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Abstract

A computer code, INREM II, has been developed to caiculate the
internal radiation dose equivalent to organs of man which results
from the intake of a radionuclide by inhalation or ingestion. Depo-
sition and r-moval of radioactivity from the respiratory tract is
represented by the International Commission on Radiological Protection
Task Group Lung Model. A four-segment catenary model of the gastro-
intestinal tract is used to estimate movement of radioactive material
that is ingested, or swallowed after being cleared from the respira-
tory tract. Retention of radioactivity in other organs is specified
by 1inear‘combinations.of decaying exponential functions. The for-
mation and decay of radioactive daughters is treated explicitly,
with each radionuclide in the decay chain having its own uptake and
retention parameters, as supplied by the user.

The dose equivalent to a target organ is computed as the sum of
contributions from each source organ in which radioactivity is assumed
to be situated. This calculation utilizes a matrix of dosimetric

S-factors (rem/uCi-day) supplied by the user for the particular choice
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of source and target organs. Output permits the evaiuation of
components of dose from cross-irradiations when penetrating radia-
tions are present.

INREM IT has been utilized with current radioactive decay
data and metaboiic models to produce extensive tabulations of dose
conversion factors for a reference adult for approximately 150
radionuclides of interest in environmental assessments of light-
water-reactor fuel cycles. These dose conversion factors repre-
sent the 50-year dose commitment per microcurie intake of a
given radionuclide for 22 target organs including contributions from
specified source organs and surplus activity in the rest of the
body. These tabulations are particularly significant in their
consistent use of contemporary models and data and in the detail of

documentation.

Introduction
The INREM II computer code (Killough et al., 1978a) has been

developed at Oak Ridge National Laboratory {ORNL) to calculate the
internal radiation dose equivalent to organs of a reference human
adult due to inhalation or ingaestion of a radionuclide. fhe code
utilizes contemporary dynamic models to estimate the residence of
activity (uCi-day) in those source organs for which retention data
are available, and combines these with appropriate dosimetric S-
factors (rem/uCi-day, to calculate dose equivalent to given target
organs. This approach permits calculation of the contribution of

cross-irradiations to a target organ's total dose.



The average dose equivalent (rem) accrued by a target organ
X due to radionuclide species i partitioned among a series of
mutually exclusive source organs Y], Y2,....Ym, may be expressed
by the equation

m T
D,(X) =), s, (x+vk)f A (1) dt,
k=1 0

where Aik(t) is the activity of radionuclide i in organ Yk at time
t, Si(X+Yk) is the dosimetric S-factor representing the average dose
equivalent rate to target organ X due to 1 uCi of radionuclide i
uniformly distributed in the source organ of index k, and T is the
time of integration (usually taken to be 50 years). Each integral

| provides a measure (uCi-days) of the total energy emitted by decay
of the radionuclide in the organ.

The S-factors have been computed according to methods described
by Snyder et al. (1974). These methods are implemented in the com-
puter code SFACTOR (Dunning et al., 1977), which is used to provide
input data for INREM II. The details of dosimetry incorporated into
the calculation of S-factors are beyond the scope of this paper. We
note only that contributions from alpha, alpha recoil, electrons
(including B+, g, Auger and internal conversion electrons), photons
(including X rays), and radiations from spontaneous fission are each
considered explicitly whenever they occur.

Model Description
Intake of a radionuclide is assumed to occur by inhalation or

jngestion. A schematic representation of radionuclide movement among



various conceptualized compartments of the body is shown in Fig. 1.
Upon absorption into the blood, the radionuclide is distributed among
other organs in accordance with fractional uptake coefficients and
metabolic information supplied as input data. Retention functions
are specified in the form of a series of decaying exponential terms
for each source organ for which such data are available. Those or-
gans of the body which are not accounted for by specific retention
functions are placed in a category denoted as "OTHER," within which
the remaining activity is assumed to be uniformly distributed.

The International Commission on Radiological Protection (ICRP)
Task Group Lung Model (Morrow et al. 1966) is used to estimate the
deposition and retention of inhaled particulates in the respiratory
tract, and their subsequent absorption by blood and clearance into
the gastrointestinal (GI) tract. The clearance parameters shown in
Fig. 2 were adapted from ICRP Publication 19 (1972). The three
clearance classes D, W, and Y correspond to rapid, intermediate,
and slow removal, respectively, of material deposited in the respi-
ratory passages. The four major regions of the respiratory tract
jdentified in the model are the nasopharynx (N-P), tracheobronchial
tree (T-B), pulmonary region (P). and respiratory lymph (L). The
fractional deposition of inhaled particulate material among the
nasopharyngeal, tracheobronchial and pulmonary regions is specified
by the fractions D3, D4, and D5, which are functions of the activity
median aerodynamic diameter (AMAD) of the particle. The values of

these fractions shown in Fig. 2 correspond to an AMAD of 1 micron.



A four-segment catenafy model of the gastrointestinal tract shown
in Fig. 3 is used to model the dynamics of radionuclides which are in-
gested, or swallowed after clearance from the respiratory system. Ex-
ponential outflow of activity from each segment into the next, or out
of the system, is assumed. The outflow rate coefficients used in
these calculations have been derived from transit times of Eve (1966).
Absorption into blood may take place from any segment of the GI tract;
in practice, however, absorption is frequently assumed to occur only
from the small intestine.

When a radionuclide taken into the body decays to produce one
or more radioactive daughters, the formation and subsequent decay
of these daughters is superimposed upon the dynamics of the trans-
location and retention of the parent within the body. The daughters
may have different chemical and physical properties from those of
the parent and may be metabolized differently in the body. Uptake
and retention parameters are specified as input data for each radio-
nuclide species in the decay chain, so that each’can be cleared from
the lungs, absorbed from the GI tract, and taken up and vetained
by other organs according to its individual characteristics.

Application

An example of the output produced by INREM II is shown in
Figs. 4-6. The example shown here is the 30Sy » 90Y decay chain.
Physical and metabolic data for each radionuclide are displayed
first, as shown in Fig. 4. Physical data include the radiological

half-1ife and branching ratios for each species in the decay chain.



Fractional absorption coefficients and retention models for each
available source organ are then presented, followed by matrices of
the appropriate S-factors.

A dose matrix is calculated for each case of intake of a given
radionuclide by inhalation or ingestion in accordance with a speci-
fied intake rate function; this intake rate function is specified
by the user and may represent acute or chronic exposure. In Fig. 5
we show a case representing an acute intake by initial inhalation of
1 uCi of 29Sr and the subsequent 50-year dose commitment to each of
a selected 1ist of target organs. A fractional absorption ccefficient
from the GI tract to blood is specified for each nuclide. The AMAD
of the parent and a respiratory clearance category for each radio-
nuclide is indicated when intake is by the inhalation pathway. An
estimate of the dose equivalent accrued by each target organ from
activity in each source organ is presented, as well as the total dose
to each organ. This format enables the reader to determine the rela-
tive importance of cross-irradiations in the total dose. The selec-
tion of source and target organs to be considered is limited only
by the availability of the required data for each organ. The 1list
of target organs shown in Fig. 5 has been found to be a useful one,
and has been consistently utilized in our tabulations of dose con-
version factors to date. The choice of source organs is a function
of the available metabolic data and may vary with each element.

INREM II also produces a table which depicts the relative con-

tribution of each species in the decay series to the total dose



commitment to each organ. This feature has been found to be very
useful in identifying the critical contributors tb dose within a
given decay chain. In Fig. 5, for example, it is apparent that the
dose to most organs is delivered predominantly by the 99Y daughter
for that case.

Output produced for a similar case where intake is by ingestion
is shown in Fig. 6. Estimates of dbse commitment are again based
upon an acute intake of 1 uCi of 99Sr. The INREM II code has the
capability of listing any pertinent commentary material following
the final case. -In Fig. 6 this feature is used to indicate the source
of the metabolic data for the calculations.

In its present form, the INREM II code has been utilized to
compute comprehensive tabulations of internal dose conversion
factors. The term "dose conversion factor" is used here to describe
the 50-year dose commitment to a given organ resulting from the
acute intake of a unit quantity of a given radionuclide species. To
date, tabulations of dose conversion factors for approximately 150
radionuclides of potential interest in the nuclear fuel cycle have
been produced in two volumes of an ORNL report. An initial volume,
containing information for radionuclides with mass numbers less
than 150, was published recently (Killough et al., 1978), and a
second volume is forthcoming with coverage of nuclides wita mass
numbers greater than 150 (Dunning et al., in preparation). In
every case, a careful assessment of the physical and metabolic data
available for the calculations was performed, and those judgéd to

be the beét available were uytilized,



In these tabulations of dose conversion factors, summary tables
similar to the one shown in Fig. 7 are presented, in addition to
the detailed output described in Figs. 4-6. Each table is specific
to intake by either inhalation or ingestion, and presents a matrix
of total dose conversion factors for specified target organs for
various radionuclides. The respiratory clearance class (D, W, or
Y, where applicable) and the assumed value of AMAD for the parent
nuclide are specified for inhalation cases in the columns labeled
"SOL" and "AMAD" respectively. The GI-tract-to-blood absorption
fraction, "F1", is given for either form of intake, These para-
meters should help the reader to identify a case which is applicable
to his specific requirements., For many applications this type of
tabulation may prove adequate and more convenient than the detailed
presentation,

Conclusion

The work described here is significant in many respects. Con-
temporary methodologies and dynamic models have been implemented in
the SFACTOR and INREM II computer codes for estimation of internal
dose. These codes have been utilized, along with current physical
and metabolic data, to generate comprehensive tabulations of dose
conversion factors which are internally consistent in computational
methodelogy. These tabulations have been designed for maximum
practical utility in assessments of releases from nuclear fuel-
cycle facilities, with thorough documentation of all input parameters
and assumptions. This consistency and complete documentation is

of paramount importance for credibility in assessment and regulatory

activities.
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Figure 7. Summary dose conversion factor
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