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ABSTRACT
In the absence of age-specific biokinetic models, current retention

models of the International Commission on Radiological Protection (ICRP)
frequently are used as a point of departure for evaluation of exposures to
the general population. These models were designed and intended for esti-
mation of long-term integrated doses to the adult worker. Their format and
empirical basis preclude incorporation of much valuable physiological
information and physiologically reasonable assumptions that could be used
in characterizing the age-specific behavior of radioelements in humans. In
this paper we discuss a comprehensive approach to age-dependent dosiraetric
modeling in which consideration is given not only to changes with age in
masses and relative geometries of body organs and tissues but also to best
available physiological and radiobiological information relating to the
age-specific biobehavior of radionuclides. This approach is useful in
obtaining more accurate estimates of long-term dose commitments as a func-
tion of age at intake, but it may be particularly valuable in establishing
more accurate estimates of dose rate as a function of age. Age-specific
dose rates are needed for a proper analysis of the potential effects on
estimates of risk of elevated dose rates per unit intake in certain stages
of life, elevated response per unit dose received during some stages of
life, and age-specific non-radiogenic competing risks.

INTRODUCTION
Th£ metabolic and dosimetric models currently recommended by the ICRP

(1979) were designed and intended for interpreting occupational exposures
of a typical adult. These models are generally considered to be the best
supported comprehensive set of internal dosimetric models and, in the
absence of age-specific biokinetic models, are frequently used as a point
of departure for evaluation of exposures to the general population.

In some cases it is assumed, in effect, that all members of the popu-
lation experience the same doses as the reference adult represented in the
ICRP models. For example, in a methodology developed recently by the U. S.
Environmental Protection Agency (EPA) to estimate health risk to the public
from exposure to any of about 150 radionuclides, metabolic and dosimetric
models for the adult as given in ICRP Publication 30 were applied Co all
age groups (Sullivan et al., 1981).
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In other cases the metabolic properties of the adult are assigned to
other age groups but account is taken of the generally greater dose per
unit activity that results from the smaller organ masses in children. This
approach was taken for most radionuclides in a recent tabulation of dose-
conversion factors issued by the National Radiological Protection Board
(NRPB) of the United Kingdom, although age-specific metabolic models were
used for hydrogen, carbon, sulfur, and iodine (Greenhalgh, Fell, and Adams,
1985). A similar approach was taken in an earlier document issued by the
U. S. Nuclear Regulatory Commission (Hoenes and Soldat, 1977), except that
metabolic models and general dosimetric methods were based on ICRP Publica-
tion 2 (1959).

This approach incorporates part of the known differences with age into
calculations of age-specific dose-conversion factors, namely, the anatomi-
cal differences. On the other hand, this approach excludes many known or
expected differences with age in the biological behavior of radionuclides
that could conceivably lead to substantial age dependence in doses. For
example, there is evidence that fractional uptake to blood may depend
strongly on age for some radioelements. Also, the distribution of the con-
tamination that has reached blood may be particularly unfavorable to chil-
dren in some cases. For example, the younger skeleton tends to accumulate
a higher fraction of various metals from blood than does the older skele-
ton. On the other hand, depending on the metal, this might be partially
compensated or possibly even overshadowed by the more rapid remodeling of
immature bone.

In this paper we discuss a comprehensive approach to age-dependent
dosimetric modeling in which consideration is given not only to changes
with age in masses and relative geometries of body organs and tissues but
also to best available physiological and radiobiological information relat-
ing to the age-specific biobehavior of radionuclides. This requires a
departure from the format and concepts underlying the retention models of
ICRP Publication 30 and the adoption of an approach in which biokinetic
models are given a strong physiological foundation. We believe that such a
modeling approach can also be used to overcome other limitations of the
ICRP metabolic models. Our methods and models are described in more detail
in Report ORNL/TM-10080 (Leggett et al., 1986).

CONSTRUCTION OF BIOKINETIC MODELS

Limitations of the Modeling Approach of the ICRP
Each of the metabolic models of ICRP 30 is a concise mathematical sum-

mary of observations and assumptions concerning the net retention of a
radioelement in organs or the whole body of adult humans. These models
were designed and intended for the purpose of estimating long-term
integrated doses to occupationally exposed persons. For the most part,
these models are based on direct observations of net retention of radioele-
ments in organs or whole bodies of experimental animals and humans, the
equilibrium distribution of elements in Reference Man as described in ICRP
Publication 23 (1975), analogies among chemical families of elements, and
broad assumptions where information is lacking. Physiological considera-
tions occasionally enter model construction or choice of parameter values,
but not in any uniform or consistent manner.

The biokinetic models and, more generally, the modeling approach
described in Publication 30 have some serious limitations, especially when
applied outside the narrow context described in that document. In particu-
lar, because coefficients and rate constants in the models typically are



derived as empirical fits, the models often cannot be extended to non-
adults (there are exceptions) due to a paucity of age-specific radiobiolog-
ical data, A closely related problem is that use of a non-mechanistic
foundation precludes the incorporation of a great deal of valuable physio-
logical information and physiologically reasonable assumptions that could
be used in characterizing the behavior of radioelements in humans, includ-
ing adults. Also, although the models have been constructed largely from
data for non-humans, they are not constructed in such a way that extrapola-
tion to humans has strong logical support. Other difficulties are
apparent: in many cases the models do not lead to meaningful estimates of
dose for short-lived nuclides, heterogeneously distributed nuclides, or
migrating decay products (cf. Leggett, Dunning, and Eckerman, 1985); and
the models are of limited use in bioassay programs since they do not pro-
vide accurate short-term estimates of excretion and do not specify excre-
tion pathways (cf. Leggett and Eckerman, 1986).

We have found that these problems can be overcome to a large extent by
building biokinetic models upon a strong physiological foundation. The
first requirement for such a model is as detailed a description as possible
of the qualitative biobehavior of the substance of interest, based on an
in-depth review of the pertinent physiological and radiobiological litera-
ture. The qualitative description is used as the basis for a model frame-
work consisting of physically identifiable compartments and paths among the
compartments. With this approach parameter values often can be based on
sources of information not readily tapped with an empirical curve-fitting
approach. For example, if processes thought to control movement of a sub-
stance among compartments can be identified from animal studies (for exam-
ple, bone apposition, bone replacement, plasma flow, biliary excretion,
cell death, organ growth), first estimates for parameter values might be
based on quantification of these processes in humans, thus giving a more
meaningful basis for extrapolation from animal data than is achieved with
current ICRP methods. Of course, we can hardly expect to derive a meaning-
ful model unless there is some quantitative element-specific information
with which to narrow in on parameter values or test model predictions, at
least for the adult.

Example: A Detailed Biokinetic Model for K, Rb, and Cs
As an example, consider the model framework shown in Fig. 1. This was

designed for potassium and physiologically related elements (Leggett and
Williams, 1986). A review of the physiological literature revealed that
uptake of the primarily intracellular alkali metals potassium, rubidium,
and cesium by different organs is related somewhat to the plasma flow rate
(solid arrows). However, for each element there is a tissue-specific frac-
tion extracted by a compartment during a single passage from arterial to
venous plasma. Plasma flow rates and extraction fractions were gleaned
from the literature and were used to obtain estimates for inflow rates into
organs. Outflow rates from organs vary substantially with the organ and
the intracellular alkali metal but are related to exchange? with K and loss
in other substances such as saliva, bile, sloughed cells, and secretions to
or from gastrointestinal contents (dashed arrows in figure), In order to
obtain reasonable first estimates of the outflow rates from organs, we. had
to improve available estimates (ICRP, 1975) of organ contents of K. Rb, and
Cs under equilibrium conditions (Williams and Legp.et t., 1()H(>).
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somewhat uniformly distributed over much of their residence time, it may
suffice to combine many tissues and fluids that are important only for
descriptions of very short-term kinetics. In a few cases it may even suf-
fice to have an ICRP-type representation of retention, provided parameters
in the model can be tied to a suitable physiological index.
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FIGURE 1 . Model f r a m e w o r k f o r p o t a s s i u m and r e l a t e d e l e m e n t s .
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For longer-lived isotopes of K, Rb, and Cs, much simpler representa-
tions of the biokinetics suffice for dosimetric applications. For example,
an analysis of the physiological and radiobiological literature on cesium
and biologically similar elements led us to the conclusion that an ICRP-
type model would suffice for description of fairly long-lived isotopes of
Cs and that parameter values could be related closely to K , , the amount of
K in the total body (Leggett, 1986). That is, for a given sex, we can
estimate the Cs retention in a person with K , grams of K in the whole body
as

R(t) - a e x p ^ ^ S t / T ^ + (1 - a)exp(-0.693t/T2), (1)

where R(t) is the fraction of activity at reference time zero still
retained in the body t days later, a and 1-a are fractions of the initial
activity associated with two compartments uniformly distributed throughout
the body, T. and T- are the biological half-times of cesium in those com-
partments, and a, T1 , and T- all vary with K , . Using age-specific values
for K , , we can describe age-specific parameter values for Eq. 1. The
reader is referred to the article by Leggett (1986) for these values and
for more details of the model.

Models for Bone-Seeking Radionuclides
Physiologically detailed schemes have proved particularly useful in

the development of age-specific biokinetic models of bone-seeking radio-
nuclides. This is because retention and translocation of these elements
within the skeleton and their eventual release from this organ may be
strongly affected and sometimes even governed by quantifiable physiological
processes whose rates may vary substantially during different stages of
life.

For example, consider the scheme shown in Fig. 2. This was designed
to describe the behavior of plutonium and related elements. Qualitative
information for different species indicates that Pu which reaches the
skeleton may deposit initially on bone surfaces or in marrow, depending on
the physico-chemical form, with greater amounts depositing in the immature
than in the mature skeleton. Activity may be released from bone marrow to
bone surfaces and plasma with a half-time of a few weeks or months, but
most activity remains fixed on bone surfaces until buried in bone volume
and carried to marrow by bone modeling and remodeling processes. Activity
buried—in some bone types is gradually uncovered by these same processes
and again becomes available for deposition or excretion. Age-specific
rates for these processes have been estimated, and these have been con-
verted to age-specific rate constants for the paths depicted in Fig. 2
(Leggett and Eckerman, 1984), with variation over different stages of life
during adulthood also being considered (Leggett, 1985; Leggett and Ecker-
man, 1986).

Because Pu and related elements also deposit to a large extent in the
liver, if. was necessary to derive a detailed model of that organ. This was
more difficult than for the skeleton, because there are important differ-
ences in behavior of Pu in the livers of different species. (There are
also qualitative differences in bone remodeling between some small mammals
and humans, but this presented fewer problems.) We believe the paths of
movement indicated in Fig. 2 may be appropriate for description of Pu
within the human liver. Soluble Pu may be taken up by hepatocytes and may
be available for removal in bile for a short time.' Pu gradually may become
entrapped in subcellular organelles and, on eventual death of the hepato-
cyte may become engulfed in fixed reticulo-endothelial (RE) cells in the
liver. There is an extended sojourn in these cells, but activity is even-
tually released to plasma in soluble form and is again available for excre-
tion or skeletal or hepatic deposition. At present the removal rate from



RE colls Co plasma can be given only a very crude estimate based on empiri-
cal whole-liver data for humans. We could find no reason to impose dif-
ferent values for children and adults for any of the parameters associated
with the liver, except that a smaller fraction of systemic Pu is taken up
by the liver in children, perhaps because of greater competition from the
skeleton at young ages.
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FIGURE 2. Model framework for plutonium and related elements.

Age-specific models somewhat similar to that ffor Pu have now been
derived for several bone-seeking radioelements. The degree of confidence
that can be placed in model predictions varies considerably from one ele-
ment to another. Greatest uncertainties generally ;iro associated with rate
constants that are strongly element-dependent, such as the effective rates
of movement- of uranium or alkaline earth medals from bone surfaces Co
plasma. We have found that a physiologically based scheme is particularly
useful in the design of uncertainty or .sensitivity analyses and in helping
to pinpoint areas where further research would be- most effective.



BiokineCics in the Gastrointestinal and Respiratory Tracts
As has been recognized for some time, it is important in assessments

of internal exposures to take account of differences with age in the amount
of material inhaled or ingested. Another important factor that receives
too little attention, we believe, is age dependence in the fraction of
ingested material absorbed to blood. Elevated absorption is sometimes
assumed for infants, but we believe there may be a less marked but non-
negligible elevation of absorption of some radioeleinents throughout the
period of growth (Cristy et al., 1986). The fractional deposition of
inhaled material in various regions of the respiratory tract and the rate
of movement of material in the respiratory and gastrointestinal tract
appear to involve some dependence on age, but we are not yet convinced that
these quantities are strongly age dependent.

DOSIMETRY MODELS
To convert from the time-dependent distribution of activity in the

body predicted by a biokinetic model to dose-equivalent rates, we require a
quantity called the specific effective energy or SEE. For a given target
organ T and a given source organ S, the quantity SEE(T.S) reflects the
yield, average energy, and quality factor for each type of radiation emit-
ted from S as well as the specific absorbed fraction SAF(T.S) for that
radiation type. The SAF is the fraction of emitted energy from the source
organ S that is absorbed by the target organ T per unit mass of T.

The SEE values may vary substantially with age, because the specific
absorbed fractions depend on the relative geometries of the source and tar-
get organs as well as the mass of the target organ. For non-penetrating
radiations the calculation of age-dependent SEE values is straightforward.
Since all emitted energy is assumed to be absorbed by the source organ, the
only age-dependent variable in this case is the mass of the organ. The
problem is considerably more complex for penetrating radiations, however,
because the changing shapes and relative positions of the organs must be
taken into account in this case in the development of specific absorbed
fractions.

Specific absorbed fractions for photon emissions of various energies
have been available for the reference adult for some time. Recently these
were updated and SAF's were also calculated for age groups 0, 1, 5, 10, and
15 years (Cristy and Eckerman, 1987). These values were derived using a
combination of Monte Carlo and point-source kernel methods and using dif-
ferent mathematical phantoms of the human body for each age group. An
external view of these mathematically represented phantoms, together with
comparative cross-sections of the middle trunk regions of the newborn and
adult phantoms, are shown in Fig. 3. Specific absorbed fractions vary sub-
stantially with age for some energies, source organs, and target organs.

APPLICATIONS OF THE MODELS
In Table 1 we compare some age-specific 50-year dose commitment fac-

tors based on our biokinetic models and SEE values with (1) factors for the
reference adult as described in ICRP Publication 30 and (2) age-specific
factors tabulated in report NRPB-R162, 1985, and derived using ago-specific
SEE values but ICRP retention models for the reference adult. Comparison
with the ICRl'-based factor for the adult is accomplished by normalizing our
entries (ORNL) as well as those of the NRPB to the ICRP-IKKSIHI factor.
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Some of our values agree reasonably well with those for the ICRP
reference adult or with NRPB age-specific values, but in cases other than
ingestion of Cs-134 by adults, the agreement appears to be fortuitous. For
example, consider the case of inhalation of Th-230 by adults. The ICRP
model for thorium depicts skeletal activity as remaining on bone surfaces
until removed to excretion, while we consider removal from bone surfaces to
bone volume, bone marrow, and plasma, and potential recycling to bone sur-.
faces and other tissues. But the potential overestimate in dose commitment,
that, might result from the ICRP's oversimplified picture is offset by their
assumed removal rate from skeleton, which is much faster than our net remo-
val rate. We note here that parameter valu-r- in the ICRP model for thorium
are taken from results for beagles, widnour adjustment for potential
differences between beagles and humans.

For the case of ingestion of U-238, our values for bone surfaces in
children are considerably different from ICRP or NRPB values. We believe
that all three approaches yield fairly uncertain values in this case. The
large differences result from the fact that we consider temporary residence
of uranium in bone surfaces and potentially elevated absorption of uranium
from the intestine to blood. The ICRP retention model for long-lived
uranium isotopes assumes no residence on bone surfaces.

While our approach may yield improved estimates of committed dose
equivalents in many cases, it actually was not designed or intended for
this purpose. In fact, we do not believe that long-term integrated dose
equivalents are suitable surrogates for radiogenic risk, particularly with
regard Co exposures to the public. We believe thnt a proper population
risk analysis requires a comprehensive risk methodology based on considera-
tion ot" close equivalent rates as <*i function of age for the given exposure
scenario, best available' age-specific dose - response models, ouid a detailed



demographic model describing Che structure of the population and competing
non-radiogenic risks for different age groups. (This is discussed ac
length in the report ORNL/TM-10080 by Leggett et. al., 1986). Such an
approach is needed to reveal the potential effects on estimates of risk
resulting from the complicated interplay among elevated dose per unit
intake in certain stages of life, elevated response per unit dose in cer-
tain stages of life for some types of risk, and the age-specific competing
risks that may remove a substantial portion of the population who otherwise
might have eventually fallen victim to the radiogenic risk.

Tr.ble 1. Comparison of our age-specific estimates of 50-year dose commitment
with age-specific estimates of NRPB, for intake of various nuclides.

Values are normalized to the ICRP value for Reference Man. j
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aNRPB did not include kidney as a target organ in their report:
NRPB-R162 (1985).
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