retention of neptunium in the gonads. The remainder of the uptake, "0.4, goes
directly to excretion with a 0.25 day half-life.

An excretion function for neptunium is not currently available. The derivative of
the ICRP-NCRP retention function with respect to time multiplied by a urinary
excretion fraction of 0.5 is used to evaluate urine bioassay data

. nrome oo e
Ey(t) = 9.495- 1076379871077 4 45 10-6794957 107

-2.773t

+ 5.564:107 e day-!.

where E,(t) is the instantaneous rate of excretion of stable material into the
the urine at time t after uptake.

1900904%



Technical Bazis Manual

WSRC-IM-80-138

Page 13 of 60

Issued 12/20/80
Part |, Chapter 7, Rev 0

Uranium

Systamic Retention

Urinery Excretion

liaada 241

The respiratory and GI tract parameters for UFs, UO2F;, and UO2(NO3); are
class D with an f; of 0.05; UO3, UF,, and UCl4 are class W with an f; of 0.05;
UO; and U3Oy are class Y with an fj of 0.0021,

The systemic retention function for .uranium given in ICRP Publication 5432 ig

‘\ - - . '1 - . ’2
Re(t) = 0.53596¢ 2.773t+ 0.24e 1.155+10 + 0.20e 3.466' 1074t

+ 0'00104e-4-621 * 10"‘t+ 0.023e‘-1-386' 10-‘E

wher~ t is the time in days after uptake of the uranium. The first term describes
the direct excretion of uranium. The third and fifth terms describe the retention
of uranium in mineral bone. Retenticn of uranium in the kidney and other tissues
are equal and are each desciibed by one-half of the second and fourth terms.
The ICRP 54 retention function is used to calculate dose and evaluate in vivo
bioassay data following uptakes of uranium.

The derivative of the ICRP uranium retention function with respect to time
multiplied by a urinary excretion fraction of 1.0 adequately describes the urinary
excretion of uranium and is used to evzluate urine bioassay data

-2.773t -1.155-10"1t

Eu(t) = 1.486e +2.773:10"2

-3.466°10"2t -4.62110"%

4+ 6.931:10"3 + 4.806°10"7e

- . 10-4
+ 3.188-10-6¢~ 13867107y, o1

where E, (1) is the instartaneous rate of excretion of stable material into the
urine at time t after uptake.
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Thorium

Systemic Retention

Urinary Excretion

The respiratory and GI tract parameters for oxides and hydroxides are class Y with
an f; of 2:1074, and all other compounds are class W with an f; of 2°10-4.1

The systemic retention function for thorium given in ICRP Publication 5412 is

-1.386t+ 0.2¢ -9.902:10"% ~-8.664" 10‘51.

Re(t) = 0.1e +0.7

where t is the time in days after uptake of the thorium. The first term describes
the direct excretion of thorium. The third term describes the retention of thorium
in mineral bone. Retention of thorium in the liver is describe by 20% of the second
term and retention of thorium in other tissues is described by 80% of the second
term. The ICRP 54 retention function is used to calculate dose and evaluate
in vivo bioassay data following uptakes of thorium.

The derivative of the ICRP thorium retention function with respect to time
multiplied by a urinary excretion fraction of 1.0 adequately describes the urinary
excretion of thorium and is used to evaluate urine bioassay data

-1.386t -9.902° 1074t

Ey(t) = 1.386:10-Te + 1,980 10-4e

-8.664° 10"

+ 6.065° 10 % day-1,

where Eu(t) is the instantaneous rate of excretion of stable material into the
urine at time t after uptake.
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The respiratory and GI tract parameters for all compounds are class W with an
f; of 1-10-3.14

The systemic retention function for europium!4 is

Ry(t) = 0.80e~ 198071074 0¢o=6:931°10%, ¢ 440 2773t

where t is the time in days after uptake of the europium. Of the retention described
by the first term, 0.5 goes to liver and 0.5 goes to bone. The second term describes
retention in the kidneys, and the third term describes direct excretion. This
retention function is used to calculate dose and evaluate in vivo bioassay data
following uptakes of europium.

No excretion functions are available for europium.
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Cerium
The respiratory and GI tract parameters for oxides, hydroxides, and fluorides are

class Y with an f; of 3:10-4, and all other compounds are class W with an f
of 3:10-4. 1

Systemic Retention ’
The systemic retention function for cerium given in ICRP Publication 5412 is

Ry() = 1.0¢ ~1:980°10°4

where t is the time in days after uptake of the cerium. Of the retention described
by this function 0.6 goes to liver, 0.05 to spleen, 0.2 to bone, and 0.15 to all other
tissues. The ICRP 54 retention function is used to calculatz dose and evaluate
in vivo bioassay data following uptakes of cerium.

Excretion }
No excretion functions are available for cerium.

19009049
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Urinary Excretion
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The respiratory and GI tract parameters for all compounds are class D with an
f; of 0.113,

The ICRP alkaline earth systemic retention function is presented in Publication
2016, Johnson and Meyers!7 converted this function to a mammillary model which
is mathematically less complex yet predicts systemic retention to within +/- 10%
of the ICRP function. The Johnson-Meyers model is used to calculate dose
following uptakes of barium. Biokinetic functions may be derived from the model
(see Chapter 7, page 47 for details)

-54.6t -6.21:10"1t

Rs(t) = 5.623-10"le +2.62:10"1e

- . 10~1 _ . 10-3
+ 11501071 "2387 107 g 4g. q0-2¢ 77927107

-1.82+10-3 ¢ e 10
+1.02:10-2¢ 1827107ty 35, 40-2,3.05"107%

+1.60-10-2¢" 1297107

where t is the time in days after uptake of the barium. Remember that the individual
terms in this function do not correspond to any distinct organ or tissue. The
Johnson-Meyers systemic retention function is used to evaluate in vivo bioassay
data following uptakes of barium.

The derivative of the Johnson-Meyers systemic retention function with respect to
time multiplied by a urinary excretion fraction of 0.1018 adequately describes the
urinary excretion of barium and is used to evaluate urine bioassay data

-54.6t -6.21+10"1t

Ey(1) = 3.07e + 1.63+10 2

- . 10-1 _ 103
+2.74-10-3 238 10700y g6 q0-5e7 7927107

- . '3 - . _4
+ 1.86 10-4e~ 182710720 0 0n 1 g-7em5:051107%

-1.29:10"%

+2.06:10"7¢ day-!,

where Eu(t) is the instantaneous rate of excretion of stable material into the
urine at time t after uptake.
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Lanthanum

The respiratory tract and GI tract parameters for oxides and hydroxides are class
W; all other compounds are class D. All classes have an f; of 0.00114,

Systemic Excretion
The systemic retention function for lanthanum given in ICRP Publication 3014 is

Ry() = 1.0e ~1:980° 1074

where t is the time in days after uptake of the lanthanum. Of the retention
described by this function 0.6 goes to liver, 0.2 to bone, and 0.2 to all other tissues.
This retention function is used to calculate dose and evaluate in vivo bioassay data
following uptakes of lanthanum.

Urinary Excretion
No excretion functions are available for lanthanum.

19009049
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The respiratory and GI tract parameters for all compounds of cesium are class
D with an f; of 1.01,

The systemic retention function for cesium given in ICRP Publication 5412 is

«10-1 - ‘10~
R, (t) = 0.1¢ 34667107t g g =6.30110"%

where t is the time in days after uptake of the cesium. Cesium is assumed to be
uniformly distributed throughout the body. The ICRP 54 retention function is used
to calculate dose and evaluate in vivo bioassay data following uptakes of cesium.
To cust?;nize coefficients and rate constants based on total body potassium consult
Leggett!?. ‘

The derivative of the ICRP cesium retention function with respect to time
multiplied by a urinary excretion fraction of 0.8 adequately describes the urinary
excretion of cesium and is used to evaluate urine bioassay data

. - . "1 - . '3
E (1) = 2.77310-2¢ 346671070 4 539 10-3¢70-301° 107y, o1,

where Eu(t) is the instantaneous rate of excretion of stable material into the
urine at time t after uptake.
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lodine

Thyroid Retention

Systemic Retention

Urinary Excretion

The respiratory and GI tract parameters for all compounds of iodine are class D
with an f; of 1.01.

ICRP 5412 recommends Riggs mammillary model for iodine; it is used to calculate
dose after uptakes of iodine. A reiention function for iodine in the thyroid can
be derived from the model (sve Chapter 7, page 37 for details)

-~2.773t 2,~6.068 1072
[

Rypy(t) = -3.31¢-10"1e + 1756+ 10"

& 3.131- 10-1e-5 79871073

where t is the time after uptake in days. This function is used to evaluate thyroid
count data following uptakes of iodine.

Systemic retention of iodine may be expressed as a sum of three exponentials

-2.773t -6.068-10"%¢

Rs(t) = 6.700° 10" 1e -3.632:10"2¢

-5.79810"3t

+ 3.663-10"1e

where t is the time after uptake in days. This function is used to evaluate systemic
whole body count data following uptakes of iodine.

The urinary excretion rate of iodine predicted by Riggs model can be expressed
as a sum of three exponentials

-2.773t -6.068°10"2

Ey(t) = 1.858e ~1.897:10-3¢

- 103
(-3¢ -57987107%

+ 1.822°1 days~1,

where t is the time in days after uptake. The pseudo-retention function derived
from this excretion function is

- - 10-2
Rp(t) = 7.042-10"1e 2773t _ 5 450.10-2¢-6-068" 1074

- .10-3
+3.303- 107177987107

with an f, of 0.95. These excretion and pseudo-retention functions are used to
evaluate urine bioassay data following uptakes of iodine.

19009049
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Antimony

Systemic Retention

Excretion

The respiratory and GI tract parameters for oxides, hydroxides, halides, sulfides,
sulfates, and nitrates are class W with an f; of 0.01; all other compounds are class
D with an f; of 0.114,

The systemic retention function for antimony given in ICRP Publication 5412 is

~2.773t ~1.386°10"1t 4 -6.931:10"3

Rs(t) = 0.20e + 0.76e + 0.04e

where t is the time in days after uptake. Of the retention described by the second
and third terms 25% is in bone, 12.5% in liver, and 62.5% in all other tissues.
This function is used to evaluate in vivo bioassay data and calcula.e doses after
uptakes of antimony.

No excretion functions are available for antimony.
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-~ Ruthenium

Systemic Retenrtion

Urinary Excretion

The respiratory and GI tract parameters for oxides and hydroxides are class Y with
an f; of 0.05; halides are class W with an f; of 0.05; all other compounds are
class D with an f; of 0.0515,

The systemic retention function for ruthenium given in ICRP Publication 5412 js

~2.310t -8.664:10"2 +0. e-1.9&30- 10-2

Rq(t) = 0.15e + 0.35e

-6.931°10"%

30

+ 0.20e

where t is the time in days after uptake. The last three terms describe the retention
of ruthenium in all tissues of the body. This function is used to evaluate in vivo
bioassay data and calculate doses following uptakes of ruthenium.

The derivative of the ICRP ruthenium retention function with respect to time
multiplied by a urinary excretion fraction of 0.8 adequately describes the urinary
excretion of ruthenium and (s used to evaluate urine bioassay data

-2.310t -8.664:10"2

Eu(t) = 2.772:10-'e +2.426:10"2¢

-1.980°10-2%t —6.931'10‘4td

+4.752:107 3¢ + 1.109:10~4¢ ays~1,

where t is the time in days after uptake. This function is used to evaluate urine
bioassay data.

19009049
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.The respiratory and GI tract parameters for carbides are class Y; oxides,
hydroxides, halides, and nitrates are class W; all other compounds are class D.
All classes have an f1 of 0.0021.

Systemic Retention ‘
The systemic retention function for zirconium given in ICRP Publication 5414 is

- $10-2¢ - .10~
R,(1) = 0.5e 9.902:10 Ly 0.5 8.664:10 St

where t is the time in days after uptake. The second term describes the retention
of zirconium in the bone whereas the first term describes the retention of zirconium
in all other tissues of the body. This function is used to evaluate in vivo bioassay
data and calculate doses following uptakes of zirconium.

Excretion
No excretion func.ions are available for zirconium.

Poeseqy
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Niobium

Systemic Retontion

Excretion

The respiratory and GI tract parameters for oxides and hydroxides are class Y;
all other compounds are class W. All classes have an f; of 0.01!

The systemic retention function for niobium given in ICRP Publication 30! is

-1.155-10"1t -3.466:10"3%
[] ki e oy

R(t) = 0.5 - 0.5

where t is the time in days after uptake. Of the retention described by these two
terms 71% is in bone, 1.8% in kidney, 1% in spleen, 0.2% in testis, and 26 %
in all other tissues of the body. This function is used evaluate in vivo bioassay data
and calculate doses following uptakes of niobium.

No excretion functions are available for niobium.

1v60v649
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The respiratory and GI tract parameter for SrTiOj is class Y with an f; of 0.01;
all other compounds are class D with and f; of 0.31.

The ICRP alkaline earth systemic retention function is presented in Publication
2016, Johnson and Meyers!? converted this function to 8 mammillary model which
is mathematically less complex yet predicts systemic retention to within +/- 10%
of the ICRP function. The Johnson and Meyers model is used to calculate dose
following uptakes of strontium. A retention function may be derived from the
Johnson-Meyers model (see Chapter 7, page 43 for details)

- - +10-1
Re(t) = 1.29+10-1e 236t 4 6.99-10-2¢=5-57" 1071t

-1.59-10-1t

- +10-2
+2.7101072¢ 712311074

+5.89:1071e

5.-3.30-10"3 -3.72+ 1074
€

+ 6.65°10" + 5.80°102%¢

- . —5
+ 6.0310-2¢8:437107t

where t is the time in days after uptake of the strontium. The individual terms
in this function do not correspond to any distinct organ or tissue. The
Johnson-Meyers systemic retention function is used to evaluate in vivo bioassay
data following uptakes of strontium.

The derivative of the Johnson-Me,ers systemic retention function with respect to
time multiplied by a urinary excretion fraction of 0.8518 adequately describes the
urinary excretion of strontium and is used to evaluate urine bioassay data

Eu(t) = 2.81e 27 3.1-10-2¢

-1.59-10"1

-5.57+10"1t

- +10-2
+ 7.96‘10'2e + 2.83:10-4¢ 1.23°10-4t

- . -3 . . 1n-4
+ 1.86- 1074 ~2>307 107 ) 4. 10-5¢ 73727107

- +10-5
+ 4.32:10-6¢ 8437107,

wiiere Ey(t) is the instantaneous rate of excretion of stable material into the
urine at time t after uptake.
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Zinc

Systemic Retention

Urinary Excretion

The respiratory and GI tract parameters for all compounds of zinc are classified
as class Y with an f; of 0.515.

The systemic retention function for zinc!$ is

-3.466° 102t -1.733-10"3t

Rg(t) = 0.24¢ + 0.76e )

where t is the time in days after uptake. The first term describes the retention in
soft tissues. Of the retention described by the second term, 74% is in soft tissue
and 26% is in bone. This function is used to evaluate in vivo bioassay data and
to calculate doses following uptakes of zinc.

The derivative of the systemic retention function with respect to time multiplied
by a urinary excretion fraction of 0.2520 adequately describes the urinary excretion
of zinc and is used to evaluate urine bioassay data

~-3.466+10"2 -1.73310"3%

Ey(t) = 2.08010-% +3.29310 %

where t is the time in days after uptake.

19009049
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Cobalt

Systemic Retention

Urinary Excretion

i 21

|

|
The respiratory and GI tract parameters for oxidet, hydroxides, halides, and
nitrates are class Y; all other compounds are class W. All classes have an f; of
0.051. |

1
1}

The systemic retention function for cobalt given in ICRP Publication 5412 is

-1.386t —1.155'10'1l+

Re(t) = 0.5¢ + 0.3e 0.

|¢-8:664" 1074 \
Jde ' ‘\‘

le-;ll.lSS 1072

+0

where t is the time in days after uptaﬁ(e. Of the retention described by the last
three terms 10% is in liver and 90% in all other tissues\of the body. This function

is used to evaluate in vivo bioassay data and to calculate doses following uptakes
of cobalt. ‘

The derivative of the systemic retention function with l\espect to time multiplied
by a urinary excretion fraction of 0.7 adequately describes the urinary excretion
of cobalt and is used to evaluate urine bioassay data

. - - +10-1
Ey(1) = 4.851-10-2e™ 13860 | 5 496.10-2¢ 115571070

- 101 - c 4. -4
+ 8.085-10-4¢ 1135107 ¢ 665 10-5¢ 786641070, 1,

where t is the time in days after uptake.
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Iron

Systemic Retention

Urinary Excretion

"o

The respiratory and GI tract parameters for oxides, hydroxides, and halides are
class W; all other compounds are class D. All classes have an f; of 0.115,

The systemic retention function for iron given in ICRP Publication 5412 is

Ry(t) = 1.0e-3'466. 10-4

where t is the time in days after uptake. This function is uced to evaluate in vivo
bioassay data and to calculate doses following uptakes of iron.

Johnson and Dunford?! presented a mammillary model for iron. The urinary
excretion predicted by this model for times less than 120 days after uptake was
converted to a sum of exponentials (see Chapter 7, page 50 for details)

=-9.754t -7.861-10"1t

Ey(t) = 1.368-101e + 1.600+10-3e

-2.638°10"1t -1.641-10-3

+ 1.64810-3e + 8.192-10"7e "day-1,

where t is the time in days after uptake. The pseudo-retention function derived
from this excretion function is

-1.386t -7.861°10"1t

Rp(t) = 6.150:10" e +8.921:1072

-2.63810"1t -1.641:10"3%

+2.,739°10"1e +2.189-10"2¢ day-!,

with an fy of 0.022. These excretion and pseudo-retention functions are used
to evaluate urine bioassay data at times less than 120 days following uptakes of
iron. For times greater than 120 days the derivative of the ICRP retention function
with respect to time times an f, of 0.022 should be used.
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Manganese

Systemic Retention

Urinary Excretion

9909649

The respiratory and GI tract parameters for oxides, hydroxides, halides, and
nitrates are class W; all other compounds are class D. All classes have an f; of
0.112,

The systemic retention function for manganese given in ICRP Publication 5412 is

-1.733-10"1t -1.824:10"%t
+ [ ’

Re(t) = 0.3e 0.7

where t is the time in days afier uptake. Of the retention described by the first
term 33% is in liver and 67% in in other tissues of the body. Of the retention
described by the second term 21% is in liver, 50% is in bone, and 29% is in other
tissues of the body. This function is used to evaluate in vivo bioassay data and
to calculate doses following uptakes of cobalt.

No excretion functions are available for manganese.
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Tritiated Water

Systemic Retention

All inhaled tritiated water is completely and instantaneously absorbed into the
bloodstream. The tritiated water in air is absorbed through the skin at a rate of
0.01C Bq per minute, where C is the concentration of tritiated water in Bq°m-3.
Tritiated water has an f; of 1.01.

The default systemic retention function for tritiated water is

- $10-2
Q) = 1.0¢~7-158710°%

where t is the time in days after uptake and the rate constant assumes a turnover
rate of 3 liters per day in a 42 liter free-body water volume22 and a physical
half-life of 12.46 years. The tritiated water is assumed to be uniformly distributed
throughout 63 kg of soft tissues in the body!.
Biological removal half-lives in the range of 4 to 18 days have been observed at
SRS23, The observed biological retention half-life for an individual should be used
whenever available.
Free~-body water mass and soft-tissue mass should be customized for an individual
if annual effective dose equivalent from intakes of tritiated water exceed 1.0 rem.
Equations in ICRP 2322 give the volume Vyp,, of free~body water as a function
of sex, age, and weight of an individual:
Male

Vpw = 0.7945W - 0.0024W2 - 0.0015AW liters,
Female

Vbw = 0.6981W - 0.0026W2 ~ 0.0012AW liters,
where

W = weight of individual in kg, and

A = age of individual in years.
The soft-tissue mass is assumed to be 90% of the total body mass.
Tritium bound to the organic component of tissues can add additional
compartments with longer retention times. These compartments are assumed to

contribute less than 10% of the total dose and are neglected!:24,

The function given in this section is used to calculate doses fellowing uptakes of
tritiated water.

19009049
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Urinary Excration

The derivative of the stable element systemic retention function with respect to
time multiplied by a urinary excretion fraction of 0.47 gives the default urinary
excretion function for tritiated water and is used to evaluate urine bioassay data

eu(t) = 3.357-10-2¢ - 158: 10—2tday

where t is the time in days after uptake. The concentration of tritium in the free
body water is assumed to be the same as the concentration of tritium in the urine.
The tritium urine concentration is thus the systemic retention divided by the 42
L free body water volume

- . "2
cu(t) = 2.381+10-2¢ ~7 15871074 4

Any changes made in retention half-life or free~body water volume should be
incorporated into the above functions.

Uptake of Tritiated (Liquid) Water Through the Skin

19909049

Pinson28 reported that 0.040 mg of water is taken up through the skin per minute
for every square cm of skin immersed.
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Tritium Gas

If pure tritium gas is inhaled, approximately §-10-5 is converted to tritiated water.
The tritiated water may be assessed with the models discussed in the previous
section. The total effective dose equivalent from an intake of tritium gas is
approximately twice the effective dose equivalent determined from the tritiated
water. More details on biokinetic models for tritium gas are given in the
next section.
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Tritium Gas Bilokinetic Model

Data from Human Exposure Studies

19009049

Peterman et al.2”7 measured the peak concentration of tritium in the urine following
acute exposures to known concentrations of tritium gas. The mean of the
measurements is

2.4:10-8 Bg/L per Bq-min/m3.

A peak concentration of tritium in the urine of 1 Bq/L corresponds to an exposure
of

(1 Bg/L)/(2.4*10"8 Bq/L per Bq*'min/m3) = 4.167107 Bq*min/m3
of elemental tritium gas. Given that exposure to a tritium gas concentration of
1 Bg/m3 will deliver 9.85-10-15 Sv/h15, this exposure will give a lung dose
equivalent of

(5.85:10-15 Sv'm3/h*Bq)(4.167+ 107 Bq-min/m3 ) (h/60 min)

= 6.841:10"9 Sv Result 1

Weighting the lung dose by a factor of 0.12 (ICRP 1979) gives the effective dose
equivalent

8.209°10710 Sv Result 2
from tritium gas. This compares to an effective dose equivalent of

7.299-10710 Sv Result 3
from the tritiated water produced, assuming a 9.7 day halflife for the tritiated water
in the body. The total effective dose equivalent is the sum of the weighted lung

dose equivalent and the effective dose equivalent from tritiated water:

1.551:10"% Sv Result 4
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Derivation of Tritum Gas Biokimetic Model

The followiny biokinetic model for an acute inhalation intake of j)ure tritium gas
was devised so that it would produce values of lung and effective dose equivalent
equal %0 those: derived above:

——p lung ~—~——> body —P excreta
water

exhgled
air

A = physical deciay constant for tritium
A=Ln(2)/ (12.28 y*3.156-107 s/y) = 1.789-10-9 s~!
where 12.28 years. is the physical halflife of tritium.
kj = total removal rate constant for lung
k; = (0.02 m3:min-1)/(3-10"3 m3)/(60 s'min~1) + x = 1.111-10-1 51
where

0.02 m3'min~! is the mean breathing rate!, and

3:10-3 m3 is the mean volume of the lung!.
k2 = total removal rate constant for body water

Given a biological removal rate constant of 3 L/(42 L/d) = 0.07143 d-! for water
in the body!,

k2 = 0.07143 d-1/ (86400 s/d) + X\ = 8.285:10"7 s~
ky2 = transfer rate constant from lung to body water
ki2 = k; 5.039:10-5 = 5.599-10-6 5!

where 5.039°10-3 is the fraction of tritium gas converted to tritiated water in the
body.

1

n

intake of tritium gas

1 =8.334-105 Bq

D; = number of transformations in lung
(= =]

D=1 Of exp(-kj*t) dt

19009049
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D; = 7.501° 106

D2 = number of transformations in body water
K-)
Dz = I'kizfllz ki) | [ explki ) - explkz-y de

D; = 5.069°107

H; = dose equivalent to lung from tritium gas

H; = Dy (5.7:10-6 Mev/g/d) (1.6 10-10 Sv/MeV/g)
Hj = 6.841:1079 Sv

which is the same as Result 1

Multiplying Hy by 0.12 gives

0.12 Hy = 8.209:10-10 Sy

which is the same as Result 2.

H; = effective dose equivalent from tritiated water in body
H; = Dy (9.0 10°8 MeV/g/d) (1.6 10710 Sv/MeV/g)
Hz = 7.299-10°10 Sy

which is the same as Result 3

HT = effective dose equivalent from tritium gas and tritiated water
Ht = 0.12H; + H;
Ht = 1.551:1079% Sv

which is the same as Result 4

H; = dose equivalent to lung from tritium gas and tritiated water

H';=H; + Hy

H', = 7.571:1079 Sv
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Summary and Conclusions
The intake to dose conversion factors are:

Intake to Dose .Factor

Dose (Sv per Bq intake) Comment
lung dose equivalent 8.208°10-15 from tritium gas
lung dose equivalent 9.084 1015 from tritium gas and
tritiated water
effective dose equivalent 8.75810-16 from tritiated water
effective dose equivalent 1.861°10"13 from tritiated water

and tritium gas

The lung dose equivalent from tritium gas may be checked against the published
valuel3. Exposure to 1 Bq/m3 for 1 hour gives

(9.85-10-15 Svm3/Bq-h) (1 Bg/m3)(1h) = 9.85+10-15 Sv

This exposure gives an intake of
(1 Bq/m3)(0.02 m3-min~!)(60 min) = 1.2 Bq

The intake to dose conversion factor is thus

(9.85°10-15 Sv) / (1.2 Bq) = 8.208-10-!5 Sv/Bq,

which agrees quite well with the value given in the table above.

A person exposed to pure elemental tritium gas wiil have a total effective dose
equivalent approximately twice the effective dose equivalent calculated from
tritiated water alone. For a specific exposure the total effective dose depends on
the biological halflife of tritiated water in the body, the amount of tritiated water
vapor in the tritium gas, and the fraction of the tritium gas converted to tritiated
water in the body. The total effective dose equivalent could range from 1 to 5 or
more times the effective dose equivalent calculated from tritiated water alone
depending on the valie of the parameters.

19009049
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Mammlilary Biokinetic Models

Mammillary biokinetic models incorporate explicit recycling of material in the
system as opposed to cantenary models, which do not. Biokinetic functions suitable
for use in computer codes such as CAIBEC may be derived for a mammillary
model. Such models are given in this chapter for the following elements:

e iodine

e strontium

¢ barium

* iron

e americium

The derivation of retention and excretion functions from the mammillary models
for these elements is documented in this appendix.

Review of Mathematical Methods: lodine Mammillary Model

Solutions for the compartments in the ICRP!2 jodine mammillary model will be
derived in this section to illustrate the mathematical methods used. Jacquez25 may

blood thyroid

D

urine /
5 X/

other tissues

!

MI0nov013 05

Figure 7-1. lodine Mammillary Model
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be consulted for more details on the mathematics used.The ICRP iodine model

is shown in Figure 7-1.

A System of Differential Equations
The system of differential equations that describe this model is

dny - -k
dt 313 1n

dn2 - k -k
dt 12N 2n2

= kz3nz - k3nj

dna

dt

dog - k -k

dt 34n3 - Kany
dns = kysny - ksns
dt

where

k2 = transfer rate constant from blood to thyroid
kyz2 = 0.33 Ln(2.0) / 0.25 day = 9.150°10"! day~!

k23 = transfer rate constant from thyroid to body tissue

k23 = Ln(2.0) / 80 days = 8.664°10-3 day~!

k3; = transfer rate constant from body tissue to blood
k31 = 0.9 Ln(2.0) / 12 days = 5.199:10-2 day-!

k34 = transfer rate constant from body tissue to feces

k3g = 0.1 Ln(2.0) / 12 days = 5.776*10-3 day-!
k1s = transfer rate constant from blood to urine
kys= 0.67 Ln(2.0) / 0.25 day = 1.858 day"!

k11 = total removal rate constant for blood

9%0£9049
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k11 = kg2

|

+ kys = 2.773 day!

ka2 = total removal rate constant for thyroid

k22 = k23

k33 = total removal rate constant for body tissue

kas = k31 + Kag = 5.77610-2 day™!

k44 = total removal rate constant for feces

kea=0

Kss = total removal rate constant for urine

fl
o

kss

]

ny

n;

n3

n4

ns

number of atoms in blood

number of atoms in thyroid
number of atoms in other tissues
number of atoms in feces

number of atoms in urine

This system may be represented in matrix notation as follows:

(e

——

—

-k13 0 k31
ki2 “k22 0
0 K23 “k33
0 0 k34
Kis 0 0

dny/dt
dna/dt
dns/dt
dng4/dt
dns/dt

nj
n2
n3
ng
ns

44

xXOOOO

0
0
0
"k
0
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Thus

!

N =K°N

The retention R; of stable material in compartment i in the mammiliary model
is expressed as the sum of five exponentials (some of which may be zero)

R =
j

C“e_x]e
1 .

M

The eigenvalues of matrix K are the rate constants A\. The coefficients are
calculated from the eigenvectors v of matrix K. The matrix V of eigenvectors is

V= [vww:;wv{‘

where vj is the § x 1 column eigenvector for j'P eigenvalue. Note that vjj is the
ith entry for jth eigenvector.

If Ng is the column vector of the content of each compartment at time 0, and
M is a column vector of multipliers that are to be determined, then

V'M = Ng.

The initial content of all the compartments is zero except the blood, which is 1.0.
This equation is solved for M to give the multipliers m which take into account
the initial content of the compartments, The the j!h coefficient Cjj for compartment
i is given by ‘

Cyj = viym

Solving the System of Differential Equations

The computer code Mathematica6 was used to evaluate the equations given above
and produce the following table:

coefficients for

other
Eigenvalue thyroid tissue blood urine feces
2.773+10°  -3.311°10-! 1.057+10-3 1.000 -6.700°10-!  -2.201*10-6
0 0 0 0 ,  9.531°107  4.694:1072
6.068°10°2  1.796'10-2 -5.326°10-2 -1.021'10" 1.126°10-2  $.070° 10-3
«10- 10~ ' 10- c10-4

$.798+10°3  3.131°10°! 5.220+10-2 9.809°10 -3.143°10*' -5.201°10-]
0 0 0 0 0 0

All results are given with four significant digits. In the previous sections of this
chapter, sufficient significant digits are retained to permit the coefficients to sum

to 1 or 0, whichever is appropriate. The thyroid retention function given previously
Chapter 7, page 20 is ‘
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=277 -6.068°10"2¢

Riny(t) = =3.311-107e + 1.796°10"2¢

+ 3131 10-1¢ 757981072

Comparison of this function with the table above should make clear the origins
of the rate constants and coefficients for the thyroid retention function.

The systemic retention function is given by the sum of the thyroid, blood, and
other tissue retention functions:

-~ -2
Ry = 6.700+10-172" 7733632+ 10-2¢'6-068- 107

+ 3.663-10-1¢ ~5-798:107%

The solution for the urine compartment (compartment 5 in the mammillary model)
is the cumulative urinary excretion function:

-2.773t -6.068° 102

Ey (t) = -6.700" 10" e +9.531-1071 4+ 3.125:10"2e

3,143 10~ 1 ~5-7987107%

The derivative of the cumulative urinary excretion function with respect to time
gives the iodine urinary excretion function shown in Chapter 7, page 20.

-2.773 -6.068°10"2¢

Ey(t) = 1.858e -1.897+10 3

- . -3
+ 1.822-10°3% 0108 107 gyt

The Mathematica session used to solve the iodine model is given in this section.
This is the transcript of the actual input and output. Comments were added for
those unfamiliar with the syntax of Mathematica:

In[1}: = k = Table[0, {5}, {5}]. {(set matrix k to zero)
Inf2}: = Kk[[1,2,]] = 0.33 Log[2.0}/0.25; {assign rate constants}
In{3 = Kk{{1,5]] = 0.67 Log 0]/0.25; {Log = Ln}

In(4 = k([1,1]] = —k[[l ]]+k[[15]]);

In[5): = k[[2.3]] = {2.0]/80.0;

Inf6]: = k{|2,2]] = [F?.,B] '

In{7]: = k[[3,1]] = 0.9 Log[2.0}/12.0;

In{8 = Kk{{3.4]] = 0.1 Log|2.0]/12.0;

In{9 = k{(3,3]] = ~(k[[3,1]]) + k[[3.4]));

In[10]: = k = Transpose[k]|; {take transpose of k}
In[i1]: = {(a.w} = F xgensystem[k]] {solve for eigenvalues a)
In{12]: = v = Transpose|v]; {and eigenvectors v}
In{13]: = m = [Linear Solve{v,{1,0,0,0,0}]]; {solve for m}
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In[14]

e

& A b A W W W W WYY N

Do
i 5}?rim[i." " ,Scientific Form[N[a{[[i]],16]]],

-2.772533797149725 these are the eigenvalues}

the integer is the compartment}

9.8771359902825 10-18 number}
-6.068361002525243 10-2
~5.797919868465631 1073

0. 10-!

w» s W N

A S W N = A W

wv Aa W N

Do[Print[i." ".j,» Scientific Form[N{[v([[i,j]] m[[j]}.16]]].

{i.5} G\SH

1.00004010608081 these are the coefficients}
the first integer is the compartment}

0.10-! number, the second is the coefficient}

-1.020991855205588 10-3 number}

9.808857743956369 10-4

0. 107!

-3.310543380122235 10!

1.916083466709762 1017

1.795797713525147 102

3.130963608769721 10-!

0. 10-!

1.056577774095174 10-3

0. 1071

-5.326108911769997 10-2

§.220451134360483 10-2

0. 107!}

-2.201247302825625 10-6

4.694167852062586 10-2

5.069706869796066 10-3

-5.200918414311911 10-2

9.540979117872439 10-18

-6.700401445953786 10-!

9.530583214793735 10-!

3.125439696785801 10-2
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5 4 -3.142725738518529 10-1
s 5 0.10°!
In[16]: = Quit

Evaluations for Other Materials

The evaluations of mammillary models in the following sections will give the
diagram of the mammillary model, a transcript of the Mathematica session used
to solve the model, and the retention function that appears earlier. Given this
information one should be able to easily reproduce the calculations.

Strontium Mammillary Model

The Johnson and Meyers!? mammillary model for strontium shown in Figure 7-2
is based on the ICRP 20 alkaline earth model.

compact
bone b

soft tissue f l

/ cancelious
bone a

bone surtaces \\

excretion

cancelious
bone b

MBONOVO T3 06

Figure 7-2. Johnson-Meyers Alkaline Earth Marmnmillary Model

Mathematica Session

The Mathematica section used to solve the strontium model is given in this section.
Refer to the Mathematica session for the iodine mammillary model for comments
on the syntax of Mathematica.

19009049
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In[27]:

._.
> Y. I S R ¥

k = table[0, {8}, (B}];
k[[1,2])] = 17.6;
k{[2,1]] = 1.29;
k{|1,3]] = 2.66;
k([3,1]] = 0.403;
k([[1,6]] = 0.378;
kl[6,1 = 0.00479;
k[[6,7]] = 0.00725;
k{[[7,.6]] = 0.00105;
k{[7.6]] = 0.0010S;
k{[1,4]] = 0.516;
k(4.1 = 0.00214;
k{[4,5]] = 0100136;
Kk[[S5.,4]] = 0.000149;
il = 2adinap e knan ekien ki
1L1]] = - 1,2]] +k[[1,3]]) +Kk[[1.,4]] + ,6]] +k[[1,8]));
kel = o [2' ]; 11 +k[[1,6]] +k([[1,8]])
k{{3,3]] = kE 3,1]11;
k[l4.4]] = -(k[[4.1]] + k[[4.5]));
k[[5.5]] = -k[[5.4]}
k{(6.6]] = -(k[[6.1]] + Kk[[6,7]]);
k 7.7 = -k 706] H
k = Transpose[Kk];
{a,v} = N[Eigensystem[k]];
= Transpose[v];
B =[ N[Lineal' SOlVC[V.{1.0.0.0.0,0.0.0}]];
0
’ 8}]Prim[i,“ ",Scientific Form[N{a[[i]].16]]],
1y

-2.557172976337359 10!
-5.573297627903471 10-!
-1.586416697213238 10-!
-1.228587869015331 10-2
~3.296010854401425 10-°
-4.915104293200424 10-18

-3.716212795042755 104
-8.429329068235206 10-3

Dol Print{i,” ",j," ",Scientific Form[N][v[[i,i]] m[[j]].16]1].
{i-8}.{i,8}

9.61349875328245 107!

1.132347983938305 10-2

2.715848342056876 1072

9.670673451053028 10-5

6.370782040117539 10-5

1.14193730277659 10-17
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h L L L LA B B D A R A R D W W W W W W WL NN DNDND DN DD

- Q0

0 3 O W a2 W N

— 00 3 O L A W N = o 9 N W A WL

F R

6.2700482006015657 10-6
1.476808690771299 10-6
-6.968102343062384 10-1
2.720094730913905 10-1
4.224915266980639 10}
1.332096514391259 10-3
8.714184835979591 104
2.569358931247327 10-17
8.556949439968779 10-5
2.015002439492658 10-5
~1.016018961789023 10-!
-1.951694593976458 10!
2.956378275147228 10-!
6.583839686562378 104
4.239707555317896 10-4
-5.70968651388295 10-18
4.142362807759445 10-5
9.749709559694092 10-6
-1.940128590887891 102
-1.055002787246891 10-2
-9.032965134837314 10-2
-5.690459193751659 10-3
1.224874633673091 10-!
-3.711296234023917 10-16
8.011007608501146 104
2.682860195313741 10-3
1.031838785417127 1076
2.575113655163381 10-5
7.751041486637241 10-4
6.376453700390822 10-4
-5.293370690048834 10-2
-3.094650090524559 10-15
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7 -4.893948310701491 10°3
8  5.638812271715308 102
1 -1.421731877306908 10-2
-7.849739885841477 103
-7.004893246759653 10-2-
8.468927788824883 102
1.984743914876261 10-3
-1.170485735346005 10-16
5.304908109226325 103
1.370612141558023 10-4
1 4.031005904363648 1076
1.023057425042422 104
3.22259901991099 10-3
~5.464612796397381 10-2
-6.406644631594075 103
-8.678723501102084 10-16
5.669485588195606 102
1.028980945293107 10-3
1 -1.293242030058461 10-!
-6.989178265387333 10-2
-5.889069569859605 10-!

o 3 O n A2 W N

coO 3 O W s W N

-2.707752331812048 10-2
-6.649095280963398 10-2
1.000000000000009

-5.804017961200965 10-2

o0 OO 00 O 00 00 00 00 ~3 ~q1 N I N9 N NN ooy N8O n W

oo 3 O W s W N

-6.026840161456465 10-2
In[28): = Quit

19009049



Page 47 of 60

Technical Basis Manual Issued 12/20/90
WSRC-IM-90-139 Part I, Chapter 7, Rev 0

Strontium Systemic Retention Function

The sum of the retention equations for all the systemic compartments gives the
strontium systemic retention function:

Ry(t) = 1.292-10-&;'22'96‘10_1 510
+5.89-10-1 "0 0ty 6 g9, 10-2¢ 73070

o5 10233010 PR BT

Yo -8.43-10-5t " 2g-3.72:1074

+ 6.03:10-2¢ + 5.80-10

Barium Mammillary Model

The Johnson and Meyers!” mammillary model for barium shown in Figure 7-2
is based on the ICRP 20 alkaline earth model!6.

Mathematica Session

The Mathematica Session used to solve to Barium model is given in this section.
Refer to the Mathematica session for the iodine mammillary mode! for comments
on the syntax of Mathematica.

In[1]: = k = Table[0, {8} (8}]

In[2]: = Kk[[1.2]] =

In[3]: = k][2,1 = 1 54

in[a]: = k|[1.3]] = 10.05;

In[5]: = k[[3,1 = 0.883;

In{6j: = k[[1,6 = 0.426;

In[7]: = k[]|6,1}] = 0.00112;

In{8}: = k[[6,7]] = 0.00605;

In[9]: = k[|7.6]] = 0.000852

In[9]: = k{[7.6]] = 0.00105;

In{10]: = ki{[1.,4]] = 0.543;

Injit}: = k[[{4,1]] = 0.00439,

In[12}: = k[{4,5 = 0.00366;

In[13}: = k{[[5.,4]] = 0.000189;

In{14]: = Kk|[[1,8]] = 0.919;

In[15]): = Kk[[1,1]] = -(k[[l,2]]+k[[1.3]]+k[[1.4]]+k[[1,6]]+k[[1,8]]);

Inf{16]: = k|[2.2]] = -k[[2.,1]

In|17]: = k[[3,3]] = k[[3.1]];

In[18]: = k{|4.4]] = -(k[]4,1 ] + k{{4.5]]);

In{19}: = k{[5,5]] = -k[|5.4]];

In[20]: = k{[[6.6]] = -(k[[6,1 ] + k[[6,7]1]);

In[21]: = k[[7.7]] = [ 7,611

In[22]: = k = Trans oselk

In[23]): = {(a,v} = r |gensystem[k]]

In[24]: = v= Transpose[v].

In{25]: = m = N[Linear Solve|[v,{1,0,0,0,0,0,0,0}]];

In[26]: = Do[
~_Printfi,*  ",Scientific Form[N{a[[i}],16]]],
{i,8}]

1 -2.461938031470023 10!

2 -1.205214188565213

3 -8.801477920039391 10-2

4 -6.86077129845387 103
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o 3 O W

-1.897170849807361 10-3
-1.463672932855431 10-18
-3.701352885112255 104
-7.864009739525252 10-5

. | In[27): = Do|

A W W W W W W W WD R NN NN

W 3 At b WD

_ 00 3 O W a W N =

oo 3 O W A W

Print[i,” ".j," ",Scientific Form[N[v[[i,j]] m[[j]].16]]],

{i.8},i.8}

9.536956919361768 10-!
4.118313308135649 10-3
4.1296453779843 102

6.722626131951742 104
1.448526759800047 104

-3.666337889847799 10-18

5.177815304595677 10-5
2.064753362330491 10~5
-4.586787875647112 10~}
1.365448479563485 10~1

3.156992443103672 10-!

4.867212883715896 1073
1.045355793452642 10-3
3.666337889847799 10-18
3.73295888257354 10-4

1.488307320012701 104
-4.218758139432147 10~}
-1.342035554920094 10!
5.454350009830602 10~}

8.056661780811382 10-3
1.726192502703665 10-3
2.933070311878239 10-17
6.159667021467238 10-4
2.455474665021401 104
-2.104139657185631 102
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OO\I\l\l\)\)\)\l\)O\O\O\O\O\G\O\O\MMMMMMU\M&&&A&&h

H@QO\M&MNHW\)O\M&NNHWQO\M&UN

oo 3 N nn hE W N

-1.867951965125432 10-3
-2.804507626241224 10-1
2.823386860421597 10-!
1.199413511868621 102
-2.493109765096503 10-16
2.445089084096036 10-3
6.582200916162441 10-3
3.128108897621337 10-6
5.673494842459835 10-6
1.168734055706146 10-2
-1.548853437397917 10-!
-2.569914744730727 10-2
-4.216288573324969 10-15
-4.940520492359425 10-2
2.18293553949894 10-!
-1.650337369325964 10-2
-1.457763069123594 10-3
-2.038885163638646 10-!
-5.670982715842137 1072
1.922274001504736 10-!
-5.792813865959523 10-16
7.735525531736283 10-2
8.976824816833319 1073
4.055701850569236 107
7.32293545241956 10~
1.415197559459882 10-3
5.709893708165123 10-3
-1.112713554080386 10!
-5.132873045786919 10-16
9.712254985929754 10-2
7.022576417386179 1073
-3.55998538422196 10-2
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-3.140296526613515 10-3
-4.311939582018047 101
~9.004954612983411 10-2
-7.016743338595035 10-2
1.00000000000001
-1.285587300811811 10!
-2.412901818324071 10-!
In[28]: = Quit

c0 OG0 O O ©Oo O©o Oo
0 ~3 N W &Ha W N

Barium Systemic Retention Function

The sum of the retention équations for all the systemic compartments gives the
barium systemic retention function:

Ry(t) = 5.623-10°1e 546t | 2 63.10-1¢ =6-21" 107

-2.38+10°1; -7.92:10-3%

+ 1.15:10"1e + 2.10°10-2¢

-1.8210"% -5.05-107%

+1.02:10"2¢ + 1.35:10"2¢

19104
+1.60+10-2¢~1:297107%

Iron Mammillary Model

Johnson and Dunford?! presented a mammillary model for iron, which is shown
in Figure 7-3. The functions derived below are applicable for the first 120 days
following intake, i.e., it is good until the red blood cells begin to recycle.
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Figure 7-3. Johnson-Dunford Iron Mammillary Model

Mathematica Session
The Mathematica session for the iron model is given in this section. Refer to the
Mathematica session for the iodine mammillary model for comments on the syntax
of Mathematica.

=
o
=3
®
3

Z‘H\JOOOMO\O&-H

In
In
In
In
In
In
In
In
In
In
In
In
In
In
In
In
In
In
In
In

—~—

~3
——
—

O e =
—_ - --
==

HO-"

O\AKHN'—'

— i et OO0 ~J O\ N B2 DD

0D = s s s
OO 00T B LR s O

~(

-k
-k
-k
spose k)
= N[Eignesystem|[k]];
Transpose[v]
N{Linear Solve|v,

1,2 ] + k[[1.3]] + K[{1.6]] + k[[1,8]]);
+ k[[3.4]];

.
]

DN EBWR = UN-TNW L — W=

'

L LN LI (I T A £ £ I Y L 1 I 1} H'c_:;

Qi

:oxzxuwu—a--o\-—uwuuw»—

<

—~—

N

{1,0,0,0,0,0,0}]];

O <o RN R R R R R R RN TR

B e

ol

19009049



Page 52 of 60

issued 12/20/90
Part |, Chapter 7, Rev 0

internal Dosimetry Technical Basis Manual
WSRC-IM-80-139

—

W W W W W W NN N NN

- 3 O W A WL

S B - NV D N " I

[« TN V. B - VS N o4

Print[i,” ",Scientific Form[N[a[[i]],16]]].

L7}

-9.754259108374356

-7.860889516630082 10-1

-7.000000000000002 10-!

-2.638112104820467 10-1

-2.927345865710862 1018

-1.640729480587243 10-3

0. 10!

= Dol

Print[i,“ ",j,* ",Scientific Form[N[v[[i,j]], m[[j]},16]]].

{i.7}.4,7}]
9.767950182472379 10-1
1.142705410692996 10-2
-1.441569312207913 10-16
1.177207616498809 10-2
2.678966732075966 10-17
5.851480844096667 10-6
0. 10!
-1.546215470158803 10-!
1.291077427268116 10-!
-4.087962407301789 10-16
2.550478575042723 10-2
5.953259404613257 10-17
9.018538641710429 1076
0. 10-!
-2.078230966355052 10-!
-5.289888086303156 10-2
2.569040595414427 10-16
2.605777149034104 10-1
-5.953259404613258 10-18
1.442625951260775 10-4
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I . Y S G N O S . T - TV B N 7 T - B

\7\1\]\]\)\]\IOOO\O\O\O\G\MMMMMMM&&&A&A&G

2
3
4
5
6
7

S - U V. S

0. 107!
5.114355532102853 104
1.618756885483023 10-3
-6.270240504318971 10-18
-2.386869304628616 102
-4.390528810902277 10-17
2.17385006075929 10-2

0. 107!
-1.401965039427831 102
-2.035122833854566 10-3
1.048946775956164 1017
-6.247235134878751 103
2.280130293159609 10-2
~4.992945685844748 104
-6.071532165918825 10-18
~6.472942776800759 10-)
-7.964125862510668 10-1
1,281725659060363
1.619309314849355 10-!
4.762607523690606 10-17
5.027338584403829 10-5
0. 107!
4.645211792529137 10-2
7.091930362287282 10!
~1.281725659060363
-4.296695801225963 10~
9.77198697068404 10-!
~2.144861203946439 10-2
0. 1071

In[22]: = Quit
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Urinary Excretion Function
The solution for compartment 5 of the mammillary model is the cumulative urinary
excretion function:

- - +10-1
Ey(t) = -1.401°10"2e 9'754‘_2_035.10-3e7.861 101t

- v10-1
2.638:107°t 5 28010~

-1.641:10"3%

-6.247+10"3e
-4.993- 10" %

The derivative of the cumulative urinary excretion function with respect to time
gives the urinary excretion function:

~-9.754t -7.86110"1t

+ 1.600°10-3e

-2.638:10"1t -1.641-10"3
+ 1.648:10-3e + 8.192+10"7e day-1,

Ey(t) = 1.368-10"le

Americium Mammillary Mode!

Durbin and Schmidt® present a mammillary model for americium, which is shown
in Figure 7-4.

slowly renewing rapldlg g;r;ewmg
bone

@ V\\A blood O
/

Vg

rapidly clearing
soft tissue

Q/ l - e
\
OO

soft teces

tissue sink

MI0nov( 13 08

Figure 7-4. Durbin-Schmidt Americium Mammillary Model
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Mathematica Session

19809649

The Mathematica session for Americium is given in this section. Refer to the
Mathematica session for the lodine Mammillary model for comments on the syntax
of Mathematica.

Ir
In
In
In
In
In
In
in
In
In
In
In
In
In
In
In
In
In
In
In
In

s s \O 00 ~J O\ LA & N

.-.u- .o a% vo 2e o

[ 84
—

B r=t et b b bk pd ek puh
OWOO-~JA W Lo

In

oo N O v s W N

[ 4
(=]

In{21]:

HOW N

s oA R

k = Table|O0, {8} 8}]

k[[1.2]] = og[2.0} / 0.25;
k{[2,1]] = 0 112 / 65.25;

k{[1,3]] = 0.17 Log[2.0 ] 0.25;
k[[3.,1]] = 0.03/ 365.25;

k{{1,4]] = 0.12 Log|2. 0] /0.25;
k[[4.1]] = 2.0/ .25;

k{[4,6]] = 0.32/ 365.25;

k([1,5]] = 0.53 Log[2. 0] /0.25;
k([5,1]] = 0.84/ 365.25;

k{{1,7]] = 0.05L %[2 .0} 7 0.25;
k[[5,8]] = 0.019 / 365.25;

k({[1,1]] = -(k[[1.2]) +k[[1.2]) +K[[1.4]]) +k[[1.5]) +k[[1,7]));
k 2'2 = —k[ 21 H

k[13,3]] = -k[{3,1]};

k[{4.4]] = -(k 4,1 ] + k“4.6”);
k[[5.5]] = ~=(k[[S.1]]) + Kk[[5.8])):
k= t anspose[k]

{a,v} N[Elgensystem[k]]

V= ranspose[v].
m = [ N[Linear Solve[v,{1,0,0,0,0,0,0,0}]}:
Do
]Print[i." ",Scientific Form([N{a[[i]],16]]],
{i.8}

-2.774519725500132
-5.866614344646408 10-3
-1.058915284216627 10-3

-2.13701839749644 1074

-2.216773510250578 10-5
5.962379012454147 10-21

0.
0.

10-!
10-1

Dol Print{i,*  ",j,* ",Scientific Form[N[v[[i.j]]. m[[j]].16]]].
{i.8}.(1.8}]

9.993035890562133 10-!

1.247201454082291 10-4

4.303612387916671 10-4

6.3206475554415 10-3

7.812308403227863 10-5
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A b B A W W W W W W WL W RND NP ND DD DD

[V V. BV L T, D - U S -

1963

—m 00 3 N L B W RN e 00O A A WN e 003 O

oo 3 O U W N

(V. B N S

1.929328324972102 10-18
0. 1071

0. 10!
-1.298334016714778 10-!
-8.085233559616434 103
-2.061981427615035 10-!
2.4513317887275834 10-!
9.898498926501414 1072
6.559716304905148 10-17
0. 10-!

0. 10-!
-1.697684021044624 10-1
-1.016264480862075 10-2
~2.076686169178496 10!
-2.264390027412326 10-1
6.14038666572161 10!
8.10317896488283 1017
0. 107!

0. 107!
-1.201079392370603 10-!
8.552301025364685 102
2.70524297651374 1072
3.426048172788431 1073
4.106451045487636 10-3
-9.646641624860511 10-19
0. 107!

0. 10-1
-5.297112993065769 10-!
-5.214314820732513 102
4.891364477466346 10~
4.344026322153541 10-2
4.927773654573215 10-2
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19003049

—

00 o0 00 O © 00 00 O ~3 ~1 ~N 93 93 N N9 N o8 v v
oo 3 O W s LN

2
3
4
5
6
7
8

2.701059654960943 10-17
0. 10-?

0. 10-!
3.792657739888722 10-5
-1.277189068503347 10-2
-2.238230528323635 10-2
-1.404575076768294 10-2
-1.622949776362046 10-1
2.114569977947585 10-1
-2.862293735361732 10-17
0. 1071
-.993040481288267 10-2
-2.947165505352433 10-3
-5.634136814096925 10-2
-4.100235203387137 10-2
-4.885550570070816 101
6.387763475049997 10-1
0. 1071

0. 107!
9.931498847952596 10-6
4.623523668931287 10-4
-2.402880564700496 10-2
-1.057420104983325 10-2
-1.156359318691445 10-1
1.497666547002409 10-!
0. 10"!
-1.040834085586084 10-17

In[24]: = Quit
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Urinary Excretion Function
The solution for compartment 7 is the cumulative urinary excretion function:

-2.775t

El.l = -4.993" 10-2e -~2.947- 10_3e -5.867" 10-31

-5.63410-2¢ ~1-059° 10-3% _4.100-10-262-137° 10-4

-2,217+10"%t

-4.886°10"1e + 6.388:10°1,

The derivative of this function with respect to time gives the instantaneous urinary
excretion function:

~2.775t ~5.867:10"3t

Eu(t) = 1.385-10"1e + 1.729:10"5¢

~1.059°10-3 -2.137°10"%

+ 5.966°10-5¢ + 8.762°10-6e

~2.217:10-5t

+ 1.083°10" 5% day-1.

19009049



Technical Basis Manuai

WSRC-~IM-90-139

Page 58 of 60

Issued 12/20/90
Part |, Chapter 7, Rev 1

References

19009049

(1)

@
©)

4

&)

(6)

0]

(8)

9)

(10)

(11)

(12)

(13)

Limits for Intakes of Radionuclides by Workers. ICRP Publication 30, Part
1. 1979.

CAIBEC Documentation ESH-TBD-91-0003

Sun, L. C,, Chabot, G. E., French, C. S., and La Bone, T. R. (1987),
“Pseudo Uptake Retention Functions for the Whole Body for Estimating
Intakes from Excretion Bioassay Data,” Rad. Protection Dosimetry 18(3),
pp. 133-139. 1987.

Limits for Intakes of Radionuclides by Workers. ICRP Publication 30, Part
4. 1988.

The Metabolism of Plutonium and Related Elements. ICRP Publication 48.
1986.

Patricia W. Durbin and Charles T. Schmidt, Part V: Implications for
Metabolic Modeling, Health Physics (49) pp. 623-661, 1985.

W.W. Parkinson Jr, L.C. Henley, and C.W. Nestor Jr, Urinary Excretion
of Curium by Two Cases Sustaining Subcutaneous Intake of Cm(NO3)3,
Health Physics (39) pp. 980-983, 1983,

La Bone, T. R., Hall, R, M., and Skrable, K. W. Urinary Excretion
Functions for Americium and Curium presented at 365h Annual Conference
on Bioassay, Analytical and Radiochemistry, Oak Ridge, TN on October 11,
1990, WSRC-MS-90-107X.

W. H. Langham et al., *“Distribution and Excretion of Plutonium
Administered Intravenously to Man” Health Physic (38), 1980.

J.N.P Lawrence “Some Further PUQFUA Studies"” Proceedings of the
Department of Energy Workshop on Radiobioassay and Internal Dosimetry,
CONF-860146, 1987

S.R. Jones. “Derivation and Validation of a Urinary Excretion Function for
Plutonium Applicable Over Tens of Years Post Uptake.” Radiation
Protection Dosimetry (11), pp. 19-27, 1985,

Individual Monitoring for Intakes of Radionuclides by Workers: Design and
Interpretation, 1ICRP Publication 54, 1988.

Neptunium: Radiation Protection Guidelines. NCRP Report Number 90,
1988.

(14) Limits for Intakes of Radionuclides by Workers. ICRP Publication 30, Part

3, 1981.

(15) Limits for Intakes of Radionuclides by Workers. ICRP Publication 30, Part

2, 1680.



Page 60 of 60
issued 12/20/90

Internal 'bégtmetry Technical Basis Manual

Part |, Chapter 7, Rev 0 _ * WSRC-IM-80-138

(16) Alkaline Earth Metabolism in Adult Man. ICRP Publication 20, 1973.

(17) Johnson 1981, J.R. Johnson and R.C. Meyers, Alkaline Earth Metabolism:
A model Useful in Calculating Organ Burdens, Excretion Rates and
Committed Effective Dose Equivalent Conversion Factors, Radiation
Protection. Dosimetry (1) pp. 87-95, 1981, ‘

(18) The Assessment of Internal Contamination Resulting from Recurrent or
Prolonged Uptakes. ICRP Publication 10A, 1971,

(19) R.W. Leggett, Predicting the Retention of Cs in Individuals, Health Physics
(50) pp 747-759, 1986.

(20) Evaluation of Radiation Doses to Body Tissues from Internal Contamination
due to Occupational Exposure. ICRP Publication 10, 1968.

(21) J.R. Johnson and D.W. Dunford, Comparison of the ICRP and MIRD Models
for Fe Metabolism in Man, Health Physics (49) pp 211-219, ‘1985.

(22) Report of the Task Group on Reference Man. ICRP Publication 23, 1975.

(23) Butler, H.L. and Leroy, J.H., Observation of Biological Half-life of Tritium,
Health Physics (11)283-285, 1965. ‘

(24) Hall, R.M., Weaver, R.P.,, Farver, D.F.,, La Bone, T.R., Dose from
Organically Bound Tritium, Presented at 35th Annual Conference on
Bioassay, Analytical and, Environmental Radiochemistry. November 1,
1989. ‘

(25) Jacquez, J.A., Compartmental Analysis in Biology and Medicine (Ann
Arbor: University of Michigan Press), 1985.

(26) Wolfran, S., Mathematica: A system for Doing Mathematics by Computer
(New York: Addison-Wesley), 1988.

(27) Peterman, B.F., Johnson, J.R., Dunford, D.W., McElroy, R.G.C., Internal
Dosimetry of Tritiated Hydrogen Gas, Report Number CFFTP-G-84034 of
Canadian Fusion Fuels Technology Project, 1985.

(28) Pinson, E. A., and Langham, W. H., “Physiology and Toxicology of Tritium
in Man". Health Physics (38) pp 1087-1110, 1980.

19999649



Page 1 of 44

internal Dosimetry Technical Basis Manuai Issued 12/20/90
WSRC-IM-80-139 Part |, Chapter 8, Rev 0

Chapter 8

Bioassay Methods

Chapter 8 Preview
* Elements Found at SRS

19009049



Page 2 of 44
Issued 12/20/90

internal Dosimetry Technical Basis Manual

Part |, Chapter 8, Rev 1 WSRC-~IM-90-139

8

Bioassay Methods

The radiobioassay methods used at SRS to detect and quantify radioactive material
in the human body and excreta are reviewed in this chapter. Unless otherwise
noted the radioactive decay information is taken from Kocher!. The minimum
detectable amount (MDA) quoted for each radiobioassay method is that quantity
of material that has a 5% chance of not being detected under the assay conditions
indicated. The MDA is a representative quantity used to design internal dosimetry
programs. The MDA should not be used to decide if a specific radiobioassay has
detected activity ot not.

Whole-body counts are performed with a Canberra FastScan which uses two large
Nal detectors. The routine count time for the whole body count is 2 minutes.

Chest counts for low energy photon emitters are performed with a pair of thin
Nal-Csl phoswich detectors or a planar germanium detector array. The routine
count time for a chest count is 30 minutes.

Silicon surface barrier detectors are used for both gross alpha and alpha
spectrometry measurements of alpha emitters in urine. The typical count time is
1000 minutes. ‘

Tritium in urine is quantified by liquid scintillation counting of a 0.5 ml sample
for 1 minute.

Fecal samples are processed by an off-site vendor. The MDA for alpha emitting

isotopes of thorium, uranium, neptunium, plutonium, americium, and curium is
0.1 pCi per sample. The MDA for Sr~89 and Sr-90 in feces is 20 pCi per sample.

19009049
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Cf-252 decays with a halflife of 2.6 years2, 96.9% of the time by alpha emission
to Cm-248 and 3.1% of the time by spontaneous fission. Because of the difference
in halflife between Cf-252 and Cm-248 there is no significant in-growth of any
radioactive daughters. The two primary alpha particles emitted are

6076 keV 15.2%
6118 keV 81.5%

The following low-energy photons? may be useful for radiobioassay:

14.93 keV 2.39%
19.22 keV 3.24%
23.0 keV  0.76%

Gross alpha counting is used to quantify Cf-252 in urine; the method has an MDA
of 0.2 pCi/L.. Because gross alpha counting is used and californium, curium, and
americium have similar chemistry, these three radionuclides are not differentiated
from one another; therefore, the results of urine bioassay should be thought of
as Cf/Cm/Am even through they are reported as Am. Chest counting with
germanium detectors has an MDA of 30 nCi based on the 19.2 keV photon and
a chest~wall thickness of 26 mm. Low levels of short-lived fission products from
the fission of Cf-252 may be detectable with the chest counter. Therefore, any
unusual peaks in the germanium counter spectrum should be investigated.
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Curium-242

i

Cm-242 has a halflife of 163 days?2 and decays to Pu-238 by alpha emission.
Because of the difference in the halflives of Cm-242 and Pu-238, there is no
significant in-growth of any radioactive daughters. The two alphas emitted are

6070 keV 25.9%
6113 keV 74.1%

Cm-242 emits the following low-energy photons?, which are useful for
radiobioassay:

12.1 keV 0.2%
14.3 keV 4.04%
16.3 keV  0.1%
18.1 keV  5.21%
21.6 keV 1.18%
44.1 keV  0.032%

Gross alpha counting is used to quantify Cm-242 in urine; the method has an MDA
of 0.2 pCi/L. Because gross alpha counting is used and californium, curium, and
americium have similar chemistry, these three radionuclides are not differentiated
from one another, therefore, the results of urine bioassay should be thought of
as Cf/Cm/Am even through they are reported as Am. Cm-242 is measured in-vivo
by chest counting. Germanium detectors have an MDA of 27 nCi and the phoswich
detectors have an MDA of 23 nCi. The MDA for the germanium detectors is based
on the 21.6 keV photon whereas the MDA for the phoswich detectors is based
on the 18.1 keV photon. The MDAs for both methods are based on a chest-wall
thickness of 26 mm.

eesesy



Page 5 of 44

Internal Dosimetry Technical Basis Manual Issued 12/20/90

WSRC-|M-80-139

Part |, Chapter 8, Rev 0

Curium-244

19009049

Cm-244 has a halfiife of 18.1 years? and decays to Pu-240 by alpha emission.
Because of the difference in halflife between Cm-244 and Pu-240 there is no
significant in-growth of radioactive daughters. The two alphas emitted are

5763 keV 23.6%
5805 keV 76.4%

Cm-244 emits the following low-energy photons?, which are useful for
radiobioassay

12.1 keV  0.193%
14.3 keV  3.77%
16.3 keV  0.0976%
18.1 keV  4.83%
21.6 keV  1.09%
42.8 keV  0.0260%

Gross alpha counting is used to quantify Cm-244 in urine; the method has an MDA
of 0.2 pCi/L. Because gross alpha counting is used and californium, curium, and
americium have similar chemistry, these three radionuclides are not differentiated
from one another; therefore the results of urine bioassay should be thought of as
Cf/Cm/Am even through they are reported as Am. Cm-244 is measured in-vivo
by chest counting. Germanium detectors have an MDA of 29 nCi and the phoswich
detectors have an MDA of 25 nCi. The MDA for the germanium detectors is based
on the 21.6 keV photon whereas the MDA for the phoswich detectors is based
on the 18.1 keV photon. The MDAs for both methods are based on a chest-wall
thickness of 26 mm,
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Americlum-241

Am-241 decays with a halflife of 432 years2 to Np-237 by alpha emission. Because
of the difference in halflife between Am-241 and Np-237 there is no significant
in-growth of any radioactive daughters.The two primary alpha particles emitted
are .

5443 keV 12.8%
5486 keV 85.2%

Am-241 emits the following low-energy photons3:4, which are useful for
radiobioassay

11.9 keV  0.808%
13.9 keV 13.2%
15.9 keV 0.505% -
17.7 keV 19.5%
20.9 keV  4.8%
26.4 keV  2.4%
59.5 keV 35.9%

Gross alpha counting is used to quantify Am-241 in urine; the method has an MDA
of 0.2 pCi/L. Because gross alpha counting is used and californium, curium, and
americium have similar chemistry, these three radionuclides are not differentiated
from one another; therefore, the results of urine bioassay should be thought of
as Cf/Cm/Am even through they are reported as Am. Am-241 is measured in-vivo
by chest counting. Germanium detectors have an MDA of 0.13 nCi and the
phoswich detectors have an MDA of 0.16 nCi, both of which are measure the
59 keV photon assuming a chest-wall thickness of 26 mm.

1900%049
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Pu-238 has a halflife of 87.7 years? and decays to U~234 by alpha emission.
Because of the difference in halflife between Pu-238 and U-234 there is no
significant in-growth of radioactive daughters. The two primary alphas emitted are

5456 keV 28.3%
5499 keV 71.6%

Pu-238 emits the following low-energy photons? which are useful for radiobioassay

11.6 keV  0.196%
13.6 keV  3.97%
15.4 keV  0.114%
17.1 keV  5.57%
20.3 keV  1.28%
43.5 keV  0.0389%

The electrodeposition method followed by alpha spectrometry is used to quantify
Pu-238 in urine; the method has an MDA of 0.02 pCi/L. Pu-238 is measured
in-vivo by chest counting. Germanium detectors have an MDA of 43 nCi and the
phoswich detectors have an MDA of 20 nCi. The MDA for the germanium
detectors is based on the 20.3 keV photon whereas the MDA for the phoswich
detectors is based on the 17.1 keV photon. The MDAs for both methods are based
on a chest-wall thickness of 26 mm,
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Plutonium-239

Pu-239 has a halflife of 24065 years? and decays to U-235 by alpha emission.
Because of the difference in halflife between Pu-239 and U-235, there is no
significant in-growth of radioactive daughters. The three primary alphas emitted
are

5105 keV 10.7%
5143 keV 15.2%
5156 keV 73.8%

Pu-239 ernits the following low-energy photons? which are useful for radiobioassay

11.6 keV  0.073%
13.6 keV  1.48%
15.4 keV  0.042%
17.1 keV  2.09%
20.3 keV 0.486%
51.€ keV 0.0208%

The electrodeposition method followed by alpha spectrometry is used to quantify
Pu-239 in urine. Alpha spectrometry can not differentiate between Pu-239 and
Pu-240. The results of urine bioassay are reported as Pu~239, which includes any
Pu-240 that may be present. The method has an MDA of 0.02 pCi/L. Pu-239
is measured in-vivo by chest counting. Germanium detectors have an MDA of
110 nCi and the phoswich detectors have an MDA of 40 nCi. The MDA for the
germanium detectors is based on the 20.3 keV photon whereas the MDA for the
phoswich detectors is based on the 17.1 keV photon. The MDAs for both methods
are based on a chest- wall thickness of 26 mm.

There are two typical types of Pu-239 processed at SRS which may be described
by their Pu-240 mass fraction: 6% Pu and 12% Pu. The MDA for chest counting
of 6% Pu is 0.75 times the MDA for pure Pu-239 based on either the 20.3 keV
or 17.1 keV x-rays. The MDA for chest counting of 12% Pu is 0.5 times the MDA
for pure Pu-239 based on either the 20.3 keV or 17.1 keV x-ray.

19909049



Page 9 of 44

Internal Dosimetry Technical Basis Manual lssued 12/20/90

WSRC-IM-80~138

Part |, Chapter 8, Rev O

Plutonium-240

9009449

Pu-240 has a halflife of 6537 years? and decays to U-236 by alpha emission.
Because of the difference in halflife between Pu-240 and U-236, there is no
significant in-growth of radioactive daughters. The two primary alphas emitted
are

5124 keV  26.5%
5168 keV 73.4%

Pu-240 emits the following low-energy photons? which are useful for
radiobioassay:

11.6 keV  0.186%
13.6 keV  3.77%
15.4 keV  0.109%
17.1 keV  5.32%
20.3 keV  1.22%
51.6 keV 0.045%

The electrcdeposition method followed by alpha spectrometry is used to quantify
Pu-240 in urine. Alpha spectrometry can not differentiate between Pu-239 and
Pu-240; therefore, the results of urine bioassay are reported as Pu-~239. The
method has an MDA of 0.02 pCi/L. Pu-240 is measured in-vivo by chest counting.
Germanium detectors have an MDA of 46 nCi and the phoswich detectors have
an MDA of 22 nCi. The MDA for the germanium detectors is based on the 20.3
keV photon whereas the MDA for the phoswich detectors is based on the 17.1
keV photon. The MDAs for both methods are based on a chest-wall thickness
of 26 mm.
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Pu-241 decays with a halflife of 14.4 years? to Am-241 by negatron emission.
No photons useful for radiobioassay are emitted. The beta particles emitted have
a maximum energy of 21 keV. Currently no radiobioassay procedures are
performed for Pu-241.

19009649
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Np-237 has a halflife of 2.14 * 106 years? and decays to Pa-233 by alpha emission.
Pa-233 has a halflife of 27 days and grows into equilibrium with Np-237. The
two primary alphas emitted by Np-237 are

4772 keV  25.0%
4789 keV 47.1%

Np-237 emits the following low-energy photons2 which are useful for
radiobioassay:

11.4 keV  1.04%
13.3 keV 21.5%
16.6 keV 28.4%
19.7 keV  6.61%
29.4 keV  14.0%
86.5 keV 12.6%
92.3 keV 1.75%
95.9 keV  2.84%

In addition, Pa-233 emits the following photons?

13.6 17.3%

17.0 20.4%
20.4 5.07%
75.3 1.17%
8.6 1.76%
94.7 10.1%
98.4 16.3%
110.4 2.00%
111.3 3.80%
114.7 2.00%
300.1 6.19%
312.0 36.0%
340.5 4.21%
398.6 1.19%
415.8 1.51%

Gross alpha counting is used to quantify Np-237 in urine. The method has an MDA
of 0.2 pCi/L. Np-237 is measured in-vivo by chest and whole body counting. For
chest counting, the germanium detectors have an MDA of 0.35 nCi and the
phoswich detertors have an MDA of 0.48 nCi, both of which are based on the
86.5 keV photon assuming a chest-wall thickness of 26 cm. The 312 keV photon
from Pa-233 is used to measure Np-237 by whole body counting. The MDA for
this procedure is 13 nCi of Pa~233, which in equilibrium represents 13 nCi of
Np-237.
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Uranium-234

U-234 decays with a halflife of 2.445 * 105 years? to Th-230 by alpha emission.
Because of the halflife of Th-230 there is no significant in-growth of radioactive
daughters. The two primary alphas emitted are

4721 keV  27.4%
4773 keV  72.3%

U-234 emits the following low-energy photons2, which are useful for radiobioassay

11.1 keV
13.0 keV
14.5 keV
16.1 keV
19.1 keV
5§3.2 keV

0.17%
3.56%
0.113%
5.44%
1.25%
0.118%

Gross alpha counting is used to quantify U~234 in urine; the method has an MDA
of 0.4 pCi/L. U-234 can be measured in-vivo by chest counting using the 53.2
keV photon, which gives an an MDA of 43 nCi. Lower detection levels are usually
obtained by quantifying the U-234 indirectly based on the U-~235 or U-238

present.

9009849
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U-235 decays with a halflife of 7.038 + 108 years2 to Th-231 by alpha emission.
Th~231 decays by negatron emission and with a halflife of 26 hours and grows
rapidly into equilibrium with the U-235, but no other daughters grow in to a
significant extent. The two primary alphas emitted by U-235 are

4366 keV 17.6%
4398 keV 56.0%

U-235 emits the following low-energy photons? which are useful for radiobioassay

144 keV  10.5%
186 keV  54.0%

The Th-231 does not emit any photons useful for radiobioassay.

Gross alpha counting is used to quantify U-235 in urine. The method has an MDA
of 0.4 pCi/L. U-235 is measured in-vivo by chest and whole body counts. For
chest counts, the germanium detectors have an MDA of 0.1 nCi and the thick
phoswich detectors have an MDA of 0.2 nCi, both of which are based on the 186
keV photon. The 186 keV photon can also be detected by the whole body counter,
which has an MDA of 13 nCi.
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Uranium-236

U-236 decays with a halflife of 2.342 * 107 years? to Th-232 by alpha emission.
Because of the halflife of Th-232 there is no significant m—growth of radioactive
daughters. The two primary alphas emitted are

4470 keV 25.9%
4518 keV 73.8%

U-236 emits the following low-energy photons? which are useful for radiobioassay:

11.1 keV  0.16%
13.0 keV  3.36%
14.5 keV  0.105%
16.1 keV  5.08%
19.1 keV  1.16%

Grosé alpha counting is used to quantify U-236 in urine; the method has an MDA
of 0.4 pCi/L. U-236 can be measured in-vivo by chest counting using the 19.1
keV photon, which gives an an MDA of 91 nCi. Lower detection levels are usually

obtained by quantifying the U-236 indirectly based on the U-235 or U-238
present.
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U-238 decays with a halflife of 4.468 + 109 years2 to Th-234 by alpha emission.
Th-234 decays by negatron emission and with a halflife of 24 days and grows into
equilibrium with the U-238. The two primary alphas emitted by U~238 are

4149 keV 22.9%
4198 keV 76.8%

U-238 emits the following low-energy photons2 which are useful for radiobioassay:

11.1 keV  0.141%
13.0 keV  2.96%
14.5 keV  0.0922%
16.1 keV  4.47%
19.1 keV  1.02%

In addition Th-234 emits the following photons:

11.4 keV  0.178%
13.3 keV  3.66%
16.5 keV  4.7%
19.8 keV  1.23%
63.3 keV 3.81%
92.3 keV  2.73%
92.8 keV  2.69%
113.0 keV 0.242%

Gross alpha counting is used to quantify U~238 in urine; the method has an MDA
of 0.4 pCi/L. U-238 is measured in-vivo by chest counting. The germanium
detectors have an MDA of 1.1 nCi and the phoswich detectors have an MDA of
2.0 nCi, both of which are based on the 63 keV photon of Th-234 assuming a
26 mm chest wall thickness. The MDA based on detection of the 19.1 keV photon
of U-238 is 100 nCi.



Page 16 of 44

Issued 12/20/90 internal Dosimetry Technical Basis Manual
Part I, Chapter 8, Rev O ‘ WSRC-IM-90-139

Elemental Uranium

Elemental uranium is measured by kinetic phosphorimeter analysis with an MDA
of 0.3 ug/L.
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Th-228 decays with a halflife of 1.91 years by alpha emission. A series of seven
daughters, five alpha emitters and two beta emitters, grow into equilibrium with
Th-228 within several weeks. The two primary alphas emitted by Th-228 (not
including daughters) are

5341 keV 26.7%
5423 keV  72.7%

Th-228 emits the follovﬁng low-energy photon which is useful for radiobioassay:

84.4 keV 1.21%

The most important daughter of Th-228 for in-vivo bioassay is Pb-212, which
emits the following photon: p

239 keV  45%

The Th-228 in urine is quantified by an off-site vendor. The MDA for the analysis
is 0.1 pCi/L. Th-228 is measured in-vivo by chest counting. The germanium
detectors have an MDA of 0.13 nCi for Pb~212 based on the 239 keV photon.
Assuming secular equilibrium of Pb-212 with Th-228, the MDA for Th-228 would
also be 0.13 nCi. The MDA based on the 84.4 keV photon of Th-228 and a 26
mm chest wall thickness is 3.4 nCi.
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Thorlum-232

Th-232 decays with a halflife of 1.405°1010 years by alpha emission. A series
of ten daughters, six alpha emitters and four beta emitters, will grow into
equilibrium with Th-232 in two or three decades. The two primary alphas emitted
by Th-232 (not including daughters) are

3953 keV 23.0%
4010 keV 77.0%

Th-232 emits the following low-energy photon which is useful for radiobioassay:

84.4 keV 1.21%

The most important daughter for in-vivo bicassay is Th-228, which was discussed
in the previous section.

The Th-232 in urine is quantified by an off-site vendor. The MDA for the analysis
is 0.1 pCi/L.. Th-232 is measured in-vivo by chest counting. The MDA based on
the 106 keV photon of Th-232 and a 26 mm chest wall thickness is 28 nCi. If
the ratio of Th-228 to Th-232 is known, the Th-228 may be used to quantify
the Th-232.
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Eu-152 decays with a halflife of 13.6 years, 72% of the time by electron capture
and positron emission and 28% of the time by negatron emission. Photons emitted
by Eu-152 that are useful for radiobioassay are

1408 keV 20.7%
1112 keV 13.3%
1086 keV 10.0%
964 keV  14.4%
779 keV  12.7%
344 keV  26.5%
40.1 keV 37.7%
39.5 keV  20.8%

Eu-152 is measured in-vivo by chest and whole body counting. Whole body

counting has an MDA of 16 nCi based on the 344 keV photon. The germanium
chest counter has an MDA of 0.13 nCi based on the 40.1 keV photon.

19009049
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Europlum-154
Eu-154 decays with a halflife of 8.8 years by negatron emission. Photons emitted
by Eu-154 that are useful for radiobioassay are

1274 keV 35.5%
1005 keV 17.9%
996 keV  10.3%
873 keV  11.5%
779 keV  12.7%
723 keV  19.7%

Eu-154 is measured in-vivo by whole body counting. The method has an MDA
of 10 nCi based on the 1274 keV photon.
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Page 21 of 44

internal Dosimetry Technical Basis Manual Issued 12/20/90

WSRC-IM-90-138

Part |, Chapter 8, Rev 0

Cerium-141

19009049

Ce-141 decays with a halflife of 32.5 days by negatron emission. One photon

. emitted by Ce-141 that is useful for radiobioassay is

145 keV  48.4%

Ce-141 is measured in-vivo by chest and whole body counting. Whole body
counting has an MDA of 14 nCi whereas chest counting has an MDA of 0.10 nCi.
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Cerlum-144

Ce-144 decays with a halflife of 284 days by negatron emission. One photon
emitted by Ce-144 that is useful for radiobioassay is

134 keV  10.8%

Ce-144 is measured in-vivo by chest and whole body counting. Whole body
counting has an MDA of 55 nCi whereas chest counting has an MDA of 0.43 nCi.
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Ba-140 decays with a halilife of 12.8 days by negatron emission to the radioactive
daughter La-140, which has a halflife of 1.7 days. One photon emitted by Ba-140
that is useful for radiobioassay is

537 keV  25.0%

La-140 also emits photons that may be useful for detecting and quantifying
Ba-140.

Ba-140 is measured in-vivo by whole body counting. The method has an MDA
of 17 nCi based on the 537 keW photon.
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