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PREFACE

There is an increasing concern with the need to fully assess the risks to
the general public from accidental releases of radionuclides into the
environment or from the uses of radiocompounds. It is also important to
ensure adequate protection to the developing embryo or fetus in situations
where the parent, usually the mother, is potentially exposed to
radionuclides.

An embryo or fetus can be exposed to ionizing radiation by external or
internal sources. The dose from external sources can be assessed
relatively easily, by standard dosimetric techniques, while an accurate
assessment of the dose from internally deposited radionuclides is more
complex.

There remains considerable uncertainty as to what the fetal doses are
following maternal intakes, and whether low doses of radiation to the fetus
really do cause childhood cancer. The available data are not consistent.

To help address these issues, a two-day workshop on fetal dosimetry was
held at AECL Research in Chalk River, 1991 June 25-26. In particular,
discussions centered on the biokinetics of the distribution and retention
of radionuclides in the fetus and newborn, effects of incorporated
radionuclides in the embryo or fetus, metabolic and dosimetric models, and
radioprotection considerations.

E.S. Lamothe AECL Research, Chalk River Laboratories
Chalk River, Ontario, Canada KOJ 1J0
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COMPARATIVE PLACENTAL TRANSFER, LOCALIZATION, AND EFFECTS OF
RADIONUCLIDES IN EXPERIMENTAL ANIMAL AND HUMAN PREGNANCIES

Melvin R. Sikov, Richard J. Traub, and Huei K. Meznarich
life Sciences Center, Pacific Northwest Laboratory, Richland, WA 99352, U.S.A.

Estimating radiation doses to the human embryo/fetus from radionuclides and
predicting effects requires extrapolation of data from studies of laboratory species, with
scaling for species-specific developmental stage and gestational time relationships and
maturities at birth. Combinations of fetal-to-maternal ratios of concentrations, patterns
of deposition, transfer kinetics, and compartmental and physiologic models are used to
predict radioactivity levels and radiation doses to the conceptus. There is agreement
between values expressing fractional transfer across the placenta (e) with tabulated values
for fractional absorption (/i) from gastrointestinal (GI) tract or lung for most substances
commonly involved in metabolic processes. A tendency toward disagreement for some
other materials is thought to involve explanations based on their physicochemistry,
toxicity, or the influence of target tissue development on placental transfer kinetics.

Information about three well-documented elements that are absorbed from the GI tract
and cross the placenta - cesium, strontium, and iodine - serve to present comparative
behavior patterns in experimental animal and human pregnancies and illustrate
approaches to predicting radiation dose and effect. Cesium is readily diffusible, and its
transfer patterns are reasonably independent of species and stage of gestation. Concentra-
tions are similar throughout tissues of the woman and the conceptus, there are no major
preferential sites of localization; radiation doses are uniform so that effects are similar to
those from external irradiation. The biological behavior of strontium and calcium is
similar; both are primarily deposited in bone. Stage-dependent differences in skeletal
elements development and their relative masses among species interact to influence
concentrations of radioactivity in blood and in the conceptus, deposition throughout the
skeleton, and placental transfer dynamics. Perinatal exposure of experimental animals to
strontium can adversely affect skeletal development and increase tumor incidence in
bone and adjacent soft tissues. Iodine is primarily localized to the thyroid gland, which
does not become functional until the fetal stage. Consequently, placental transfer, fetal
deposition, and metabolic details are strongly influenced by stage- and species-dependent
differences in thyroid development, as are long-term consequences, including thyroid
neoplasia. Thus, many reported among-species differences in radionuclide disposition
and effect can be reconciled on the basis of comparative developmental chronologies,
especially preferential deposition sites and other histogenic conditions. Dosimetric
approaches depend on the intended use of the radiation dose calculations, and range
from absorbed doses in target tissues to doses to the entire embryo or fetus.
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INTRODUCTION

There are several reasons for the continuing interest that is directed toward evaluating
both the early and the delayed effects of prenatal exposure to ionizing radiation. One
aspect evolves from the general usefulness that is associated with the many attributes
that have allowed x- or Y-radiation from external sources to serve as the archetypical or
prototypic teratogen. External irradiation contrasts with chemical teratogen exposure; it
is among the few agents that does not require absorption by the woman, metabolic
activation, or transfer across the placenta. The radiation doses can be readily measured,
and dose disblbution is usually uniform throughout the uterus, embryo, and fetus.

Studies with radiobiological, as well as teratological objectives have provided informa-
tion about the relationships between radiation doses and several responses that are
characteristic of developmental stage. This knowledge is being used by advisory and
regulatory bodies to establish dose limits for occupational and general populations.
Current dose limits for external radiation exposures of the human embryo/fetus and
recommendations for conservative use of radiological procedures in medical practice
during pregnancy have required the use of certain reasonable elements of extrapolation
of data regarding dose-dependence of effects in laboratory species. Extrapolations of data
from high-dose exposures of pregnant woman or animals for predicting effects at low
doses are of greater uncertainty, as are extrapolations from acute to chronic exposures.

Ionizing radiation is probably the first teratogen for which quantitative cause and effect
relationships and patterns were demonstrated. It is of more than academic interest that
the sequence of processes during its teratogenic actions have not been determined
unequivocally. Moreover, the fundamental lesions leading to these changes, as well as
to other types of effect that remain latent until after birth or during adulthood, have not
been explored in detail. It is only recently that the unique characteristics of irradiation
are being exploited to provide systems for investigating basic teratogenic processes,
including fundamental alterations that may occur at the molecular level. Results from
initial reports suggest that mechanistic information may evolve from such studies, and
that such knowledge will facilitate defining dose- response relationships and provide a
more rational basis for extrapolations.

Obvious uncertainties currently involved with extrapolations make complete dose and
effect analyses especially difficult with radionuclides - the primary concern of this paper
and the workshop. In addition to the extrapolations indicated above, evaluations of
internal exposure involve utilizing information about effects of uniform exposures for
predicting those that would derive from localized doses. This situation poses greater
needs for extrapolations to estimate prenatal radiation doses and to predict effects of the
internally deposited radioactive substances in the human fetus.
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SOURCES OF DATA

For some radionuclides, there are data that are based on analyses of materials derived
from humans, such as umbilical cord blood, placentas, miscarried or aborted
conceptuses, and deciduous teeth, but these are relatively limited in number. Some of
these data derive from reports of exposure situations involving natural radionuclides;
examples include deposition of inhaled radon progeny and medical or occupational
exposures to radium salts. There are reports of tissue radioanalyses from pregnant
women or infants who had been exposed to man-made isotopes of elements such as
cesium, strontium, iodides, and transuranics resulting from environmental releases.
Perhaps the largest body of data on radionuclides is that which has been obtained for
radiopharmaceuticals and for metabolites that were used for some clinical evaluations
and earlier clinical experiments. Accidental exposures of human populations in the
Marshall Islands have provided additional information concerning radioiodines and
data about placental transfer of mixtures of radionuclides may be forthcoming from
people who were exposed in the Chernobyl accident.

Many of these studies and their results are described in representative comprehensive
reviews that include data from evaluations of prenatal radiation and radionuclide
exposures of humans, such as IAEA (1976,1979) and UNSCEAR (1977,1986). As
exemplified by studies considered in these compilations, experimental approaches to
radionuclide exposures of intrauterine animals are of even more disparate nature. This
wider range is further indicated by reviews and symposium volumes that will provide a
broad spectrum of information and references (CEC, 1984; Gerber, Metivier, and Smith,
1987; Sikov, 1981,1989; Sikov and Mahlum, 1969). These sources also contain several
synoptic and research papers; only a few will be cited to identify additional aspects.

Perhaps most commonly, the reported data were derived from radioanalytic or
autoradiographic determination of radioactivity and distribution in fetoplacental and
maternal structures at the conclusion of acute or subchronic developmental toxicity and
teratology studies (Fig. 1). Typically, radionuclides were administered to rodents at
representative stages of timed pregnancies; intravenous injection was the most frequent
route but oral, inhalation, parenteral, and percutaneous administrations have been used
(Fig. 1 A). Most early reports are of experiments that were performed to determine
intrauterine and postnatal effects; maternal and fetoplacental tissues were collected and
analyzed at the termination of the study. More recent investigations have included
determinations of transfer, fetoplacental content and distribution, as well as biological
changes at intermediate times.

Fewer studies have been performed in which information was obtained during the
course of more prolonged experiments, using external counting procedures to deter-
mine whole body or organ content. Perhaps the most useful types of data are those that
were obtained through deliberate sequences of measurements of dynamic processes in



multiple structures; these provide the most accurate and convenient basis to calculate
kinetic parameters (Fig. 2 A). Experiments of this type have included repeated measure-
ments of maternal and fetal blood concentrations and periodic sampling of placental
structures and tissues of the dam and conceptus at sequential times after exposure.

B

Figure 1. Diagrammatic representation of typical experimental approaches to study of
radiotoxicity, placental transfer, and distribution. (A) Radionuclide is injected, or otherwise
administered, at selected times of gestation. (B) Animals are sacrificed at one or more subsequent
times to evaluate effects and obtain maternal and fetoplacental tissues for radioanalytic and/or
autoradiograpic determination of radioactivity content and distribution.

Numerous studies of placental and fetal physiology have investigated transport
processes and mechanisms and have examined factors that affect or modify placental
transfer and fetoplacental distribution (Battaglia and Meschia, 1986). Many of such
studies were not primarily directed toward determining radionuclide disposition per se,
but they have provided metabolic and other types of information that has been useful
for extending the conclusions of more directed dosimetric investigations. Experiments
of these types cover a wide range, and include biochemical experiments using placental
tissue homogenates. Substantial information has been derived from studies in whole-
animal preparations where sequential blood samples were collected from indwelling
catheters that were inserted into maternal and fetal blood vessels prior to exposure (Fig.
2 B). Such investigations have yielded empirical data of the type from which kinetics
can be derived as well as much of our understanding of mechanism and the basic
information that provides a basis for interpretation of less detailed studies (Battaglia and
Meschia, 1986; Meznarich et al., 1989).

B

Figure 2. Diagrammatic representation of approaches to repeated measurement. (A) External
counting of organ radioactivity and serial collections of maternal blood for radioanalysis. (B) Serial
collection of maternal and fetal blood samples through indwelling cannulas during or after exposure.



Data sets with multiple uses for dosimetric purposes are also provided by studies in
which placentas were used to determine the physiologic parameter known as clearance
(Kelman and Walter, 1977). The technical approach, diagramed in Fig. 3, has been
applied to isolated human placentas obtained at term, as well as studies that employ
animal placentas in situ for a similar approach. The fetus is not included in the system
in either situation, so that the measurements quantify placental transfer capacities and
limitations for specific materials under selected conditions. Clearance (C) is calculated as
the minute volume of maternal plasma that would contain an amount of radioactivity
equal to that entering the perfusate and is expressed in ml/min. It is calculated as:

C = P/M • R,

where the nuclide and tritium concentrations (Bq/ml) in perfusing solution and
maternal blood are denoted as P and M, respectively. Perfusate flow rate (R), expressed
in ml/min, is considered equivalent to umbilical flow rate (Kelman and Walter, 1977).
Combining results from studies of animal and human placentas has been used to
provide a basis to develop estimates of relative degree of transfer among materials while
obtaining comparative results among species that allow for evaluation and validation of
extrapolations.

Labeled Compound -+- Water CE-I-3>
Huxnait 'Vessel Aniinal Circulation

latlon I £

Collection Tubes

Figure. 3. Schematic diagram of perfusion system for measurement of - •Vr.srar.ce by the placenta

ESTIMATION OF RADIATION DOSES TO THE EMBRYO/FETUS

A few relevant generalities will be briefly noted here to provide a basis to understand
concepts that follow; these concepts will be amplified by other papers in this volume.
As may be inferred from the description of perfusion techniques, in order for materials
to be transferred from the pregnant woman or animal to the fetal circulation they must
first be present in her circulating blood. The two circulations are physically separated
within the placenta, while their arrangement and the number of layers of cells or
membranes that intervene between them are dependent on species. As has been
considered in detail by Battaglia and Meschia (1986), the directional flow patterns vary
among species and range between being predominantly concurrent and countercurrent



(Fig. 4), and the patterns have a pronounced influence on relative concentrations and
exchange between maternal and fetal circulations.
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Figure 4. Diagrammatic representation of the maternal and fetal blood circulations to and within the
placenta, showing relative location and arrangements of blood flows.

As detailed in the cited text, and others, diffusion is the most common process involved
in placental transfer. Because diffusion is directly related to concentration differences,
the magnitude of transfer may be limited by blood flow rates (Battaglia and Meschia,
1986). There are other important transfer processes such as active transport, pinocytosis,
and leakage as exemplified by the role of Rh factor and the presence of fetal cells in the
maternal circulation. Transfer of many materials involves diffusion in combination
with another process. For example, many amino acids are actively transported but
measurements have demonstrated that diffusion alone may be sufficient to provide for
fetal requirements under physiological conditions (Kelman and Sikov, 1983)

Several approaches and methodologies have been developed for estimating radiation
doses in the embryo/fetus through the use of relative radionudide concentrations and
activities. Fetal to maternal concentration ratios have been used as the basis for
calculations and for predicting the resulting effects and their correlations with dose. The
values used for quantitative estimates of radioactivity and effect may be based, in part,
on data from human materials and by comparisons and extrapolations of animal data.
These processes may involve assumptions and estimations that should be noted to
provide an appreciation of the magnitude of the inherent uncertainties.

Scaling for Extrapolation

Independent of similarities and differences of transfer processes among species per se,
there are other recurrent factors underlie considerations of extrapolation of dose and
effect in the embryo/fetus (Hayton, 1989). A major confounding factor is that human
pregnancies, as well as those of most other primates, tend to be monotocous, i.e., there is
a single conceptui. In contrast, many of the animal species from which transfer data are
obtained have multiple offspring, a situation known as polytocous. The uterus is



bicornuate in many of these species, with associated differences in the location and flow
patterns of the uterine vasculature. It has never been completely resolved whether the
basis for extrapolation should be the individual fetus or fetoplacental unit or if the total
mass is the controlling factor. The few available data suggest that it will be found that
some intermediate approach is the most appropriate.

Another important factor is that placental transfer and fetoplacental distribution and
retention are stage dependent and that these conditions must be scaled to species
characteristics. In particular, there is a general sequence of developmental stages that
pertain across mammalian species, but the stages differ in their relative length and
relationships to chronological times of gestation. The degree of maturity at birth differs,
even among related species, so that expression of age relative to fraction of gestation
does not completely resolve these difficulties. Nevertheless, appropriate consideration
of relative maturities and times that major structures develop can help to provide a
reasonable basis for comparisons and extrapolations.

Pre - #Organogenesls Fetus
Implantation

Man

amatio 1 "Birtli
Neonatal

AD - 27O

Guinea r»ig

R a t

26 - 6*

T | x s \ \ . ^ \ \ v \ g \ \ \ \

Figure 5. Comparison of length of major developmental periods relative to their overall gestational
periods (days) in humans, guinea pigs, and rats. Maturities relative to the newborn human and the
times of beginning functional development of the thyroid gland (T) and of major skeletal calcification
(S) are indicated.

It is generally accepted that developmental stage at the time of irradiation is an
important factor in determining effect and, to this end, Fig. 5 provides a simplified
modification of a diagrammatic representation thaf was presented by UNSCEAR (1986).
Absolute and relative lengths of the period of organogenesis, which is the stage that is
most susceptible to teratogenic effects, varies among species and so influences the
observed spectrum of malformations that are commonly detected. The fetal guinea pig
attains an overall degree of development comparable to the newborn human at a time
prior to birth, but the rat does not reach a stage generally comparable to the newborn
human until during its second week of postnatal life. Moreover, the times of attaining
equivalent measures of development of many major tissues, including thyroid function
and skeletal ossification, do not have identical temporal relationships to these
developmental landmarks. These differences are of concern relative to specific



comparisons and extrapolations; a satisfactory approach has not yet been developed to
completely integrate this important consideration into analyses.

Approaches to Estimation

Irrespective of how the data are obtained and integrated, the most direct methods for
estimating radiation dose are based on ratios of fetal-to-maternal concentration - total,
organ, or in combination with deposition patterns. Although this approach may be
considered naive in its simplest form, it often provides the same final result as is
obtained by more complex analyses. Moreover, its direct reliance on empirical data
helps to circumvent the need to make assumptions about unknown placental transfer
processes for specific materials. This calculation benefits from providing the ability to
directly estimate relative radiation doses, even though organ doses may not be routinely
determined after radionuclide exposures of women in occupational or medical settings
(Roedler, 87; Stather, 87; other papers in Gerber, Metivier, and Smith, 1987).

In situations where adequate information is available, empirical data of the same sorts
(including those from many of the same studies) may be used for calculating or
estimating transfer kinetics across the placenta. Knowledge of the normal physiology of
some of these materials often may be used to supplement these calculations, and mry
make it possible to incorporate the effects of stage-dependant metabolic considerations as
well as growth and body composition. These kinetic values can then be used in
combination with compartmental models to calculate concentrations and total content
of radioactivity. In their most rudimentary form, these models might consist of two
compartments and an overall, or inferred, transfer coefficient-

More complex models range to thoss involving multiple compartments with an
associated series of gestational-stage-related coefficients (Sikov and Kelman, 1989).
Predictions of tissue or organ levels of exogenous agents, including radionuclides, have
been determined through what has been termed as physiologically based modeling
(Clewell and Anderson, 1989). Several estimates and assumptions are currently
required for their use for adults in most practical situations, but current attempts are
being made to extend this approach to include the placenta, conceptus, and fetal organs.

Appropriate variations of these several approaches, together with estimates of retention
and dilution, are used to provide estimates of radioactivity in the conceptus and its
component structures. These values are then used for calculation of radiation absorbed
dose using traditional approaches or, more appropriately, through extension of the
MIRD schema. This system incorporates contributions of energy from both self and
maternal sources, sizes of the woman and embryo/fetus, and nuclide-specific half lives,
emissions, and energies. This approach may be used in combination with evolving
mathematical descriptions of the pregnant woman at characteristic stages, as described in



the paper by Watson in this volume. A similar approach has been proposed in which
more general descriptions of dimensions, shape, and mass are used to implement the
MIRD system (NRC, 1990).

Our current state must be characterized as one of relative ignorance. In this situation, it
seems most appropriate to employ an eclectic approach, using all available combinations
of data to estimate the content and localization of radioactivity from animal studies,
whether expressed as concentrations or activities. This process is enhanced by
adjustment of the resulting estimated values following comparisons with any parallel
data from human materials.

GENERAL CONCEPTS AND APPROACHES

It was recognized that the availability of generalized placental transfer values would
have broad utility for radionuclide dosimetry. This led us to attempt to derive such
values and examine the reasonableness of correlations between these tentative values
and other factors that may have common features. In the hope of obtaining results with
acceptable levels of validity, these efforts have involved multiple iterations of two
parallel approaches that are based on several types of empirical and derived composite
parameters. One pathway has involved estimating generalized factors that could be
used to represent fractional transfer across the placenta. Clearly, this approach was
stimulated by the concepts underlying f\ values for fractional absorption from the
gastrointestinal (GI) tract or lung. These numerical estimates have been of general and
well-recognized utility in several aspects related to radiation protection. We are
tentatively denoting mis factor by the Greek letter theta ,0, because it phonetically starts
with T for transfer and does not seem to be widely used for signifying any dosimetric
value. Attempts are being made to obtain values mat would be generally applicable to
all or most stages of gestation. Comparisons show a good general correlation between 9
and the corresponding tabulated values of/i for the GI tract, and lung, but a substantial
number of outlying points are evident (Fig. 6).

Attempts to determine reasons for exceptions, based on comparisons of actual values,
indicated that correlations were closest for materials that are commonly involved in
metabolic processes. The contrary pertained and there tended to be disagreement for
substances that are not ordinarily involved in metabolism as well as many, but not all,
materials that are generally considered as toxic, which has led to help direct the search
(Hackett and Kelman, 1983). Possibilities include altered blood flow, the role of
transport processes and proteins, and the impact of differences in chemical form of
materials in the site of entry (gut or lung) and after they enter blood. Relationships
between placental transfer kinetics and the development of specific target tissues are also
implicated, and these factors are of concern relative to effects. On the other hand, a
satisfactory explanation has not been determined for other discrepancies, including the
marked difference between clearance values calculated from human and guinea pig
placental perfusion measurements of cadmium transfer.
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Figure 6. General correlation between corresponding values of fractional placental transfer, denoted
9, and values for fractional absorption,/i, from the gastrointestinal tract or lung. Identical/1 values
from the two intake locations are indicated by overlapping symbols, but there are several instances of
multiple occurences that are not identified

It will facilitate amplifying on these potential explanations to first describe our other
approach, which is directed toward physicochemical and metabolic correlates of transfer.
This approach was stimulated by the accomplishments of early attempts by Sternberg
(1968) in which he related transfer, deposition, and kinetics to these factors. In our
initial attempts, we plotted measured values of fetal concentration (percent dose per
gram fetal weight) for several heavy elements at 24 hours after intravenous injection in
pregnant rats against a number of tabulated values for physicochemical parameters. The
results yielded an encouraging pattern (Fig. 7) and led to extending the range of relation-
ships. Estimating additional values for fractional transfer across the placenta provides a
wider range of materials than our initial array of concentration values for these heavy
elements. To determine comparability, these fractional transfer values were superim-
posed onto the concentration relationships and reasonable agreement between the two
is evident (Fig. 7). We are using data in the literature to estimate additional values of
placental transfer coefficients andfetal concentrations to compare biological behaviors
with physicochemical characteristics. The ultimate hope is to establish a system that
will facilitate interpretation or provide prediction concepts and techniques.

The underlying basis for the various sets of values that were examined for extent of
correlation in the two approaches are not necessarily comparable in all details, and some
may illustrate the multiple complications involved in extrapolation from animal to
human. Placental transfer tends to be more bidirectional in character than gastrointes-
tinal absorption. Other aspects of the processes seem to be more complex and affected by
variations in biological conditions, but it is recognized that this may be only perception.
Parenthetically, it might be noted that there are useful similarities, as well as important
differences between approaches that are appropriate for intrauterine dosimetry of toxic
chemicals as contrasted and for radionuclide dosimetry.
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Table 1. Examples of materials for which tabulated values of fractional absorption into the transfer
compartment (fi) from the GI tract or the lung differ among themselves or from estimates (9) of
fractional placenta! transfer.

Material

Americium
Cadmium
Cadmium
Cerium
Cobalt
Einsteinium
Mercury (Inorganic)
Mercury (Methy!)
Neptunium
Plutonium
Polonium
Thorium
Uranium
Vanadium

/ l -GITract

0.001
0.05
0.05
0.0003
0.3
0.001
0.02
1.0
0.001
0.001
0.3
0.001
0.05
0.01

f l " L U n S

0.0005
0.05
0.05
0.0003
0.05
0.0004
0.02
1.0
0.01
0.0001
0.1
0.0004
0.05
0.01

9 -Placenta

0.006
0.6 Guinea Pig
0.06 Human
0.06
0.2
0.02
0.02
0.8
0.06
0.063
0.01
< 0.001
0.03
0.1

Analyses are often facilitated by the knowledge and ability to distinguish between
transfer, equilibrium, and steady state conditions. The situation involved in absorption
of relatively insoluble or poorly absorbed materials is relatively simple, but considera-
tions may differ for the placenta and GI tract or lung, including extent of involvement
of different transport proteins and their roles. To illustrate, consider a material that is a
mixture of (physic)ochemical forms such that 20 % of the total in the gut or lung is in
absorbable form and enters blood within hours after intake; this affects the composition
of the mixture that is available for placenta! transfer (Fig. 8).

0.96 0.98 1 1.02 1.04
Radius of Trivatent Ion, A

1.06

-• 15(X103)

1.08

Figure 7. Similarities between the relationships of fetal concentrations (% dose/g) at 24 hr
after intravenous injection of rats with transuranic elements and the corresponding placenta!
transfer coefficients (0) with the radius of the bivalent ion.
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A greater fraction of the materials that is in the blood may expected to be in this
absorbable form than it was in gut or lung. In this case, calculations of placental transfer
are based on the absorbed fraction, which may be involved with transport protein or
chelate. Accordingly, binding and transport processes, metabolic specificities, and
concentration gradients must be examined for understanding both similarities and
differences.

xo
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xo

o o

o o

0 = 0.9

Tract

Fetus
Placenta

V
oooxoooxoooxooox

Figure 8. Diagrammatic representation of an explanation for differences between coefficients
for fractional gastrointestinal or pulmonary absorption and placental transfer. As described in
the text, this is based on greater fractions of readily absorbable (o) than poorly absorbed
material (x) in blood than originally present in gut or lung.

This line of investigation raises additional questions relative to radiation doses to
fetoplacental structures. The answers tend to be relatively straightforward when
considering the identity of specific target tissues for prenatal or early postnatal effects.
The targets are more difficult to identify when addressing delayed lesions, e.g.,
carcinogenesis, where the structure in which the tumor develops or is detected may not
exist at the time of exposure. From a long-range standpoint, this subject assumes
important mechanistic implications, but also illustrates a need for further development
of concepts and for more sophisticated dosimetry.

Biological effects that result from the insult may alter the temporal relationships
between placental transfer kinetics and concentrations. The transfer patterns often
further implicate the role played by the development of target tissues. Formal
consideration of these intuitively obvious relationships will be deferred for presentation
in conjunction with examination of models. In addition to the influence of such
progressive changes in tissue mass and differentiation, studies with elements such as
radiozinc have illustrated that developmentally related differences in tissue binding and
the availability of competing stable elements may have a marked effect on effective
residence times (Erdman et al., 1969). Nevertheless, these factor should be recognized
while reading the following descriptions of the database material that will form the basis
for formally examining these interactions.
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ILLUSTRATIONS OF APPROACH

The scenario for illustrating factors in placental transfer patterns, approaches to
predicting radiation dose and effect, and modeling their implications ideally would be
based on materials with relatively uncomplicated transfer and availability of adequate
numerical databases. A reasonable knowledge of their species-related characteristics in
anatomical and physiological development and corresponding estimates of stage-
dependent kinetics should be available. A suitable spectrum for such an illustration is
provided by consideration of three elements - cesium, strontium, and iodine. Extensive
data concerning their comparative behavior in humans and in experimental animals
are available in the compendia cited above, especially reviews and analyses in Gerber et
al. (1987), while long-term effects, especially carcdnogenesis, have been reviewed by
Sikov (1981,1989); accordingly, only limited citations will be provided. Their
radioisotopes are absorbed from the gastrointestinal tract, can aoss the placenta and they
ave close homologs of natural metabolites. At the same time, there are differences
among them in extent of dependence of transfer and fetoplacental distribution on stage
of development, which will form the basis for demonstrating the role of progressive
development of preferential deposition sites. The temporal and stage relationships of
the development of these target tissues differ among species and give rise to reported
differences and models describing their distribution patterns.

Cesium is chemically similar to potassium and, in its most common or ionic forms, it
displays much the same metabolic behaviors in biological tissues and fluids. The
generalized distribution of cesium is the same in adult women as in animals and initial
concentrations are essentially identical among comparable soft tissues of the dam and
conceptus. Some reports state that pregnancy does not have an appreciable effect on its
absorption, distribution, or excretion, although it is more commonly accepted that
turnover rates are increased in pregnant women. (NCRP, 1977). There are theoretical
reasons to expect that concentration in the embryo/fetus might be greater than the dam,
but a difference has not been reliably detectable by empirical measurement.

Except for metabolic alterations associated with pregnancy, transfer patterns seem to be
essentially independent of species and stage of gestation, including early stages, and
there are not major sites of preferential localization. Thus, the resulting radiation dcses
tend to be uniform so that the patterns of effect are similar to those produced by external
irradiation when due allowance is made for protraction of exposure across several
developmental stages.

Strontium is an alkaline earth, with a metabolic behavior that is similar to that of
calcium in most respects. There are quantitative differences in the net transfer of the
two elements between metabolic compartments, however, which is usually expressed
quantitatively in terms of OR (observed ratio) values between biological compartments.
These ratios have been the subject of measurement and publication throughout the



14

years. Calcium is an important component of bone and it serves as a membrane
component and intracellular messenger. It is not dear to what extent these secondary
functions may be assumed by strontium. However, they do not seem to represent a
major fraction of body content, and any dependence on time of postnatal or prenatal life
or stage of gestation probably would not be quantitatively important.

Pregnancy is known to affect calcium metabolism, and presumably the strontium
metabolism of a woman's bone changes throughout pregnancy. The embryo does not
contain actual bone during the earlier stages of gestation, and skeletal elements do not
begin to assume definitive shape or form until during the fetal period. The
development and calcification of bone matrix become progressively more important
through later gestation and postnatal life, so that the rate and extent of deposition
increase as the human fetus approaches term. In turn, these factors influence total
radioactivity in blood and in the conceptus, concentration throughout the skeleton, and
the dynamics of placental transfer. These considerations, which will be discussed later,
are especially pertinent in extrapolations because prenatal bone maturation is
substantially greater in the human fetus than in some common laboratory rodent
species, such as the mouse and rat, in which calcification occurs predominantly in the
postnatal period. These stage-dependent species developmental differences and relative
masses of skeletal elements interact to introduce complications into analysis, although
they are amenable to interpretation.

Perinatal exposure of experimental animals to radiostrontium can produce deleterious
effects on intrauterine development as well as changes that are not detectable until later
in life. Administration of high levels of some strontium isotopes to rodents during
organogenesis are embryotoxic and teratogenic. Dosimetry varies with physical charac-
teristics of the specific isotope, but there is reasonable compatibility between these effects
and those associated with external photon exposure after allowing for differences in
partition of dose among tissues, as well as dose rates and protraction. Specific sites for
localization of the element may have marked influences on the effects it produces after
the target tissues have developed. For example, incorporation of radiostrontium, and of
radiophosphorus to implicate the metabolic parallel, has been shown to result in
malformations of the skeletal system. It has been reported that exposure of pregnant
rodents to these nuclides (Sr-90 or P-32) results in an increased incidence of bone
tumors in the offspring. In addition to such relatively straightforward relationships,
prenatal Sr-90 pituitary tumors that presumably result from high radiation doses from
strontium that localized in the sella turcica (Schmahl and Kollmer, 1981).

Iodine has several radioactive isotopes, with a range of half lives and decay schemes.
There are numerous routes through which members of the population may receive
exposure. The circumstances involving a potential for exposure during pregnancy
range from inadvertent administration for medical procedures, intakes of materials
during their preparation or administration as radiopharmaceuticals, and depositions via
accidental releases or contamination in the general environment. Availability is
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usually as iodides, which are readily absorbed into blood from the GI tract, lung, and
other sites; most iodine in the body is localized to the thyroid gland. Prenatally, the
thyroid must undergo substantial morphologic and physiologic development before it
has a capacity to trap and metabolize iodine, but as was noted, it does not develop until
well into the fetal period, nominally 17 days in the rat and 13 weeks in the human fetus.
The relative degree of fetal and maternal function is also related to species, maturity at
birth, and stage of gestation, but both are affected by stable iodine content of the diet.
Consequently, descriptions of placental transfer, fetal deposition, and other details of
iodine metabolism are strongly influenced by stage- and species-dependent differences
in the morphologic and functional development of the thyroid.

Under pituitary control, inorganic iodine is rapidly removed from circulating blood by
thyroid follicular cells and incorporated into molecules of thyroid hormone. These are
stored as colloid in the follicular lumens, gradually released into blood, and so is in the
circulation while being transported to tissues. Inorganic iodine in the blood, and iodine-
containing hormone to a lesser extent, readily crosses the placenta and is assessable to
the embryo or fetus. When factors such as gestational stage are considered, animal
findings are remarkably consistent with most human data and the ratio of concentration
in the human fetal to maternal thyroid is often accepted to being greatest toward term.
Depending on half lives of the radioisotopes, and whether exposure is chronic or acute,
the fetal thyroid concentration and radiation doses in the last months of pregnancy has
been estimated to be as much as 3- to 9-fold greater than that in the adult woman (Book,
1969). A similar relationship pertains in laboratory animals although maximum
concentrations may not occur until the neonatal period in some species.

This situation also illustrates the influence that localization has on radiation dose and
resulting effects after the specific target tissues have developed. As examples, animal
experiments have demonstrated acute, subacute, and long-term changes in morphology
and physiology of the rodent thyroid after late prenatal or neonatal exposure. There are
results suggesting that perinatal photon irradiation, but especially radioiodine exposure,
may increase thyroid tumor development in humans. Comparable relationships have
been more clearly documented in perinatal rodents (Walinder and Ronnback, 1984).

The foregoing are among several examples that illustrate that, even though physical
interactions with tissue are the same, there are quantitative differences in the apparent
responsiveness of exposure from internal radionuclides relative to acute exposures
from external photon beams (Sikov, 1981. The underlying factors include
inhomogeneities of tissue radiation doses, differing effectiveness of some particulate
radiations, and protraction effects that may lead to exposures extending over several
stages of gestation. Radiation doses to perinatal animals and to their individual tissues
relative to administered activity are often less than the corresponding doses to their
dams or to older animals. As a result of these differences, perinatal animals may appear
to be less sensitive to induction of late effects than are adults when responses are
compared on the basis of amount of radionudide administered.
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When responses are expressed relative to radiation absorbed doses, however, perinatal
animals are often found to be more susceptible than adults to tumorigenesis by exposure
to internal radionuclides, as well as to other long-term consequences. As a further broad
generalization, exposure to many radionuclides may involve age-related differences in
predominant type of tumor and/or in the sites at which tumors develop (Sikov, 1989).
This difference and the existence of nuclide-specific organs or tissues of tumor develop-
ment partially involve interactions of dosimetric and developmental factors. As we
have previously suggested, involvement of oncodevelopmental genes and other aspects
of the molecular mileau remain as relevant, but incompletely explored, possibilities.

MODELING PLACENTAL TRANSFER AND RADIONUCLIDE DISTRIBUTION

As was indicated in the foregoing sections, many of the reported differences in
fetoplacental radionuclide disposition among species can be reconciled on the basis of
comparative developmental chronologies. This implicates differing temporal
relationships for the development of target tissues for preferential deposition, which
together with histogenesis, are involved in placental transfer kinetics and in the
generation of models for evaluation and prediction. These models and utilization of
the resulting extrapolations must be based on an understanding of the comparative
aspects of placental transfer. Other factors such as distribution and retention must be
considered and it may be necessary to include the modifications associated with
dose-effect patterns in the embryo/fetus The morphological basis may differ from the
physiological, and their relationships will depend on stage of gestation.

Thus, all information must be scaled to the species-specific developmental- stage and
gestational-time relationships and maturities at birth that were presented above.
As was indicated, many reported differences in fetoplacental disposition among species
can be reconciled on the basis of the comparative chronology of developmental and
structural factors. This implicates a different set of relationships for the development of
target tissues, especially those that become preferential sites of deposition. Histogenic
differences that affect localization will involve placental transfer kinetics and affect the
construction of the models for evaluation.

Compartmental Models

The two compartment closed model is the simplest form. A third compartment can be
introduced between maternal and fetal compartments, to represent placenta, but it will
be essentially transparent in many situations. Some models, such as those used by the
ICRP, involve two subcompartments on either side (Fig. 9). These general models may
be made more biologically relevant and conceptually useful by formally dividing the
compartments on both sides of the placenta into transfer (blood) and tissue compart-
ments, with an undefined degree of exchangeability between them (Fig. 10).



Figure 9. The upper diagram shows the generalized two compartment model with potentially
transparent placental compartment interposed. The equivalent model, as used by the ICRP, is
shown below.

Even in the absence of quantitative values, qualitative considerations intuitively
suggest that greater transfer into fetal tissue would reduce fetal blood concentration and,
in the absence of other alterations in the system, would be expected to increase rate and
amount of transfer to the fetus.
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Figure 10. Expanded version of the model shown in Fig. 9; compartments have been formally
divided to form a model with five compartments

Similarities and dissimilarities between prenatal development, placental structure and
function, and radiation responses of the laboratory animal and the human conceptus
must be included in derivation of models. There is a loss of radioactivity from maternal
blood to her other compartments, but the same finite fractional transfer value to the
fetus or fetal circulation may pertain through all increments of time. As was described
above, approximations of this fraction are provided by the comparable values relating to
clearance. Predictions of tissue or organ levels of exogenous agents, including
radionuclides, are being determined from so-called physiologically based or biologically
motivated models (Clewell and Anderson, 1989). These represent the opposite end of
the spectrum of sophistication and provide a basis for examining relationships and
alternative blood flow pathways. As was mentioned above, this approach is desirable as
an ultimate goal but estimated values and assumptions are currently required for its use
in most practical situations, which could affect conclusions. Efforts have been made to
introduce fetoplacental components and their blood flows into this model, and
formalized efforts at expansions currently are being undertaken.
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More complex models, involving multiple compartments with associated series of
stage-related coefficients, represent other possible approaches. Numerous organs can be
included in the model, they can grouped into organ systems, and specific target organs
can be introduced into the compartmental models. In some regards, these then begin to
resemble physiologically based models, while representing closed models as open
systems would provide a further basis for generalizations (Fig. 11).

INGESTED

• J V \ V | S S U E V ' 3 f Cl Tract) —
\ t / r r r r r r * \ X. J
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Figure 11. Open compartmental model expanded from closed model of Fig. 10, to show
alternative blood circulations and provide for consideration of role of fetal target organ.

In simplified, nonmathematical form, Fick's law may be stated as:

Net Transfer = Diffusion Coefficient • Area/Thickness • Concentration Difference

Examination of Fig. 11 suggests that deposition of increasing fractional amounts of
radioactivity in the target organ would lead to a decreased relative concentration in the
remainder of the fetus, including its blood. In turn, this would lead to an increased
concentration gradient relative to the maternal blood in the placenta. Because rate of
transfer is related to this concentration difference, increased deposition in a
progressively developing target organ or system should result in increased fetal content,
even when transfer occurs only by diffusion.

We have published a comparison that illustrates the relationships between clearance
and other expressions (Sikov and Kelman, 1989). Placental clearance values and the
5-compartment model (Fig. 10) were used to predict fetal concentrations at 24 hr after
intravenous injection in near-term guinea pigs. This calculation used clearance values
that were measured independently for Pu-239 and for Am-241, and assumed that all
placental transfer was to the fetus, even though it was not in the perfusion system when
clearance was measured. Kinetic coefficients of removal rate from maternal blood were
estimated from data published by others, and were combined with measured values for
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rate of loss from the maternal blood. Actual values of fetal radioactivity had been
measured during an independent experiment with these nuclides at the same stages of
gestation. It was found that there was remarkably good agreement between predicted
and measured values for the two nuclides. The open compartmental model (Fig. 11)
may allow calculation of clearance values or kinetic coefficients from a series of
measurements in experimental systems such as illustrated in Fig. 2B, which also
provide relative concentrations in the fetus and dam and their tissues.

Dosimetric Implications

Dosimetric consequences differ relative to the intended use of radiation doses calculated
from activity levels. Approaches range between radiation absorbed doses rates and doses
to the embryo/fetus, on one hand, and dose rates and dose to target tissues on the other.
Compliance with current regulations and dose limits requires different dosimetric
approaches than might be appropriate for other use for different purposes with various
isotopes of these elements. As was discussed above, most of the fetal strontium content
is in bone, but current dose Limits in the United States and many other countries are
stated in terms of the embryo/fetus. Consequently, the conceptus would be the
appropriate structure to use for this purpose, with calculation of self-dose based on its
activity and relevant S-values. In the other sense, however, it would be more
appropriate for specific purposes to calculate average concentration to skeleton or
skeletal elements from determinations of their activity or concentration. Examination
of the situation with Sr-90 provides a basis to compare these considerations as they
relate to dosimetry and interpretation. The above discussion and the earlier evaluations
described by Roedler (1987) are both based on analyses of the same general literature, and
lead to generally compatible estimates of concentration ratios, dose rates, and dose.

From reports on biological materials from individuals exposed via fallout, Roedler
calculated that the fetus to adult concentration ratios were in the range of 0.5 -1 for wet
bone, which increased to 2 - 4 when based on specific activity relative to calcium. As
was indicated, the distinction between average bone dose and average fetal dose could
lead to major differences in the numerical value for the conceptus to maternal ratio.
Another major consideration is that Roedler's analyses were expressed as 'dose
commitment' so that calculations extended into the period beyond the time of birth.
The consequences of this difference in approach illustrate the unresolved implications
associated with expressions of lifetime doses and those that state the dose to the
embryo/fetus during specific gestation periods.

This dichotomy between recognized biological realities and pragmatic needs is even
more prominently illustrated by the radioiodines, as was discussed in preceding
sections. As an accommodation to regulatory requirements, it is necessary to estimate
activity and calculate doses to the total embryo and fetus. This approach is the most
correct for the embryo - the stage for which the greatest concern for certain types of
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deleterious effects has been expressed. It is clear, however, that it may be inappropriate
for use during the fetal period, when the primary dose from iodine radioisotopes will be
to the thyroid gland, which may display significant effects. Because most current dose
limits are restricted to the embryo/fetus, potential future modifications may suggest
inclusion of calculated dose to the fetal thyroid.

Limitations and Needs

The explicit and implicit limitations inherent in the forgoing considerations identify
needs that must be met for full utilization of approaches. Diversities among animal
data relate to experimental differences and expression of results. Stage affects placental
structure and function, growth, and body composition; the metabolism of both the
pregnant animal and the embryo/fecus is influenced by dietary and general environ-
mental factors. The comparable relations for the human and human data are not
monolithic but display sLrtilar progressions when they are expressed relative to stage.
Thus, it will not be possible to define a"universal" value to would express embryo/fetal
concentration or activity throughout gestation for most, if not all, elements and their
isotopes. As a consequence, a single fetal to maternal concentration ratio may not be
determinable, and probably does not exist except as a broad approximation, but a series
of stage-dependent values might be obtained by conservative extrapolation. For most
elements and their isotopes, it appears that the error associated with relative dose rates
may be less than with doses. Irrespective of approach, therefore, it seems prudent to
accept that dosimetric statements must be restricted to specific materials and stages.

A realization is implicit that we should specify the structure to which dose is calculated
and the purpose for which it is determined. With present information, this usually
might be restricted to the embryo/fetus for protection relative to induction of congenital
effects. These limitations serve to illustrate a need to further develop concepts and
approaches that allow for doses and effects to specific structures in which localization
occurs, understanding to allow combining prenatal and postnatal doses, and providing
for progressive changes in constituent structures and their sensitivities. Other needs are
determination of appropriate values that would consider protraction of exposure over
multiple developmental stages, beyond DREF, and ascertaining that values for relative
effectiveness of particulate radiations are the same for the conceptus as for the adult.
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Question and Answer Period for Sikov

Question: Dr. D.K. Myers
Could you please clarify the graph or figure that referred to
thyroid doses in the fetus and the mother?

Answer: The bars are actually the ratio of the dose from the low
iodine diet to the dose on a conventional diet. So it was
just a dose ratio. The fetus was more affected by the low
iodine diet.

This is where the rat fetus is going to be very different
than the human fetus. If you go to a near-term rat and the
iodine is given to the mother or to the pregnant animal, the
fetal radiation dose will be lower than the dose to the
animal or to the adult. In humans, under similar
circumstances, chances are that the dose to the thyroid would
be substantially higher. Since the thyroid is so much better
developed in the newborn human than in a newborn rat, the
human thyroid is going to incorporate a lot of iodine,
whereas the rat is going to take up in the same way, but
later on in time.

This is one of the areas where we are going to have to make
very careful allowance for the species differences. Failure
to do so may give rise to, in effect, a complete
misinterpretation of what the situation really is.

Question: Dr. R.G.C. McElroy
Can you make any comments as to the administration of
potassium iodide?

Answer: The current thinking is, and I believe that there is some
regulation on it, that if there is going to be a high
exposure then it is a worthwhile course of action: it should
provide protection. If I remember correctly, the thinking is
that if you are going to get a large amount of radioiodine
through some kind an accidental situation, then the
prophylactic use of potassium iodide is warranted. Does
anyone know for sure if that is correct?

I think the limiting factor here is that potassium iodide is
apt to have an effect on the thyroid itself, a blocking
effect. It is not one of the things you would want to do
capriciously. Hence you are always weighing risk and
benefit. Often I think that you have to weigh risk and risk.
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Question: Dr. R. McFadden
During the Chernobyl incident they were considering the use
of sodium iodide as opposed to potassium iodide. Do you have
any idea why?

Answer: Dr S. Yaniv
It is simply what they had available.

Question: Dr. A. Trivedi
You speak of problems of concentrations in the fetus, the
animal and man. Are there any other complications that we
have to take into consideration, such as species and
metabolic differences?

Answer: You can have all sorts of metabolic differences.
Classically, the big difference to which I am particularly
sensitive, is the guinea pig. It does not synthesize vitamin
C and you have to give them vitamin C. Their metabolic
pathways are very different. In something like dogs,
although I can't remember for sure if it is for vitamin C or
one of the other metabolic type things, Dalmatians are very
unique in their metabolic characteristics.

Among people we are also going to have differences. Some of
these metabolic differences have been used to trace
genealogies. An example is where the ability to taste a
number of substances is genetically linked. There are
indications that the ease with which enzymes systems are
induced are familial or have a weak lineage.

You are going to have differences among people and among
species. We don't know them all and we never will have them
defined.

Comment: Dr. A. Vegst
Coming back to the question of the administration of
potassium iodide. One of the reasons against the widespread
administration of potassium iodide is that a certain fraction
of the population exhibits an allergenic reaction to iodide.

Question: Dr. R.V. Osborne
I would like to get back to time dependency in the model. In
the first model you show - a simple model - you had a rate
constant. The two rate constants in and out between the
placenta and the fetus, I assume that they have to be
regarded as time varying. It is not only the compartment
size that changes, but also the rate constants that are
varying with time.
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Answer: Actually, the experimental validity changes with time. It is
not a gradient. The ease of cannulation and the success of
cannulation is much better in the older-sheep fetus than it
is in the younger one. Just in terms of the physical size
and the accessibility, the surgical success is going to
differ. It is something you don't think about, some
experiments are more valid than others just on a technical
basis. As a rule, we tend to not talk about this.

Question: Dr. R.G.C. McElroy
A real practical question here: how you go about solving
these models. Do you hand-code them or use some software
package, or what?

Answer: Yes. We have used everything from a HP67 to a slide rule.
There are computer codes on some of the iodine modelling.
One that I did not show and which we recently did for the NRC
efforts where they wanted more dosimetry on the iodine, is
based on something that was done here [at CRL] by John
Johnson. It does not have, and I think it was Frank
[Horvath] or one of the McMaster [University] people that
pointed it out, a placental compartment in it. Vith
something like that and since it is a recirculating model,
you basically have a transparent placenta.

There are fairly elaborate codes that are used for the
metabolic modelling. There are also a couple of different
computer ways of going from fraction to dose rate to dose.

Comment: Dr. R. Hole
You did not show any single standard error for any of your
numbers of specifically specified coefficients.

Answer: I don't think the coefficients have standard errors. Most of
them are based on so few data that you almost pick a value
and work from it.

I was hoping that I was clear in that none of these things
are to a point where they are ready for general use for any
purpose other than as ways to approach these questions. When
we do the dosimetry, it is based on a model. I often have
mentioned that we will come up with something that is sort of
eclectic, such as using concentration ratios for a couple of
measurements here and there with whatever human data is
available to a value of 0.7. As an example, for a table,
which I did not show, if I wanted 0.5, I would use 0.55555
and add a footnote saying that when I had a multiple of this,
it was sort of an order of magnitude. You could multiply it
or divide it by 1.5 and or some such number and I would not
argue with you.
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I an not claiming any precision. You have all kinds of veird
things that you have to face. I am sure that we are not
avare of all of the problems. I spent a lifetime having
problems thrust upon me mostly because of the mistakes that I
made setting up an experiment, doing an experiment or looking
at the data. I am probably the world's expert on having made
mistakes. I have a collection of them. I was trying to
share vith you my collection of mistakes.
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Infusion of Radlonuclldes throughout pregnancy: an alternative
to single Injection studies.

PG Mountford-Lister, BE Lambert, AC Milner & XZ Rang.
Radiation Biology Department,
Medical College of St.Bartholomews Hospital,
Charterhouse Square, LONDON EC1M 63Q.

Abstract. The report of the Independent Advisory Committee
(The Black Committee (1984) on the increased rate of childhood
cancer in West Cumbria added scientific weight to the need for
research into its causes in the area surrounding the
Sellafield reprocessing plant. Such levels of childhood
leukaemia might be accounted for by i). paternal gonadal
irradiation (Gardner et al. 1990) or ii). by unexpected
radioactive environmental contamination and a sensitive period
in-utero to high LET irradiation or iii). an underestimate of
foetal risk. To investigate these possibilities Black made a
number of recommendations for research. Some of that
recommended research using animals is reported here.

This work is part of a long term study to examine the cancer
incidence in the offspring of mice exposed to 239Pu (High LET)
or i47pm(LOW LET) throughout pregnancy. The need to model the
human intake scenario and the possibility of a critical period
during uterine development necessitates constant availability
of radionuclides throughout pregnancy. Various methods
(multiple daily injections, infusion by external cannula and
infusion by indwelling osmotic pump) have been examined and
osmotic infusion pumps chosen. These pumps result in a near
constant blood concentration for up to 21 days.

Part of the study is the estimation of dose to the critical
haemopoietic tissues of the pup from a knowledge of the
radionuclide distribution and kinetics. At present the
distribution has been followed from birth to 180 days.
Activity in the suckling pups at 7 days old is around 1% of
the infused activity, though most of this is accounted for by
the contents of the stomach and gastrointestinal tract. The
liver and femur account tor around 0.025% and 0.012%
respectively per pup. Activity increases in both liver and
femur during lactation after which both concentration and
activity fall with time.

Long term studies with the pups of dams exposed to a range of
239Pu concentrations between 0-70kBq/kg are underway.
Correlation of average organ dose with tumour incidence will
be determined at completion of the life-span study.

Introduction. The concern of the Independant Advisory
Committee under the chairmanship of Sir Douglas Black (Black,
1984) and more recently of the Committee on the Medical
Effects of Radioactivity in the Environment (COMARE 1986,
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1988, 1989) has been whether the developing human is a special
risk category for the development of radiation induced
childhood leukaemia. Concern centres on in-utero exposure to
alpha particle emitting radionuclides e.g. 239pU/ during
foetal, neonatal and juvenile stages. Such radionuclides have
been reported in the environment surrounding nuclear
reprocessing plants (Stather et al, 1986) and have been
implicated in the causation of the excess childhood leukaemia
incidence seen near Sellafield and Dounreay.

In the report of the NRPB to the Black Committee (Stather et
al. 1984) it was pointed out that no specific neonatal or
foetal models were available for the calculation of dose from
either plutonium or fission products. However, age specific
differences in retention, translocation, bone growth rates and
remodelling may be vital if the dose to the critical
haemopoietic organs are to be assessed with any confidence.

At a recent CEIR (MRC Committee on the Effects of Ionizing
Radiation) Forum on "Radionuclides and External Irradiation:
Implications for the Embryo and Foetus" (London, 1990) it was
concluded that there was a continuing lack of pertinent
experimental data on which to base kinetic models relevant to
the embryo, foetus and neonate.

Nevertheless, studies in adult mice have demonstrated that
alpha emitting radionuclides may induce or alter the temporal
distribution of leukaemia. Svoboda (1981) found adult ICR-SPF
mice treated with 13kBq239Pu/kg showed no increase in myeloid
leukaemia above controls (24%) but that the disease was
induced significantly earlier. In another series of
experiments (Svoboda 1990) using the same strain injected with
between 0 and 12kBq239Pu/kg, a peak in myeloid leukaemia
incidence occurred at around 6kBq/kg. This is in agreement
with the work of Humphries et al (1987) who found a maximum
induction of myeloid leukaemia in adult CBA mice injected at
5kBq/kg. This strain exhibits no spontaneous leukaemia of this
type (Mole 1958).

Published studies following contamination of pregnant (Finkel
1947, Finkel and Kisieleski 1976, Weiss et al. 1980, Mason et
al. 1991) or pre-pregnant (Green et al. 1979, Taylor 1980)
animals with plutonium have all involved the use of single
injection regimes, usually as the citrate. Finkel (1947), and
Wilkinson and Hoecher (1953) examined the transfer of
plutonium from dam to offspring in rats and mice but provided
no data on the retention in specific organs considered to be
most at risk in either the dam or foetus. Sikov and Mahlum
(1968), Green et al. (1979), Weiss and Wallberg (1978) have
all studied the transfer of plutonium from the dam to the
neonatal and suckling offspring of rats or mice but none have
chronically exposed the dam throughout pregnancy. Finkel
(1947) first demonstrated the proportion of activity taken up
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by the foetus/placenta was inversely proportional to the
administered activity injected (in the range 0.59-2.2 MBq/kg).
Weiss and Walburg (1978) found a similar effect in the range
90-990 kBq/kg and concluded that realistic estimates of
transplacental movement are dependent on extrapolation from
low dose data only because of this mass effect. This is
especially important at doses that may be pertinent in the
env ironmenta1 s ituat ion.

The present study describes the advantages and disadvantages
of some of the methods available to produce continuous
exposure during pregnancy and gives biokinetic data using 24ipu
as a surrogate tracer for 239Pu. CBA/Ca mice were chronically
exposed to 241Pu-citrate using subcutaneously implanted osmotic
pumps. The activity in the dam, at weaning, and in the
neonatal, juvenile, and young adult pups was measured. The
resultant concentration-time data were used to estimate the
retention parameters in the pups and thus the expected doses
in the offspring of dams exposed similarly with a range of
239pu_citrate concentrations for a life-span experiment.

Materials and Methods.
Animals. With the exception of external infusion experiments,
for which Balb/c females were used, proven female CBA/Ca mice
(About 17-20 weeks old) mean weight 25.2+0.2 gm were used
throughout. They were brought into oestrus by caging on soiled
male litter. Three days later the animals were mated in a
male/female ratio of 2:1. The females were examined twice
daily for the presence of a vaginal plug which was taken to
indicate conception (Day 0).

Radiochemical Solutions. Stock 241Pu solution was obtained in
2M HC1. This was converted to the citrate by evaporation of a
small aliquot and subsequent resuspension in 0.01M HNO3:Tri-
Sodium Citrate solution (pH 5.5). The resultant solution was
purified by ultra-filtration through a 0.02 pm filter (Anotop)
and assayed by counting in a liquid scintillation mixture
(Keough and Powers,1970) in a Canberra 2200CA liquid
scintillation spectrometer. The final concentrations used
were: -

Multiple injection regime 1.10 kBq/ml.
External Infusion regime 1.48 kBq/ml.
Osmotic pump, Internal Infusion
Regime.(Pregnant Animals) 100 kBq/ml.

(Stock Animals) 128 kBq/ml.

Single Injection Regime. Single i.p. injections (0.3ml) were
made daily for five days into stock animals to assay blood
parameters. In pregnant animals injections were also made
daily for the duration of pregnancy. Pregnant animals were
housed two per cage for the duration of pregnancy.
External Infusion Regime. The construction of the co-axial
cannula and protective spring were as described elsewhere
(Lambert, 1986). Briefly, 6-9 days after detection of a
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vaginal plug animals were anaesthetised using Enflurane in a
N2O:O2 mixture. The inner cannula (0.6mm OD) was inserted
under the skin of the tail about 2cm from the base and pushed
under the skin into the lower abdomen. The end lying in the
musculature of the lower abdomen. The outer (lmm OD) cannula
was tied to the tail with stainless steel sutures and a
protective steel spring covered the tail and cannula. The
co-axial cannula passed to a low interia swivel (Orion
Research, Cambridge, Mass. USA) enabling unhindered movement
of the animal. A further cannula passed to a motorised syringe
driver (Harvard Apparatus, Millis, Mass. USA) pumping 0.3
ml/day. Up to nine animals could be infused at any one time.
Animals were housed singly in large vessels, and had access to
food and water ad-libitum.

Internal (Osmotic) Pump Implantation. Animals were
anaesthetised using Enflurane in a N2O:O2 mixture. The dorsal
fur was trimmed using scissors and depilated using a
proprietary cream (VEET, Reckitt and Coleman, UK). A small
incision was made and a pump (Alza Corp. Palo Alto, USA)
inserted under the skin, delivery tube distal to the wound
site. The wound was closed using surgical clips under sterile
conditions. After recovery animals were returned two per cage
for the remainder of the gestation period and until weaning.
The average activity per pump for the non-mated stock animals
was 27.1+0.4 kBq and for mated animal infusions was
20.9 kBq/pump, equivalent to 831 kBq241Pu/kg mouse. The pumping
rate was 12pl/day.

Tissue Sampling and Analysis:
i). Multiple Single Injection. Non-mated animals were divided
into eight groups. In each group blood was sampled every other
day for the five days of the injection regime. Liver, spleen,
left femur and blood were taken at sacrifice at various times
up to 30 days after the first injection. Mated animals were
sampled at 19 days post conception (p.c).
ii). External Infusion. Samples of maternal organs and pups
were taken at sacrifice on day 19 p.c.
iii). Internal Infusion. Non-mated animals were sampled at
various times during a period equivalent to that of gestation.
Organs sampled were as for mated animals. Mated animals were
observed throughout pregnancy and litter size noted at birth
(2u days p.c.). At weaning, or 41 days p . c , dams were killed
by cervical dislocation. Cardiac blood was taken along with
liver, spleen, kidneys, breast tissue and the left femur.
Exhausted osmotic pumps were taken and dissolved in methylene
dichloride. They were then processed as for biological
tissues, to assess total infused activity (by difference).

Pups sampled at various times up to 180 days old were weighed
and then killed by cervical dislocation. Samples of blood,
spleen, kidneys, stomach, stomach contents, remainder of the
intestinal tract (G.I.)/ liver, heart, left femur and
remaining carcass were taken.
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Radiochemistrv. Plutonium content was measured by solvent
extraction after washing using a method modified from Keough
and Powers (1970). Samples were ashed at 450°C for 12 hours.
The ash was dissolved in 16M HNO3 and evaporated to dryness,
this was repeated until a carbon free white ash was obtained.
This was dissolved in 6M HNO3:HF and evaporated to dryness
twice and once with 8M HNO3 before being dissolved in 9.5ml
2M HNO3 with 0.5ml 0.2M Boric Acid, 0.05ml 4M Urea and 4ml of
scintillant extractant. Scintillant extractant was prepared by
the addition of 200ml di-2-ethyl-hexyl-phospate (D2EHP) to
800ml toluene containing 5g p-terphenyl and 0.05g POPOP. Vials
were capped and mixed using a vortex mixer and allowed to
stand until the two phases separated. Mixing and separation
four times results in complete extraction of plutonium into
the organic phase.

Calculation of gross organ dose (Gy). The organs of the pups
were sampled in order to be able to estimate the dose to
various organs in 239Pu exposed animals in the long term study.
Dose was estimated by linear regression between the sampling
points of the concentration time curve and calculation of the
area under the curves which is proportional to dose. It is
assumed that the concentration in the pups would be
proportional to infused activity and that no mass effect would
occur.

Results. Figure 1 shows the concentration (Bg/g(wet tissue))
of 24ipu in circulating blood (Means+95% Limits) of stock
females during the injection regime. Figure 2 shows the log of
concentration in blood liver and femur for a period up to 30
days after the first injection (Means+Standard Error).
Exponential changes in concentration caused by physical and
biological processes can be described by straight lines fitted
to the data (Table 1). Changes in blood concentration can be
characterised in the initial period by a line with half time
~5 Hours. By two days after the last injection the
concentration falls with a half time of ~22 days, resulting
from the concentration halving between days 6 and 30; i.e.
between 1/60 and l/100th of the peak concentration during
injection. The concentration in liver may be fitted by a
single curve with half time "9 days, though a better fit may
be obtained by two exponentials of half times ~4.3 days and
~22 days. The femur can be fitted by a single curve of half
time ~36 days. Table 1 also shows the rates of clearance of
activity (Bq) from the liver and femur with half times of 3.9
and 4.9 days respectively.

Figure 3a, shows the concentration of 241Pu expressed as
concentration (Bq/g, wet) for liver, femur, kidneys, spleen
and blood in stock female animals infused by osmotic pumps
over a period of 20 days. This activity is shown in Figure 3b,
and can be seen to change linearly with time over the sampling
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period. All organs including blood increase in concentration,
though that increase in less in blood than other organs.

Because physical disruption of pregnancy was thought to be an
important feature of these experiments and influenced the
choice of administration technigue, the breeding success was
recorded. Table 2. summarises the breeding results
(% Viviparity), the reproductive success (Pups/dam with
vaginal plug). It can be seen that 93% of dams in the multiple
injection regime had a successful pregnancy (a figure
insignificantly different from stock animals).

The resultant activity concentrations in the maternal liver,
femur, breast and blood, also in whole pups and placentae are
shown in Table 3. As expected, in all regimes the liver and
femur proved to be the major sites of deposition (Finkel,
1947). Multiple injection resulted in ~20%IA/g deposition in
the liver, 25%IA/g in the femur and 1.4%IA/g in the breast, at
19 days p.c. The whole pups sampled were about 0.7%IA/g and
placentae 14.2%IA/g, a placenta to pup concentration ratio of
around 40:1. External infusion resulted in lower concentration
percentages in both the liver and femur, 6 and 11.5%IA/g
respectively. The average breast measurement was 3%IA/g but
was subject to wide variability and was not significantly
different to the multiple injection regime. Whole pups
contained 0.3%IA/g and the one placenta sampled 5%lA/g, a
placenta to pup ratio of around 16:1.

Figure 4, shows the total activity, concentration, percentage
of infused activity and the mass of the pups of mothers
infused with 20.9 kBg 241Pu-citrate. The top panel (open
semicircles) shows the total including activity contained
within the stomach contants and the gastrointestinal tract.
The line below exludes this activity (closed semicircles). It
is interesting to note the rise in activity between day 7 and
weaning on day 21 as a consequence of lactation. After weaning
both lines coincide and the total activity within the pups
declines with a half time of around 233 days. The second panel
shows the decline in average concentration between weaning and
180 days. Concentration can be seen to fall an order of
magnitude during this period.

Figure 5, shows the same parameters for the pup liver. Once
again the increase in activity during the period of lactation
can be seen; in this case an increase of 18%. This pattern is
reflected in other organs; spleen 20%, heart 42%, femur 111%
and remainder 19.5%. In all organs, as expected, the activity
and concentrations decline after weaning. When plotted
semilogarithmically activity in all organs (represented here
by Figure 4), except the liver (Figure 5), fall linearly with
time indicating exponential clearance. Table 4 shows the half
times of clearance of activity from the pups between weaning
and 180 days for the organs sampled. For the liver two lines
were fitted, between 21 and 91 days and 91-180 days.
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95% confidence limits are quoted save where there is no
measureable clearance when the physical half-time is assumed.

Figure Six shows the projected average organ doses to the
liver, femur, all other organs and total dose during the
neonatal and young adult period for exposure to between 208
and 1660 Bq 239pu to the mother in-utero calculated using the
biokinetic parameters dtermined here using 241Pu. The dose to
the liver is between 0.4mGy and 3.3mGy, Group 1 and 4
respectively. The femur dose is between 0.91mGy to 7.2mGy and
the total dose between 3.89mGy and 31.1mGy, respectively.

Discussion. The concept of "critical periods" during
development was defined as early as 1911 from observations on
amphibian eggs (Barden, 1911). In 1935 Job et al.(1935)
published data showing the teratogenic effects of 90R on day 9
p.c. was hydrocephalus but on day 10-11 was mainly defects of
the eye and jaw. Later studies showed that specific responses
were dependant on both time and dose (Brent and Jensch, 1967)
and confirmed the presence of "stages of maximal sensitivty"
in the teratogenic response to radiation (Jacobson, 1969). At
lower doses the concerns are damage to the central nervous
system (Konermann, 1986) and cancer induction (Stewart and
Kneale, 1970). In 1958 Stewart (1958) reported an increased
sensitivity of the human foetus to X-irradiation, resulting in
increased leukaemia induction following medical irradiation
in-utero.

For internal contamination with radionuclides there is no
evidence to confirm or refute the presence of a period of
increased carcinogenic sensitivity in-utero. It is axiomatic
that the effects on the developing foetus depends on the
complex interelationship of such factors as, for example, the
chemistry of the radionuclide, its transfer kinetics within
the dam and more specifically the placenta, the physical half
life of the radionuclide, its energy and mode of
disintegration and the micro-distribution within the organs of
the developing foetus.

a).Methods of Administration. Three modes of exposure of the
dam were examined that may meet the basic tennet of constant
availablility of radioisotope to the placenta throughout
pregnancy, i). Multiple injections are rapidly accomplished
with little stress as indicated by viviparity being
insignificantly different to controls. Animals remain
communally caged and there is no limit on the number that can
injected at any time. However, Figure 1 shows the rapid
changes in blood concentration observed. The clearance half
time of around 5 hours is in broad agreement with that of 8
hours in the rat (Turner and Taylor, 1968) after i.v.
injection. This pattern of concentration fails to meet our
prime requirement, ii). External infusion via subcutaneous
tail cannula, though resulting in constant availability of
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radioisotope (unpublished data), was difficult to set up and
maintain and was prone to hidden infections in some animals
beneath the protective spring. It resulted in the lowest
viviparity and fecundity, 30.7% and 2.4 pups/plugged dam
respectively. Lambert (1986) reported a 30% failure rate using
external infusion on SAS/4 mice. Lemmel and Good (1971) in
reviewing the infusion methods then available comment that
most are "fragile technically and physiologically". In more
recent studies on CBA/Ca mice (unpublished) it has been found
that single housing necessitated by the external infusion
technique results in pup survival post birth as low as 25%
without the added losses associated with the stresses of
cannulation and infusion. For these reasons the technique was
rejected, iii). Subcutaneous implantation of osmotic pumps was
simple and has resulted in between 53% and 95% viviparity and
4-6.6 pups/plugged dam. In other studies viviparity has been
found to be more related to environmental (e.g. noise, housing
density) than experimental factors (e.g. activity
concentration). Sub-cutaneously implanted pumps are capable of
producing a near constant blood concentration for a period
equal to gestation in the mouse (Figure 3). They do not
significantly effect the vivparity or fecundity of the strain
used and are technically easy to implant.

b).Distribution of Activity. The distribution and clearance
of activity from the liver (Figure 2) following injection was
at the low end of the range reported in ICRP 48 (1986), which
says liver half times in rats and mice are generally between 4
and 400 days (a wide variation). The second half time observed
in the blood (~22 days) is the same as that in the liver. The
clearance half time of 36 days in the femur is short in
comparison with the general view (ICRP, 48) that skeletal
retention half-times may be of the order of the lifespan of
the animal, or in the biokinetic model for plutonium in man
around 70% of the median lifespan. However the experiment was
too short to determine if this was a rapid phase of clearance
only.

Mason et al (1991) have reported significant differences in
distribution between nulliparous and viviparous dams after
injection. Livers of control animals having a higher %IA/g
than pregnant animals due to increase in liver mass. A similar
pattern is seen in the nulliparous and viviparous animals
after infusion though the differences are not significant. A
similar pattern is true of the femur. The breast, as expected,
has a significantly higher concentration than that of
non-suckling dams at 41 days p.c. Concentration of activity in
the blood at 41 days p.c. is significantly different between
those dams suckling and the nulliparous group, 0.02%IA/g and
0.03%IA/g respectively.

Direct comparison between the samples taken from infusion and
injection regimes is difficult, as maternal samples were taken
at weaning to validate the pump function and thus the entry of
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the pups born into the clearance experiment. It is possible to
make some comparison with the other regimes by predicting the
concentrations at 19 days p.c. Using the half ^imes found in
the multiple injection regime and making the (questionable)
assumption that they are not significantly altered by
pregnancy, back extrapolation to day 19 p.c. would produce for
the liver a predicted value of 16.5-19.5%IA/g (Half time ~9
days) or 21.8%IA/g (Half times 4.3 and 22.4 days), figures
comparable with 19.9%IA/g seen in the multiple injection
regime. The same exercise undertaken for the femur results in
a predicted figure of 12.6-13.2%IA/g, around half the
concentration seen in the injection experiment. Figures for
one group from our long term infusion experiment are included
for comparison. The results from only three dams were
available at time of writing and the results shown are broadly
comparable with those of the 24ipu infusion experiment. The
exception is the concentration in the liver which is lower
than expected. Rose and Nelson (1955) reported that the
results of single injection and infusion of 3HTdR were
qualitativly similar over a period of 10 hours. Lambert (1986)
report a far greater variability in the distribution of 3HTdR
following multiple injection than in infused animals over a
period of several days. This study shows comparison between
injection and infusion regimes depends on the organ chosen for
evaluation. The activity concentration in the femur following
internal infusion when back extrapolated to 19 days p.c.,
using the half times from the injection study, produce a
concentration similar to the external infusion group but a
factor of two different to the injection study. The internal
infusion liver concentration, on the other hand, is comparable
with the injection regime and threefold higher than the
external infusion group. Comparison with the published data in
the literature, as summarised by Mason et al.(1991), in
Table S reveals quantitative differences between single
injection and infusion. For example, the %IA/g for the
maternal liver in our injection regime is comparable with that
of Mason et. al. following single injection on day 13 p.c. The
maternal liver, however, contains twice the %IA/g of Masons
single injection. ICRP (1979) suggested that initial
partitioning of 239pu activity between the Liver and Skeleton
should be 1:1. Assuming the skeleton is a factor of 26x a
single femur (Rosenthal et al. 1972), the ratio of plutonium
in the liver compared with that in the skeleton is 14:5 in the
dam at weaning following infusion. This figure is in
agrreement with those shown by Mclnroy et al (1991) based on
human data using ICRP figures (ICRP 30, 1.44:1, ICRP48,
3.47:1).

Previous studies have shown the placenta:foetus concentration
ratio to range between 13:1 (Weiss and Walberg, 1978) to 91:1
(Sikov, 1968), with the majority of reported values around
30:1. Both multiple injection and external infusion result in
values within this range. Values from internal infusion will
be reported in a future paper on deposition and distribution
within the foetal period.
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Green et al. reports that the activity contained within first
day neonates is higher than 18 day p.c. foetae. In their study
30% of the neonatal figure was accounted for by plutonium
within the gastro-intestinal tract. In this study, the
activity contained within the gastro-intestinal tract of 7 day
neonates accounts for ~80% of the total activity. Mason et al.
(1991) reporting the results of mid-term contamination states
very little activity is transfered to the offspring by
lactation compared with the transplacental route.
Pre-conception contamination has been shown to transfer very
low activities via the placenta and higher amounts via the
milk. This results in around a five fold increase in foetal
%IA between birth and day 35 in the rat (Taylor, 19 80) and
birth and day 18 in the mouse (Green et al. 1979). In this
study the organs of pups infused throughout pregnancy and
exposed to contaminated milk during lactation increase in
activity an average of 20% between 7 days and 21 days of age,
though the total %IA was still around 0.1% of the total
infused.

c).Relevant Calculated Radiation Doses. Using the areas under
the concentration time curves, radiation doses to the liver
and femur during the neonatal and young adult period resulting
from a range of 239Pu exposures have been calculated. The
liver, spleen and bone marrow are the major organs at risk for
the induction of leukaemia as a result of irradiation
in-utero, though the organ at risk depends on time post
conception (Moore and Metcalf, 1970). Heamopoiesis begins in
the blood islands of the yolk sac around day 7 p.c. The liver
contains haemopoietic progenitor cells from day 9 p.c. through
to shortly after birth. The marrow and spleen contain stem
cells shortly before birth and shortly after birth the
haemopoietic function of the liver is finished. Dose to the
liver, spleen and marrow in-utero following continuous
exposure will be published elsewhere. The total dose in the
highest group (1663Bq IA) is calculated to be around 31 mGy,
the initial dose rate shortly after birth is around
0.5 mGy/day though this falls rapidly due to growth. Mason et
al. (1991) reports that long term haemopoietic damage can be
assayed at doses as low as 14mGy. The final calculation of
dose to the haemopoietic system awaits the distribution of
activity in those pups of the 239Pu exposed animals and the
addition of the in-utero doses.

d).On-going Experiments. Long term pups of dams exposed to
0-70 kBq239Pu/kg in-utero have undergone over 30,000 pup days
at risk. Humphries has a group of pups exposed to a similar
range of plutonium activities by injection mid-term. The
estimation of the risk resulting from contamination in-utero
to low doses of radionuclides will be undertaken when the
tumour incidence and pathology of the last of over 2,000
animals in this cohort is known. Comparison with the data of
Humphries may reveal further differences between single
injections and continuous exposure regimes.
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Summary. This paper has investigated methods to produce a
constant availability of radionuclide to the placenta during
pregnancy. Single injections result in a very unstable blood
concentration. External infusion is fragile technically and
physiologically and stresses the animals. Osmotic pumps
provide a solution. The concentrations in the pups are
consistant with the notion that the later and lower the dose
administered the greater the percentage passing via the
placenta. They are also consistant with the previous reports
of nontamination pre-pregnancy and a significant percentage of
activity is passed via lactation.
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Table 1: Half Times Exponential Functions Fitted
to Concentration and Activity Data
Following Multiple Injection Regime

Phase

Rapid

Slow

Composite

4

22

Blood

.9 Hrs

.1 days

N/A

Concentration

Liver

4.3 days

22.1 days

9.1 days

(Bq/g(W))

Femur

N/A

N/A

36.1 days

Blood

N/A

N/A

22.4 days

Activity (Bq)

Liver

N/A

N/A

3.9 days

Femur

N/A

N/A

4.9 days

PI = Post Injection
N/A = Not Applicable
r*2 = Correlation Coeff.



Table 2. Breeding Results

Regime

Activity

Days of
Exposure p.c.

Day
Sampled p.c.

% Viviparous

Pups/Plugged
Dam

Multiple
Injection

4900 Bq.

1-19

19

93%

4.9+0.7

External
Infusion

5300 Bq.

9-19

19

31%

2.4+1.3

241 PU-
STS

20100 Bq.

0-21

41

53%

4.0+0.3

239 Pu-
LT4
1663 Bq.

0-21

41

88%

6.1+0.3

Internal

239 Pu-
LT3
832 Bq.

0-21

41

86%

6.8+0.5

Infusion

239 PU-
LT2
416 Bq.

0-21

41

78%

6.3+0.4

239 Pu-
LT1
215 Bq.

0-21

41

95%

7.0+0.4

LT-
Control

0-21

41

65%

6.1+0.5

Key:- STS;Short Term Kinetic Study
LTx; Long Term Lifespan Study



Table 3. Percent of Infused Activity per gram. Post Regime. %IA/q.

Regime

Activity Bq.
Concentration

kBq/kg

Days of
Exposure p.c.

Day
Sampled p.c.

Organ

Maternal Liver

Femur

Breast

Blood

Whole Pup

Placenta

Placenta:Pup

Multiple
Injection

4900

195

1-19

19

19.9+1.9

24.9±4.5

1.4±0.1

- ± -

0.7+0.1

14.2±1.7

20:1

(14)

(U)

(14)

( )

(58)

(27)

External
Infusion

5300

213

9-19

19

6.0+1.1

11.5±2.4

3.0+1.6

- + -

0.3±0.1

5.0+ -

17:1

(13)

(13)

( 4)

( )

(23)

( 1)

241 PU-
STS

20100

832

0-21

41

Nulliparous

3.9+0.2

10.6+0.6

0.2+0.1

.03+.01

- + -

- + -

(16)

(16)

( 2)

(13)

( )

( )

Internal Infusion
241 PU-
STS

20100

832

0-21

41

Viviparous

3.3+0.2

8.8+0.5

1.l±0.1

.02+.00

.02+ .003

- ± -

— *

(18)

(18)

(11)

(17)

(12

( )

239 PU-
LT1

215

8

0-21

41

6.5+0.3 |

8.4+0.4 <

0.9+0.2

- ± - (

- ± - <

- ± - (
••

3)

3)

3)

)

)

)
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Table 4. Percentage of Infused Activity at Weaning and Half
times of Clearance of Activity between Days 7-180 of age from

Pups of Mothers Infused
throughout pregnancy.

Organ

Liver
D21-90
D90-180

Femur

Spleen

Kidneys

Intestine

Stomach

Heart

Remainder

Total

PH=physical
decay.

%IA

22.

4

1

3

5

1

1

91

132

@Weaninq + S . E.

10±l.77x10-3

.38+0.21x10-3

.74±0.29x10-3

.73+0.85x10-3

.80+1.35x10-3

.86±0.55x10-3

.40+0.21x10-3

.00±5.65x10-3

.01+0.94x10-3

Halflife. Upperbound

Clearance
Half-Time

117 days
50

1500

313

283

162

70

131

1340

261

233

is equal to

95% Limits

( 70-

( - -

( 58-

( 49-

( 32-

( 30-

( 38-

( 22-

(115-

250)

PH)

PH)

PH)

450)

PH)

PH)

PH)

(125-1272)

no biologica]



Reference Node

Table 5. Comparison of Published Data on Transfer
of Plutoniua.

XIA/g
Dose Day of Sanpled Maternal Maternal Foetal

kBq/kg Inject Day pc Liver Fenur Body
Foetal Foetal
Liver Meabranes

Placenta Placenta:
Foetus
Ratio

Finkel
(1947) dice

Sikov
(1968) Rats

Sikov
(1976) Rats

Moskalev
(1969) Rats

Weiss
(1978) Mice

Green
(1979) Mice

Taylor
(1980) Rats

Mason
(1991) Mice

This Study
241-Pu

241-Pu

241-Pu

239-Pu

Single
Injection

Single
Injection

Single
Injection

Single
Injection

Single
Injection

Single
Injection

Single
Injection

Single
Injection

Multiple
Injection

External
Infusion

Internal
Infusion

Internal
Infusion

1,110
1,110

9,250
9,250

740
740

92,500
92,500

4
88

955

340
340

49
49

30
30

195

213

831

8

13
16

15
19

15
19

13
19

15
15
15

-2
-2

-12
-12

13
13

After

0-19

9-19

0-21

0-21

Birth
Birth

16.00
20.00

16.00
20.00

15.00
21.00

17.00
17.00
17.00

12.00
18.00

-

2.54

(2.60 XIA)

(25.80 XIA)
(23.44 XIA)

-

9.20
8.50

Birth (2.25 XIA)
35Days Old

14.00
16.00

9.16
8.16

-

0.73

(1.40 XIA)

(1.56 XIA)
(0.98 XIA)

13.42
14.32
7.45

>40.00
>40.00

(1.72 XIA)

26.07
31.37

Mason, Humphries and Lord. Int.J.

19.00

19.00

41.00

41.00

19.90
(30.7XIA)

5.98
(9.0XIA)

3.27
(7.4XIA)

6.52
(12.7XIA)

24.90

11.54

8.78

8.37

0.100
0.200

0.010 0.03
0.010 0.04

0.020
0.040

(0.68 XIA)
(1.16 XIA)

0.930
0.800
0.250

0.004
0.011

(0.01XIA)
(O.O45XIA)

0.450 1.27
0.700 2.41

Radiat.Biol. 59(2),

0.70
(0.83 XIA)

0.14
(0.37 XIA)

-

-

-

1.93
3.20

4.00
8.00

-

-

<... 0.07
{... 0.78

-

37.08
51.27

-

0.40
0.91

0.30
0.90

(1.20 XIA)
(7.55 XIA)

12.31
11.08
5.51

>
>

-

8.07
6.62

1991, pp467-478

-

-

-

-

14.20
(1.22 XIA)

4.96
(0.45 XIA)

-

-

-

40.ro
91.00

15.00
22.50

-

13.00
13.90
22.00

17.50
71.00

-

18.00
9.45

20.50

35.40

-

-

All figures are XIA/g except where indicated XIA.
< > indicates combined saaple.

- indicates data not available.
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Figure 1. Blood 241-Pu Concentration
After Single Daily Injections.
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Figure 2. 241Pu Concentration in Blood, Liver and Femur.
Following Five Day Single Injection Regime
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Femur Tfe-36 days. (Single Exponential)

Liver T6,~4 Days. (1st Exp.)
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T*2~22 Days (2nd Exp.)
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Figure 3a. Organ 241Pu Concentrations in
10 -a

Osmotic Pump Infused
Non-pregnant CBA/Ca ?'s
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Figure 4. Activity, Concentration,
% of Infused Activity and Mass.
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Figure 5. Activity, Concentration,

% of Infused Activity and Mass
10 T Pup Liver.
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Figure 6. Projected Doses During Neonatal
and Young Adult Period (7-180) Days From

Exposure In-Utero.
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Question and Answer Period for Mountford-Lister

Question:

Answer:

Question:

Answer:

Dr. R. Mole
What was the actual sample that you counted?
marrow or bone with marrow?

Bone without

It was bone with marrow. The aim was just to produce a set
of ballpark figures to give us some sort of idea of what was
going on.

Dr. J. Harrison
What was the variation and duration of pumps with time?

The pumps are pretty well constant for the 20 days and
five-hour warmup period. They pretty well go up in a square
wave function for about 20 days. The actual calculated
duration is 20.5 days. There is probably a 0.5 day on either
side of that. Therefore, you are not talking two or three
days error on either side. It is quite tight. I appreciate
what you are saying. If some pumps were pumping much later
into lactation, then we would be having more of a problem.
In the CBACA's, duration of pregnancy is 20 days. We have a
few that are born at nineteen days, but very, very few, maybe
5% if that.

Question: Dr. R. McFadden
What is the actual variation in the blood concentration with
time?

Answer: Is this the slide you mean? Because it is done in that
order, the activity goes up maybe one and a halffold during
that period, whereas the liver goes up well over an order of
magnitude in that time.

Question: Mr. M. Lupien
For the fetus, do you check some of the organs for early
bloodforming functions for the actual patterns and
variations?

Answer: Ve have a group of animals underway at the moment where we
are looking at the uterine period and we will be taking
animals for those sorts of organs. Ve have not gone down to
that sort of level.

Another set of work done by another worker at St. Bart's
involves looking at in vitro and some immunological factors
and that might well come under the work she is going to do.
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Question: Dr. H. Sikov
Do you have any feelings as to whether the behaviour during
lactation is the same as a single injection during pregnancy
or the pre-conception period?

Answer: From the literature, there are only two studies that I know
of where lactation was considered to be an important pathway.
A mid-term contamination gave very low amounts passed by the
milk. There is a paper by David Taylor and another one by
Green of MRC where they found that lactation was more
important. If there was activity present pre-conception,
lactation was more important in terms of the uptake rather
than the contamination later during development. But the
actual amounts passed over were very small.

There actually is one paper that suggests that passage by the
milk is probably more related to blood concentration than to
amounts actually within the tissue sample of the breast of
the mouse — that is, more related to blood concentration of
the dam rather than to the activity just grossly within the
breast of the mouse.

Question: Mr. P. Goyette
Have there been any studies to establish blood concentrations
due to ingestion?

Answer: No, not that I know of.
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PLACENTAL TRANSFER OF SELECTED RADIOPHARMACEUTICALS

Audrey V. Wegst, PhD
Diagnostic Technology Consultants, Inc.

Kansas City, MO

Abstract:

RadiopharmaceutIcals label led with short lived
radlonuclIdes, are of consequence to the pregnant
population because of the high probabi l i ty of internal
exposure. A nuclear medicine diagnost ic procedure may
be conducted on a pregnant patient if the preferred d i -
agnostic modality Is a nuclear medicine test and the
consequences of the Invest igated disease severe enough
to warrant the exposure, for example, pulmonary emboll.
The technologis ts , nurses , and other heal th care employ-
ees often work in areas where the po ten t ia l for Internal
exposure is high throughout pregnancy.

This paper will review work of the author regarding
animal experiments ca r r ied out to determine the t ransfer
of radiopharmaceutIcals from mother to fe tus . Whereever
possible , the animal data will be compared to any human
data ava i l ab le . The rad 1opharmaceuticals Included »n
the discussion will be Tc-99m pertechnetate, Tc-99m
DTPA, Ga-67 c i t r a t e and Tl-201 chlor ide .

Knowledge of the f e t a l dose from short lived
radiopharmaceutIcals used in the prac t ice of nuclear
medicine for diagnosis and therapy is of consequence to
the pregnant population. Occasionally a pregnant pa-
t ien t Is In need of a diagnost ic study involving the ad-
minis t ra t ion of a rad ioac t ive drug. This may ocour at
any stage of ges ta t ion . In deciding whether or iol to
perform the t e s t , the physician must balance t rc need
for the diagnostic Information and the consequence of
the po ten t i a l disease against the r i sk to the fe tus . In
addi t ion, technologis ts , nurses, and other female health
care employees often work throughout the i r pregnancies
in areas where the p o s s i b i l i t y for in ternal exposure Is
r e l a t i v e l y high. In both Instances, the absorbed dose
to the fetus must be known to assess the fetal r i sk .

Valid estimates of the mean fetal radiat ion absorbed
dose from a maternally deposited rad1onuclIde, using the
formulation of the Medical Internal Radiation Dose Com-
mittee (MIRD), must be based on the biological param-
eters :
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fetal cumulated act ivity
placental cumulated ac t iv i ty
maternal organ cumulated a c t i v i t y .

For the most part, the fetal dose has been estimated by
assuming the distr ibution in the mother is constant
throughout pregnancy and equal to the distribution in
the non-pregnant adult. The feta l -placental ac t iv i ty is
usually assumed to be zero or in equilibrium with the
maternal blood.

In order to investigate the radlopharmaceutleal d i s t r i -
bution during pregnancy, several commonly used materi-
als were injected into pregnant animals and the mater-
nal -placental -fet al distribution determined.

Tc-99m pentetate calcium trisodium (DTPA)

Tc-99m DTPA is used to perform kidney and brain imaging,
assess renal perfuslon and estimate glomerular f i l t r a -
t ion rate. It i s a freely d i f fus ib l e soluble organic
molecule. Following administration, i t rap'dly d i s tr ib -
utes throughout the extracellular fluid space and is
cleared from the body by glomerular f i l t r a t i o n .

Blodistribut1 on studies were performed on pregnant
Fisher rats on the 15th, 17th, 19th and 21st day of ges-
tat ion; at 15, 30, 60, 120, 360 and 1440 minutes after
an Intravenous t a i l vein administration of 1.4S MBq
(40uCl) of Tc-99m DTPA. After d i s sec t ion , the tissues
were weighed and counted with an appropriate standard.
Each was corrected for amount of radioactlvely adminis-
tered, t issue weight, radioactive decay and background.

The percent of administered dose per organ and per gram
were calculated. Least squares regression techniques
were used to f i t the time-activity data for each sampled
t i s sue using the percent per organ data. A five
parameter-two exponential model was used for curve f i t -
t ing . The area under the generated curve, corrected for
physical decay of the radionuclIde, represents the ma-
ternal organ, placental or fetal cumulated act iv i ty (A).

Estimates of the maternal organ, placental and fetal cu-
mulated a c t i v i t i e s are presented in Table 1. The units
are in kBq-hr for an Injected maternal radioactivity of
one kBq, however, because the values given in the table
are the time-fraction of the administered act iv i ty , the
same number would apply to any unit of radioactivity:
i . e . , uCl-hr for a maternal Injection of one uCi.
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TABLE 1

Tc-99m DTPA

ESTIMATED CUMULATED ACTIVITIES (leBq-hr) *

Maternal
Tissues

Adrenals

Blood

Bone

Heart

Kidneys

Liver

Lungs

Muscle

Ovaries

Salivary Glands

Spleen

Stomach

Small Intestine

Large Intestine

Thyroid

Fetal Mean

t-lacental Mean

Non-
Pregnant

2.2E-4

0.14

4.9E-2

1.3E-3

6.2E-2

2.8E-2

5.3E-3

7.9E-2

4.4E-4

l.GE-3

1.2E-3

2.4E-2

2.6E-3

1.8E-2

. 1.1E-4

—

—

Gestational

15

2.1E-4

0.12

4.0E-2

0.8E-3

6.5E-2

1.8E-2

6.1E-3

7.2E-2

3.2E-4

0.8E-3

1.1E-3

2.2E-2

1.4E-3

2.9E-2

1.1E-4

0.3E-3

0.7E-3

2.

0

4.

1.

5.

2.

7.

8.

4.

0.

1.

1.

6.

2.

1,

1

1,

17

1E-4

.12

3E-2

1E-3

7E-2

1E-2

1E-3

4E-2

3E-4

8E-3

1E-3

8E-2

,0E-3

1E-2

.2E-4

.0E-3

.5E-3

Aae

2.

0

5.

1.

6.

2.

8.

8.

6.

1.

1.

1.

3.

2.

1.

2.

1.

19

1E-4

.15

7E-2

4E-3

5E-2

8E-2

5E-3

8E-2

7E-4

2E-3

2E-3

3E-2

3E-3

0E-2

.2E-4

.2E-3

.9E-3

21days

2.

0

5.

1.

6.

3.

8.

10

9.

1.

1.

1.

5.

1.

1.

IE
3.

3E-4

.19

5E-2

5E-3

8E-2

2E-2

GE-3

.0F-2

3E-4

1E-3

3E-3

3E-2

7E-3

5E-2

,5E-4

I.3E-3

,0E-3

Column Total 0.41 0.38
* For an injected dose of one kBq

0.38 0.44 0.51
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The. fetal activity and weight Increased exponentially
with gestatlonal age and the placental activity and
weight Increased linearily with gestatlonal age.

For DTPA, the estimated cumulated activities in the ma-
ternal blood and organs all Increased during gestation
with the exception of the stomach, large intestine and
salivary glands. This increase reflects an Increase in
the extracellular fluid space during pregnancy.

Fetal dose estimates for early pregnancy were calculated
using the S factors available for the 58 kg pregnant
woman of 1-2 months gestation and the cumulated activity
estimates obtained in the 15 day gestation rats.

In order to compare the experimental results, the cumu-
lated activities determined for the non-pregnant rats
were used to calculate organ radiation absorbed doses
using the published S factors for Tc-99m. In addition,
the dose estimates were extrapolated to man using the
"equivalent time" factor suggested by McAfee (McAfee,
19S0) to expand the animal time base to that of man.
This factor is based on a weight ratio and calculated
by:

W » MAN

W " ANIMAL

For the rats used in this experiment the ratio is 6.7.
The mean radiation absorbed dose estimates calculated
directly from the animal data, extrapolated by the
"equivalent time" factor are given in Table 2. The ac-
tual mean fetal absorbed radiation dose can be assumed
to be between these two values. For comparison, the cur-
rently used method of estimating fetal dose from
non-pregnant data is shown using the non-pregnant rat
distribution data and no fetal-placental uptake.
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TABLE 2
FETAL MEAN RADIATION ABSORBED DOSE--HUMAN

Est imated for Early Pregnancy
Using Data from Pregnant and Non-Pregnant Rats

Tc-99m DTPA

Experimental Data Used Mean Fetal Dose
uGv/MBq (mRad/uCn

15 day Animal Data 2.1 (O.O0S)

15 day Extrapolated 8.2 (0.055)

Non-Pregnant Animal Data 1.4 (0.005)

Tc-99m pertecbnetate

The Tc-99m pertechnetate ion initially distributes in
the body similar to the iodide ion but is not organlfied
when trapped by the thyroid gland. It has been used as
a brain imaging agent as it accumulates in intracranial
lesions with excessive vascularlty or altered blood
brain barrier. It is concentrated by the salivary
glands, thyroid, gastric mucosa and choroid plexus. Af-
ter an Intravenous injection, it remains in the circula-
tory system for a sufficient time to permit blood pool
studies. It gradually equilibrates with the
extravascular space.

The protocol for blodistribution studies on pregnant
rats was similar to that for DTPA. Likewise, the data
were analyzed in the same way.

Estimates of the maternal organ, placental and fetal cu-
mulated activities are presented in Table 3. For
pertechnetate, the cumulated blood activity rose 26%
from day 13 to day 17 and then fell to approximately the
level of day 13 at term. Most maternal organs followed
this pattern with the exception of the the thyroid,
salivary glands and ovaries. The thyroid showed a pro-
gressive decrease during gestation while the salivary
glands and ovaries decreased early In gestation but rose
again at term.

Fetal dose estimates were derived for pertechnetate us-
ing the same method as for DTPA (Wegst, 1983). Table 4
presents the fetal dose calculated directly from the
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TABLE 3

Tc-99m PERTECHNETATE

ESTIMATED CUMULATED ACTIVITIES (kBq-hr) *

Maternal
Tissues

Adrenals

Blood

Bone

Heart

Left Kidney

Right Kidney

Liver

Lungs

Muscle

Ovaries

Salivary Glands

Spleen

Stomach

Thyroid

Fetal Mean

Placental Mean

Non-
Pregnant

9.

0

0

5.

6.

6.

1.

2.

e
3.

4.

5.

8.

1.

1E-4

.54

.31

8E-3

6E-2

3E-2

4E-1

4E-2

1.24

3E-3

.8E-3

8E-3

.5E-1

9E-2

—

—

13

7.

0

0

4.

5.

5.

1.

2.

0

2.

5.

6.

7.

1.

7.

1.

9E-4

.49

.28

4E-3

4E-2

5E-2

4E-1

4E-2

1.26

9E-3

1E-3

2E-3

5E-1

5E-2

.1E-4

.6E-3

Gestational

15

9.

0

0

5.

6.

6.

1.

2.

£

2.

3.

7.

8.

1.

9.

3,

7E-4

.57

.33

0E-3

2E-2

0E-2

5E-1

5E-2

1.26

6E-3

7E-3

1E-3

.7E-1

,3E-2

.7E-4

.5E-3

Aqe

17

9.8E-4

0.62

0.35

5.5E-3

6.9E-2

6.2E-2

1.6E-1

2.3E-2

0.29

2.5E-3

3.2E-3

7.2E-3

1.03

1.3E-2

1.7E-3

8.2E-3

19

7.

0

0

4.

6.

5.

1.

2.

0

2.

4.

6.

7.

9.

3.

9.

6e-4

.50

.32

6E-3

1E-2

6E-2

5E-1

2E-2

1.24

3E-3

5E-3

7E-3

3E-1

8E-3

.3E-3

.2E-3

21days

8.

0

0

4.

5.

5.

1.

2.

e
2.

5.

6.

7.

9.

1,

1,

6E-4

.51

.35

6E-3

3#-2

5E-2

6E-1

2E-2

1.26

7E-3

5E-3

6E-3

,5E-3

4E-3

.8E-2

.5E-2

Column Tota l 2.27 2.08
* For an i n j e c t e d dose of one kBq

2.36 2.65 2.12 2.23
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animal data, the fetal dose using the extrapolated val-
ues and the results using the non-pregnant rat data. The
published value for fetal dose is also given.

TABLE 4
FETAL MEAN RADIATION ABSORBED DOSE--HUMAN

Estimated for Early Pregnancy
Using Data from Pregnant and Non-Pregnant Rats

Tc-99m Pertechnetate

Experimental Data Used Mean Fetal Dose
uGy/MBq (mRad/uCl)

15 day Animal Data 12.9 (0.D4S)

15 day Extrapolated S5.S (0.322)

Non-Pregnant Animal Data 4.6 (0.017)

Published Value (Kerelakes, 19S0) 10.0 (0.03?)

Tl-201 Thallus chloride

Thallium-201 as thallus chloride Is a common
radiopharmaceutical for studying the perfusion of
myocardlal tissue. Thallium can exist In a +1 or +3
oxidation state and as +1 (thallus), the charge and size
similarity of the atom to potassium contributes to like
metabolic behavior. Potassium is found intracellularly
with the total body content related to the muscle mass.
The radlonuclide decays through electron capture transi-
tion with an abundance of low energy electrons emitted
(Dillraan, 1975), possibly resulting in DNA damage if an
atom decays intracellularly.

Guinea pigs were given intravenous injections of 100 uCl
of Th-201 chloride on the 53-55th of gestation. They
were killed and dissected on the 1st, 2nd, 4th and 6th
days after injection. The tissues were counted, and the
data were reduced to percent of Injected dose per organ
and percent of injected dose per gram.

•

The resul t s of the study are summarized in Table 5 show-
ing the percent of Injected dose per gram in fetal and
maternal organs, divided by percent of the injected dose
per gram of maternal blood. The organs are l is ted In
order of their maternal content on day 1.



61

TABLE 5

Tl-201 CHLORIDE

MATERNAL - FETAL ORGAN CONCENTRATIONS

Percent Of Injected Dose Per Gram in Organ

Percent Of Injected Dose Per Gram Maternal blood

Day After Injection 1 2 4

Kidney (fetal)
(maternal)

Liver (fetal)
(maternal)

Intestine (fetal)
(maternal)

Heart (fetal)
(maternal)

Spleen (fetal)
(maternal)

Muscle (fetal)
(maternal)

Uterus (fetal)
(maternal)

Ovaries (fetal)
(maternal)

Testes (fetal)

Whole Baby

Amniotic Fluid

41.
108.

10.
49.

27.
26.

41,
22.

18,
19,

23
22

17
16

24
13

17

16

2

1
9

S
O

O

0
7

.1
,7

00 CM

.4

.2

.1

.8

.2

.4

.1

.1

.4

27.
75.

10.
14.

24.
38.

36.
18.

19.
11.

22.
17.

19.
11.

18.
10.

—

17.

2,

7
3

3
2

9
4

2
1

1
4

0
0

4
3

0
2

5

,5

15.
41.

3.
19.

9.
12.

17.
9.

6.
6.

8.
5.

7.
7.

8.
6.

6.

7.

0.

4
3

1
5

2
3

0
1

6
1

6
6

6
3

1
8

8

6

.9

8.
19.

2.
5.

4.
5.

8.
3.

3.
3.

5.
2.

4.
2.

4.
2.

--

4.

0.

4
3

0
4

8
4

2
3

8
3

0
9

5
4

,8
4

,0

.5



62

It can be noted that the maternal organ concentration Is
higher than the fetal organ concentration on all days
after injection for only the kidney and liver. After
the first day the intestinal concentration is also
higher In the mother. For the other organs shown, the
heart, spleen, muscle, uterus and ovaries, the fetal
concentration Is higher than the maternal concentration
and this ratio tends to increase with time after injec-
tion. One disturbing aspect of this work is the high
concentration of thallium in the fetal ovaries which
reaches a fetal to maternal ratio of 2 at 6 days after
injection. The fetal ovaries consistently had more ac-
tivity than the fetal testes when males were available.
The fetal heart also maintained a fetal to maternal con-
centration of approximately 2 throughout the sampling
Interval. The fetal liver and kidneys had a much
smaller concentration than their respective maternal
tissues. The amnionic fluid for the first and second
days had a concentration of approximately 2.5 above the
maternal blood, however, by the 6th day this ratio was
0.5.

Ga-67 Citrate

Gallulm-67 citrate is used as an imaging agent for cer-
tain viable primary and met astatic tumors as well as fo-
cal sites of infection. The mechanism of concentration
is not known, but invest Igatlonal studies have shown
that it accumulates in lysosomes and is bound to a
soluble intracellular protein. The highest normal tis-
sue concentration initially is renal cortex shifting to
the bone ^.n^ lymph nodes and later to the liver and
spleen. The whole body retention after one week is
about 65% of the injected dose (Medl-Physics, 19S5).

Pregnant rabbits were Injected with Ga-67 citrate at 14,
19, 24 and 29 days of gestation. They were killed at 2,
6, and 24 hours after Injection. The percent of admin-
istered dose per gram and per organ was determined.

The percent of the administered dose in the placenta and
fetal rabbits is shown in Table 6. The striking charac-
teristic of Ga-67 distribution during pregnancy is the
high concentration of the material In the placental tis-
sue. In the term rabbits, 24 hours after injection,
48.3% of the dose was found in the placenta. At 14 and
19 days gestation, 24 hours after administration, less
than 4 % of the dose was concentration in the placenta,
however, it rose to 30% at 24 days and nearly 50% at 29
days. The term fetal content 24 hours after injection,
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TABLE 6

Ga-67 CITRATE

Percent Of Administered Dose In Rabbits'

Time After Injection 2 6 24hr

Fetal
Gestational

Placental
Gestational

Age

Age

14day

19

24

29

14

19

24

29

0.007

0.006

0.03

1.8

1.2

0.5

5.1

14.2

0.015

0.018

0.07

2.0

1.3

0.9

25.2

30.9

0.035

4.1

3.1

4.9

3.5

1.0

29.7

48.3
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was only 5?
proximalely
not have any

The placental tissue contained ap-
per gram while the maternal tissues did

~" per gr am.
.0

concent ration greater than 0.23,

Rats show a similar
the placenta.

pattern of Ga-G7 concentration in

Values for cumulated activity in the maternal organs and
fetal tissue have not been calculated for either Tl-201
or Ga-67.

Conclus1 on :

The fate of radiopharmaceutlcals during pregnancy is
clearly dependent upon the metabolic characteristics of
the compound. The fetal dose would vary widely depend-
ing upon the sites of concentration and the placental
transfer. Tc-99m pertechnetate causes a higher fetal
dose than Tc-99m DTPA as would be expected from adult
dosimetry. Tl-201 chloride crosses readily to the fetus
and distributes in a manner unique to the fetus. DNA
damage is likely because it concentrates
Intracellular1ly and produces low energy electrons when
undergoing decay. Ga-67 citrate concentrates in the
placenta and would result in a spacially dependent fe-
tal dose depending upon the physical position of the
fetus relative to the placenta.
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Question and Answer Period for Vegst

Question:

Answer:

Mrs. A. Warbick-Cerone
Is your work published yet? If so, vhere?

That's a good question. The pertechnetate is, but that is
all. It is published in Medical Physics. The other data has
not been published.

Question: Mr. M. Lupien
Do you see any changes in the US NRC Regulations with respect
to the administration of these compounds?

Answer: In terms of adding to it, a pregnant kind of clause? You
would consider it a misadministration if you gave it to a
pregnant person and you did not know, and she happened to be
pregnant, so the fetus would get a double dose. Is that what
you are referring to?

My feeling is that physicians look at pregnant people with
special concern. Never in my vast experience in nuclear
medicine have I seen a physician just, without due
consideration, give a known pregnant person a
radiopharmaceutical. Maybe some of you would disagree, and I
think that this is truly an area that should be left up to
physicians and not put into regulatory verbiage. I believe
they are very careful about this issue.

Ccwent: Dr. S. Taniv
This administration of a dose of a radiopharmaceutical is
given to a patient in a matter for which it is intended. The
NRC does not second guess the physician and his decisions to
administer a radiopharmaceutical as long as he complies with
other rules which deal with this topic. The NRC will not be
changing this in the future.

Answer: I don't think we should ever consider that,
that.

No, I am against

I think it should be left out of regulatory concern
altogether. I don't think the NRC rules, if you mean the
misadministration rule, has any intent to apply to a pregnant
patient. I believe that is what you were saying. Tou were
saying "should it"? I don't believe so. In my belief, I
think that is beyond the NRC jurisdiction.
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Comment:

Answer:

Question:

Answer:

Dr. S. Yaniv
I have something to say about this subject. As long as the
product has been FDA approved, and the physician has the
authorization to apply the procedure, and the physician is
authorized by his licence to administer it, it is his
decision.

Every product insert in all radiopharmaceuticals has a
disclaimer for pregnancy, that this has not been tested in
pregnant people; it should not be used in cases of pregnancy
unless the benefit is greater than the risk. It is left to
the physician to determine that.

Mrs. S.E. Cooke
In your early slides you shoved percentage in ovaries.
that in the fetal ovaries or in maternal ovaries?

Is

The latter one and thallium. I had both the fetal and
-jaternal ovaries. It was not percentage. It was percent in
the ovary compared to percent in the maternal blood and that
had both fetal and maternal. The earlier curve was maternal.
In the rat I don't have that and it is very difficult to get
that kind of data in fetal ovaries.

Out; on: Hrs. E. McDonald
I can speak firsthand because I am a nuclear technician.
There have been two recent cases where we have found out
after the fact that the person was pregnant. This was for
thyroid scans. We estimated exposure to the fetus by
considering dose to maternal ovaries. Is that a good way to
do so?

Answer: I think you should have used dose to the uterus not the
ovaries. Do you have any comments Evelyn?

Reply: Mrs. E. Watson
The uterus: the child is in the uterus.

Comment: Mrs. E. McDonald
Most of the patients that would require gallium, usually 90X
of them are in their late or end of their childbearing years.

Answer: Not true in the States. We do many studies on younger
people.

Comment: Mrs. E. McDonald
Still 90Z of them are in their late or at the end of their
childbearing years.
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Answer: Most of them are male,
people get this study.

Seems to me that quite a few younger

Question: Hrs. E. McDonald
If such exposures are inadvertent, would most physicians
recommend that the pregnancy go to the term, if the fetus has
been exposed?

Answer: Some, in the medical world, because it is very difficult for
a doctor to recommend that somebody have an abortion. It is
really a very individual thing, between the referring
physician and his patient.

The rule of thumb is, if you can show that the fetus has been
exposed to more than about 10 rads, and some people use 15,
then the physician can recommend, because of the radiation,
an abortion. I think it is done with a lot of care and
consideration and depending on the patient herself, whether
she agrees to it. It would be almost impossible, except in
the therapeutic kind of administration, to give that kind of
a fetal dose.

Question: Dr. A. Trivedi
How will the increase in the use of monoclonal antibodies -
how will this affect radiation doses? Does this go to very
specific areas?

Answer: I think the dosimetry would be certainly a problem if you
gave it during pregnancy, because then you would have to know
how each one was handled in the localization of each one to
determine the fetal dose. The general concepts would be the
same.

Question: Dr. A. Trivedi
Are there any studies going on now that are addressing this?

Answer: None that I know of.

Comment: Dr. M. Sikov
To do anything in terms of radiation doses we would have to
know specifically what is happening.

Comment: Dr. A. Trivedi
These monoclonal antibodies are going to be increasing in use
and we don't know where they are going, whether it is
placental localization or what, we just simply do not know!
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Answer: The patient population probably would not be pregnant, I
would guess. Again, it would sort through another level of
disease states that probably would not be pregnant people.
You would certainly have to know the maternal distribution as
veil as any fetal uptake.

Question: Dr. A. Trivedi
But along those same lines, have there been any studies done
that show that microdosimetry considerations must be taken
into consideration?

Answer: It would be fun to do, but I do not know that anyone has done
it. Certainly, thallium would be an interesting case. I
don't know of any work, especially in the fetus, with anyone.

Question: Dr. R. McPadden
Coming back tr this question of dose to the uterus, do you
have any fef.iing as to the source or to the concentration to
the fetus with respect to the placenta?

Answer: Early on, the fetus isn't concentrating much, and so what the
uterus has is about the same as the fetus. I think in
general you can assume the fetal dose will be a little less,
so the worst case would be the dose to the uterus.

The placenta develops with time. Ve are calking about pretty
early. At three weeks, there is no placenta.
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"THE USE OF A NINATURE DIRECT-READING SOLID STATE

RADIATION DOSIMETER TO MEASURE THE RADIATION DOSE

FROM TECHNETIUM-99m TO THE BLADDER WALL OF THE PIG.

J.R.N. McLean(1), I.Thomson(2)f K. Shortt(3>, and G. Frappier(1>

(Presented by A. WarbicJc Cerone(1))

(*) Health and Welfare Canada, Bureau of Radiation and Medical Devices, Ottawa; ^ Thomson and Nielsen
Electronics Ltd., Ottawa;(3) Radiation Standards, National Research Council of Canada, Ottawa

ABSTRACT

Each year about one million Canadians receive Tc-99m labelled radiopharmaceuticals for
diagnostic purposes. Many of these radioactive agents or their metabolites are excreted in
the urine. Consequently, the bladder wall can receive a relatively high radiation dose and is
often considered one of the organs at risk. The bladder contents could also contribute a
significant dose to a developing fetus in the event that a pregnant patient was inadvertently
administered a radiopharmaceutical. The risk associated with the use of any
radiopharmaceutical is determined by the sum of radiation doses to selected organs weighted
with an appropriate factor for each organ's radiosensitrvity. To ensure that a risk estimate
is realistic, it is essential to compare, when possible, the estimate of radiation dose, as
generated by an appropriate mathematical model, to results obtained by direct physical
measurement. In this project, real time measurements of dose and dose rate to the bladder
wall, from intraveneous technetium-99m, will be obtained by direct physical measurement
using a miniature solid state radiation dosimeter implanted onto the bladder wall of a
laboratory pig. The value obtained by direct physical measurement will then be compared
to the estimate of dose obtained by application of an appropriate model used for bladder
wall do&imetry. Two methods of data logging will be described.



70

INTRODUCTION.

Each year about one million Canadians are injected with radiopharmaceuticals labelled with
technetium-99m. Many of these agents, or their metabolites, are excreted in the urine.
Consequently, the bladder wall receives a relatively high radiation dose and is often
considered to be one of the organs at risk. For purposes of radiation dosimetry, the bladder
is considered a hollow organ, consisting of a thin shell of epithelial tissue enclosing a
radioactive source, the volume of which fluctuates with the dynamics of urine production and
excretion. This configuration is described in the form of a mathematical model and allows
an approximate radiation dose to be inferred to the bladder wall of "standard" man or
women. The model accounts not only for basic urinary tract anatomy and physiology hut also
for the biological and nuclear parameters related to the technetium-99m radiolabel. The
risks associated with the use of these radiopharmaceuticals is determined by the sum of
radiation doses to each of the body's organs weighted with an appropriate factor for each
organ's radiosensitivity. A risk estimate therefore is only as reliable as the accuracy of the
underlying radiation dose estimates. Dose estimates based on the mathematical modelling
of a "standard" human, rarely reflect the dose profile of an individual unless the physiological
and anatomical characteristics of the two are similar. To ensure that risk estimates are both
appropriate and realistic, it is essential to compare whenever possible, the radiation dose
generated by a mathematical model with results obtained by direct physical measurement.
The assessment of radiation risk will be even more critical as therapeutic
radiopharmaceuticals come into wide spread use.

OBJECTIVES.

We propose to test the adequacy of current model-based radiation dosimetry of the bladder
wall for technetium-99m in urine, by actually measuring the dose in-situ, in real time, by
attaching onto the surface of the bladder, a miniature integrating radiation dosimeter based
on silicon microchip technology (Fig. 1A). The detector head is about 2 mm x 2 mm, while
the actual radiation sensitive area is only 100 um square (Fig. IB). The detector and lead
wires are small enough to be left in-situ so that replicate experiments can be done. The
experimental dosimeter for this experiment has a lower detection limit of about 250 mrad
and a linear response of up to at least 200 rads. The dosimeter is a metal oxide silicon
semiconductor (MOSFET) available from Thomson and Nielsen Ltd. of Ottawa. [1]

EXPERIMENTAL.

The dosimeter measures a shift in the threshold voltage when exposed to ionizing radiation.
The voltage shift is a linear function of the absorbed dose for both electrons and gamma
rays (75 keV to 35 MeV). The dosimeter response, for all practical purposes, is independent
of temperature and dose rate and gives reproducible readings to within 2%. The quantitative
shift in threshold voltage provides a permanent record of the integrated dose.



71

The output signal voltage from the dosimeter will be treated in one of two ways in this
experiment. First, a prototype data logger will be attached to the pig and the dosimetry data
stored for retrieval and reduction upon completion of the experiment. A second, more
advanced in-house logger design will also be used. In this system, a device attached to the
pig will accumulate an integrated dose for several minutes and then transmit the data
directly to a computer for immediate processing. The design of the the transmitter is shown
in figure 2A. The detctor signal (approx 1 mV/rad) provides input to a digital voltmeter chip
(ADC3511) where it is digitized and sent to a tone generator. The tone generator assigns
a different tone to each of the digits 0 to 9. Four tones, representing the digits that make
up the dosimeter reading, are then sequentially transmitted to a receiver (figure 2B). The
tones received from the transmitter are sequentially decoded as the digits 0 to 9 and sent
to the computer for analysis.

The detector will be standardized against a cobalt-60 gamma radiation source at National
Research Council, Division of Radiation Standards, Ottawa, Canada. The detector output
will then be expressed in cobalt-60 rad-equivalents, a dose which can be readily related to
risk. In addition, the cesium-137 source at the Bureau of Radiation and Medical Devices,
Ottawa, will be used for low dose rate calibration.

The pig will be anesthetized, the dosimeter will be inserted through a small incision in the
abdominal wall and then attached to the bladder wall by a cyanomethacrylate-based glue
("crazy glue"). The appropriate data logger will be attached to the dosimeter leads and then
firmly tethered to the pig. The pig will remain fully mobile throughout the experiment.
Technetium-99m (9250 MBq, carrier-free) will be administered by intravenous injection and
the radiation dose to the bladder wall monitored continuously by the microchip. All urine
and feces will be collected for a total of 4 to 5 days and assessed for radioactivity so that the
most reliable dose estimate to the bladder wall can be obtained.

Data collected in humans for Tc-99m demonstrate an early uptake in the thyroid, salivary
glands and stomach and a delayed uptake in the colon. The remaining fraction of
administered activity is assumed to be uniformly distributed throughout all other organs and
tissues (except brain). Elimination is by kidneys (65%) and intestines (35%)(1). The
residency time of radioactivity in target organs, and in other tissues, are as follows:

organ
category

stomach wall
stomach contents
sm. intest.contents
up. lge intest. wall
up. lge intest. contents
low.lge intest. contents
kidneys

residency time
(min)

4.9
9.2

25.3
32.6
44.6
21.8
10
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bladder contents
thyroid
salivary glands

20.7
2.2
3.4

The residency time in the remainder of the body is estimated at about 4.3 hours (2).

The radiation dose to the pig bladder from intravenous administration of 9250 MBq of
technetium-99m is estimated to be about 84.2 rads (842 mGy). The pig will receive a whole
body equivalent dose of about 67.5 rem (675 mSv) over a period of several days.

The bladder wall receives a relatively large radiation dose from the administration of Tc-
99m, in fact, the dose of consequence for many Tc-99m-based radiopharmaceuticals. For
intravenous technetium-99m, the bladder wall receives the second highest radiation dose (the
dose to the GIT being the highest) while the kidney dose is a representative median for the
rest of the major organs. The accumulation of radioactivity in the bladder can also be a
source of exposure to a developing fetus in the unlikely event of a pregnant patient being
injected with technetium-99m. For electrons and beta particles, the S factor, the average
absorbed dose per unit cumulated activity, represents a surface dose to the bladder wall and
is based on a fixed average bladder content of 200 mL of urine for adults and 152, 97, 61
and 31 mL for 15,10, 5 and 1 year old children respectively. To calculate the radiation dose
to the bladder wall, S-values are used in conjunction with cumulated activities for a fixed
3.5 hr bladder voiding interval. This does not allow for the variation in dose-rate to the wall
as the bladder fills with urine. Within the normal ranges in the rate of urine flow (0.5 to 2
liters/day), of voiding interval (0.5 to 8 hours) and of initial bladder contents at the time of
injection (0 to 300 mL), the predicted bladder wall dose can vary over a considerable range.
Dose estimates based on the mathematical modelling of a "standard" human, rarely reflect
the dose profile of an individual unless the physiological and anatomical characteristics of
the two are similar.

To ensure that risk estimates are both appropriate and realistic, it is essential to compare,
whenever possible, the radiation dose generated by a mathematical model with results
obtained by direct physical measurement. The use of a direct reading, miniature radiation
dosimeter implanted in, or on the appropriate target tissue, will facilitate this process. The
assessment of radiation risk will be even more critical as therapeutic radiopharmaceuticals
gain acceptance.
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FIGURE 1A and IB.

1A. The dosimeter, manufactured by Thomson and Nielsen Ltd of Ottawa, is based on
MOSFET technology. The width of the probe is 2 mm.

IB. The radiation sensitive area of the probe is about 100 urn square.
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Question and Answer Period for Uarbick-Cerone

Question: Dr. A. Vegst
Do you have any idea about the amount of activity that will
be administered to the pig?

Answer: About 950 HBq.

Question: Dr. P. Mountford-Lister
With respect to position, where exactly is this device going
to be located?

Answer: It is going to be surgically implanted inside the bladder
wall.

Question: Dr. P. Mountford-Lister
Do you have any ideas as to the energy dependence?

Answer: It is going to be cross calibrated with Cobalt 60 at the
National Research Council [in Ottawa]. But its actual energy
dependence I don't know.

Comment: Mrs. E. Watson:
I have listened to your comment about using actual models for
organ dose distributions or whatever. The relationships may
be very much different because the pig is very much different
to man. Therefore I am not sure that that is a valid
assumption.

The other question or comment I had was, you had mentioned
that they had collected the urine and from the concentrations
in the urine, back extrapolated. To do this you would need
to know exactly when the urine was collected because the
models that are used need this information. It has to be
correlated if you really want to compare with calculated
doses.
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Dose Response Relationship at Low Doses: The Biology of Mental
Retardation

William J. Schull

The following is a brief review of the data that have accrued in
Hiroshima and Nagasaki on the effects of ionizing radiation on the
developing human brain (for more deta i l s , see Schull, Otake, and
Yoshimaru, 1989). It must be borne in mind that the exposures in these
c i t i e s were not d i s t r ibu ted over time; they were essen t ia l ly
instantaneous, extending over a few seconds at most. Extrapolations of
these findings to protracted exposures such as those occurring from
internal emitters should obviously be guarded. Such extrapolations must
be made, however, since there is l i t t l e direct information on the
effects of internal emitters, and in particular, those that might be
teratogenic. The evidence that is available ranges from the anecdotal
to case reports, with no well-defined, well-characterized studies of a
substantial number of individuals who, for one reason or another, were
exposed to radionuclides during embryonic or fetal development.

Under these circumstances, i t has been thought that studies of the
Chernobyl accident would provide the information that is lacking. With
each passing year, this seems less likely. The studies in the Ukraine,
Russia, and Byelorussia appear striven by political differences, and a
failure to work out an effective means of collaborating. It is moot,
therefore, whether these studies will ever achieve the size and
scientific precision required to satisfy the international community of
radiation biologists. Possibly the studies of the contamination at
Chelyabinsk, which appear less fragmented, will be more useful.

Although areas of substantial fallout are known to have occurred in
Hiroshima and Nagasaki, in the weeks and months immediately following
the bombings, i t was impractical or impossible to measure body-burdens,
and the few such measurements that have occurred were not made until
almost twenty years later.

The major fallout in Hiroshima occurred about 3 km west of the
hypocentre, at the foot of the mountains that ring the city. The last
radiation survey of which I am aware was done approximately ten years
ago. At that time, uoiftg the techniques that were used, i t was no
longer possible to circumscribe the fallout areas, i .e . , the entire city
was more or less uniformly "labeled."

The situation is somewhat different in Nagasaki, where the major fallout
was 3 km east of the hypocentre, in the vicinity of one of the several
reservoirs that serve the city. It was not until the mid-1960s that an
effort was made to measure the body-burdens of the residents in this
area, known as Nishiyama. The cesium burdens were above those seen
elsewhere in the city, but they were substantially lower than the ICRP
recommended limits (Okajima, 1975).

The increased radioactivity in this region undoubtedly reflects not only
the fallout from the 1945 weapon but also from subsequent atmospheric
weapons testing. Nagasaki lies in the prevailing wind currents that
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come from the centre of China. Whenever the Chinese detonated a weapon,
the f i rs t evidence of an increase in radioactivity in the Japanese
islands often occurred in the vicinity of Nagasaki.

It is interesting to note that individuals residing in other areas of
Nagasaki, who obtain their water from this reservoir, do not have an
increased body-burden. This suggests that the burdens were acquired
through the ingestion of food stuffs grown in contaminated soils. The
economic situation obtaining in post-war Japan was such that most
families raised some produce if possible. If these vegetables were
raised in contaminated soil, as was true in the Nishiyama area, it is
likely that some ingestion of radionuclides occurred.

There are no recent studies of these individuals of which I am aware.
The population is being followed epidemiologically, but it is small and
it is doubtful whether much useful information will be forthcoming. The
entire population is of the order of 600 individuals, and includes
relatively few women who were pregnant at the time of the bombing.

Severe mental retardation:

Historically, an increase in the frequency of severe mental retardation
(SMR) was the first effect of in utero exposure to be recognized in
these ci t ies . In this context, severe mental retardation implies that
the child was unable to form coherent sentences, could not do simple
arithmetic problems, had difficulty managing his or her own affairs, and
in some instances had been unmanageable and committed to an institution.
The diagnoses were made by pediatricians.

As seen in the summary of the T65 and DS86 dose estimates (Figure 1), a
substantial increase in SMR occurs with increasing dose (See Otake,
Schull, and Yoshimaru, 1987, for details) .

These findings are based on about 1550 individuals who were chosen from
a somewhat larger set. The sample includes virtually every child whose
mother was exposed within 2 km of the hypocentre, and a matched group of
children whose mothers were exposed at 3 to 5 km. Another comparison
group consists of an equal number of individuals whose mothers were not
present in the city at the time of the bombing but who moved into
Hiroshima or Nagasaki shortly thereafter. The three groups are matched
by gestational age at exposure (trimester), sex, and city.

Evidence of this increase in SMR began to emerge as early as 1950. But
the data have grown stronger with time, primarily due to the assignment
of spec i f i c doses to the study subjects and developments in
neuroembryology which have provided a bet ter understanding of the
possible biological bases of the events that have been observed.

IQ scores:

The next four measurements to be described are not as clear-cut but are
no less interesting tfoor provocative. We begin with the measurement of
the intelligence quotients of these children using a Japanese test known
as the Koga Intelligence Test. The latter was developed by a
psychometrist at the University of Hiroshima. Although not presently
widely used, it was a common test in schools and in clinical settings
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during the late 1940's and through the 1950's.

These tests were conducted in 1955 when the children were approximately
1% years old. As will be seen in Figure 2, in the 8th through the 15th
and the 16th through the 25th postovulatory weeks, irrespective of the
dosimetry system, there is a marked diminution in average intelligence
score as dose rises, some 20-30 points at 1 Gy (Schull, Otake, and
Yoshimaru, 1988).

School performance:

At the same time as the intelligence tests were conducted, with parental
permission and the approval of the municipal educational authorities, it
was possible to obtain the school records through the first four years
of elementary education of these children. At eleven, most of them had
finished the fourth grade.

These data were also collected in late 1955. The observations were made
by an entirely different set of observers than those that administered
the intelligence tests — the school teachers as opposed to the
psychometrists at the Commission.

In this case, average school performance represents the mean of seven
scores that the teachers assigned to students based upon their
performance in seven different subjects, ranging from arithmetic to
gymnastics.

As Figure 3 illustrates, average school performance declines as dose
increases, most pronouncedly in the 8-15 week group. The decline at one
Gy is tantamount to moving a child from the middle 50 percentile to the
lowest 10 percentile of his or her class (Otake, Schull, Yoshimaru and
Fujikoshi, 1988).

Seizures:

These findings and the knowledge that the foci of seizures are often
ectopic gray areas in the urain, which had been seen in some of the in
utero exposed, prompted us to examine the occurrence of seizures among
these children. It should be noted chat this is anamnestic information
— none of these children actually had a seizure while being examined.
However, seizures are sufficiently dramatic and frightening events that
mothers tend to recall them with a surprising degree of accuracy.

The data have been divided into all seizures, implying a convulsion for
any reason whatsoever, and unprovoked seizures. The latter are those
for which there is no history of an accompanying febrile episode,
infectious disease or inoculations which might precipitate a seizure, or
trauma. Given no other identifiable precipitant, these seizures could
presumably be radiation-related.

The difficulty in analyzing these data resides in deciding whether
mentally retarded children should or should not be included. The answer
depends on the underlying biological event(s), and fhis is not known.
If seizures are simply different manifestations of the same event that
culminates in the occurrence of SMR in some individuals and seizures in
others, then SMR should be included. However, if seizures arise through
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a different mechanism and the dose response relationship with respect to
this mechanism is desired, then SMR should be excluded.

In the case of unprovoked seizures, there is a fairly sharp increase in
frequency when the mentally retarded are included, but one must remember
that a substantial fraction of children who are mentally retarded also
have seizures. If the mentally retarded are excluded, the relative risk
at 1 Gy falls from 20, in the 8 to 15 week period postovulation, to
about 14, and is no longer statistically significant (Dunn et al.,
1988). However, on a one-tailed test, the probability of an effect is
suggestive (P = 0.08).

Undoubtedly some of the loss in statistical precision stems from the
high proportion of severely mentally retarded individuals who were
exposed to one gray or more. When the mentally retarded are excluded
from the analysis, most of the high dose cases are lost and one is
essential analyzing the low end of the dose range. As a consequence, to
show the same significance even for a regression coefficient that did
not change, the sample size required would have to be increased
substantially.

Neurophysiologic measures:

There is at least one other set of observations available. Although
interesting, these are difficult to place into the perspective that one
might like. In 1962-63, during the course of the clinical examinations
when these individuals were 15 to 16 years old, measurements were
obtained on two neurophysiological tests.

The first is a grip test which involves the compression of a calibrated
device which measures, in kg, the pressurt exerted. When corrected for
body size, no decline in grip strength is observed with dose in any
postovulatory age group, although there is an effect in the 8-15 week
period when body size is ignored. This suggests that the latter effect
is probably mediated by radiation-related changes in body size.
Individuals who have received a dose of 0.5 gray or more are often
physically retarded, they are smaller for their age than their peers who
received lesser doses or were not exposed at all.

The second test consists of depressing a hand held counter as rapidly as
one can, for a fixed period of time. This is done first with one hand
and then the other, and the test repeated at least twice after a trial
run. This repetitive action test, as it is called, is thought to be a
measure of fine motor control rather than strength. As dose increases,
the children are less able to perform the test. This remains true even
after body size is taken into account.

Small head size:

A measurement which has been suggested as a convenient surrogate for a
psychometric examination or a clinical assessment of retardation is
small head size. This is not microcephaly in the usual clinical sense
but is a term used to designate a child whose head circumference is less
than two standard deviations below the mean circumference for the entire
sample. As a result, these children lie in the lower 2.5 percentile of
the distribution of head circumferences.
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There is a high correlation between small head size and severe mental
retardation. Roughly 60% of individuals with SMR will have a head
circumference that qualifies as small by the criterion stated above.
However, only about 10% of individuals who have a small head size will
be mentally retarded.

The most striking effect on head size occurs in the first four months of
pregnancy. No effect i s observed a f t e r about the 16th week
postovulation. The number of individuals with small head sizes who were
exposed in the 16th-25th week or in the 26th and subsequent ones
represent about 2.5% of the samples within these respective age
intervals. However, in the interval 0-7 weeks or 8-15 weeks, the number
of individuals with small head size substantially exceeds the 2.5%
expected. Where 16 are expected on the basis of the sample sizes in
these two intervals, 46 were actually observed, an excess of 30 cases.
If i t is assumed that the small head size among those 12 individuals
with SMR is secondary to brain damage, this leaves 18 cases which might
represent radiation-related instances of growth retardation without
accompanying mental impairment.

Dose-response models:

A very important, but s t i l l unresolved issue is the nature of the dose-
response curve. Previous figures have shown a decline in al l of the
measured variables as dose increases but i t is unclear what model should
be used to describe that decline.

Most of the simple conventional dose-response models will f i t these
data, with no one model being conspicuously bet ter than another.
Although a pure quadrat ic model can probably be excluded, the
observations can be f i t almost equally well by either a linear or a
linear quadratic model. However insofar as the occurrence of SMR is
concerned, the DS86 data suggest a threshold model might be more
apppropriate, with a linear increase in the frequency of SMR once the
threshold has been passed.

If individuals who are mentally retarded and for whom there is some
possible underlying explanation for the retardation are excluded from
the sample, the lower 95% confidence limit of the estimated threshold
ranges between 12 and 20 cGy, depending upon the model used (see Table
1). However, the existence of this threshold is s t i l l debatable since
i t could be an artifact of the dosiraetry.

Uncertainties:

The figures expressed in Table 1 are based on a sample of 1544
individuals of whom 30 were mentally retarded. There is l i t t l e
likelihood that the sample of individuals exposed to doses of 0.20 Gy or
more can be enlarged significantly, but i t would be possible to add some
additional study subjects exposed to doses under 0.20 Gy where the data
are weakest.

When the clinical sample was defined in 1959, the available examination
facili t ies in Japan were limited and a value judgment had to be made as
to which individuals should be selected for c l in ica l study. No
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reliable, individually based dose estimates were available at that time,
and distance from the hypocentre was the most readily obtained
surrogate. Moreover, i t was reasonable to assume that in both cities
the bulk of the moderately to heavily exposed individuals were exposed
within 2 km of the hypocentre. Accordingly, all individuals exposed
within this zone were included in the clinical sample. However, as a
result of the uncertainties in the air dose curves that were available,
no individuals were included in the sample who were exposed within 2 km
to 3 km of the hypocentre. Beyond, 3 km and extending to 5 km,
individuals were selected so as to match by sex, gestational age at
exposure (trimester), and city the inner group.

Recently, an effort has been made to extend the data to include
individuals in the 2-2.5 km area where their dose was presumably greater
than 1 cGy. There are about 175 such persons, of whom 2 are known to be
mentally retarded and a third case is suspected. These cases have not
yet been categorized as to estimated dose but all were exposed in the
8-15 week period. It is unclear, therefore, whether these 3 additional
cases will help clarify the low dose response or merely obscure i t
further.

The DS86 system of dosimetry differs in many ways from its predecessor,
the T65 (Roesch, 1987). With the DS85 dosimetry, the dose estimation
for individuals wno received doses of 20 cGy or more is a direct one.
These doses involved individuals who were relatively close to the
hypocentre and the circumstances attending ;he exposure of a specific
individual is incorporated into the model u~ed to compute the dose.

In Hiroshima, within 1600 m of the hypocentre, detailed shielding
information is available on virtually every individual. Aided by aerial
photographs, each individual identified his or her geographic location
at the moment of the detonation. These aerial photographs were
sufficiently precise that , with familiarity of the neighborhood,
individual houses could be identified without much difficulty. Scale
drawings were made of the house and i ts interior, so that i t would be
possible to estimate the extent of the attenuation of dose by
intervening walls or other shielding. A final step was to record the
person's age, their posture — whether they were kneeling, standing or
lying down — and whether they were looking toward, away, or at some
oblique angle with respect to the hypocentre.

Individuals are divided into three age groups — infants, juveniles, and
adults — to make i t possible to account for differences in body and
organ size that can affect the estimates of the organ absorbed doses.
As yet, there ar•: no estimates of actual fetal doses. We hav been
obliged to use the absorbed dose to the maternal uterus as a substitute.
It is uncertain when, or if fetal doses will ever be calculated, but
this would certainly be a worthwhile undertaking.

Dose-response models are generally fitted to the data as if there were
no errors in the dose estimates themselves. This is not true. Although
we are aware of no systematic errors, random errors do arise through
uncertainties in the modeling i t se l f and in the accuracy of an
individual's recollection of his or her exposure circumstances. These
errors can lead to an underestimation of the risk, and obscure the
dose-response relationship.
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Another concern is the postovulatory age of an individual at the time of
the exposure. Since accurate birthweights were not available, it has
been necessary to assume that every pregnancy went to term. But in
reality some of the 1550 pregnancies that comprise the clinical sample
on whom DS86 doses are available, must have terminated prematurely. If
this occurred, postovulatory age would be overestimated, and in view of
the small number of individuals who are retarded, the bias introduced
inadvertently could be large.

Finally, individuals of the same chronological age can be of guite
different developmental ages. The variation may be as l i t t l e as a week
or as much as a month. This is supported by an extensive body of data
collected by the Carnegie Institute and by Dr. Hideo Nishimura in Japan.
Unfortunately, Nishimura's studies which are the most extensive and
presumably pertinent to our concerns do not involve timed conceptions
and therefore there is some uncertainty as to when pregnancy did occur.

Despite these many short-comings, the data to emerge from Hiroshima and
Nagasaki a t tes t strongly to the hazards associated with in utero
exposure to ionizing radiation. Our understanding of these effects has
grown clearer over the years, but the picture is s t i l l far from
complete. It is obviously important, therefore, that epidemiological
and experimental studies continue until the full panoply of radiation-
related cortical dysfunction stands revealed. But until a unifying, and
if possible, biological theory of the effect of ionizing radiation on
neuronal and glial cells is developed, determining what the appropriate
dose response model will remain a mystery.
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Table 1. Estimated thresholds with their 95% lower and upper bonds and
the relationship of severe mental retardation to grouped fetal or
uterine absorbed doses for all members of the T65DR and DS86 samples.
Based on a linear-response model.
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Question and Answer Period for Schull

Question: Dr. A. Marko
In Winnipeg [Joint Symposium of the CRPA, CCMP and COMP,
editor's comment], Dr Hole drew attention to the ICRP curve
in which IQ distribution is shifted to the left. Everybody
focuses on that left-hand portion of the curve that covers
mental retardation.

I thought that he was also concerned about the downward shift
of the rest of the population. Do you have any comments
about that?

Answer: I share Dr. Mole's concern. It is implicit that if you shift
the IQ distribution downward, not only will the number of
individuals with IQs below 70 increase, but those at the
upper end (say above 130) will decrease. I think ICRP's
concern has been vith damage that might increase the
frequency of "social incompetence", and not with the overall
damage to the population as a population. If, however, one
seeks to estimate the broader social impact of the shift
following exposure to ionizing radiation, then in some manner
we must be able to measure the loss at the upper end of the
IQ distribution. Unfortunately, the information available to
us in Japan does not provide much insight of a quantitative
nature into this loss. The fact that we are led to believe
there is a downward shift implies the diminution in IQ is
proportional to dose and that even the brightest suffer soae.
But we do not know how to measure their impairment.

Question: Dr. R. HcFadden
For children who end up in the severe mental retardation
category, is there any indication of where they originated
from? Is this IQ distribution a random event which can take
them from any level within normal function to superior
function rather than severe mental retardation? Or is there
an incremental shift downwards?

Answer: We have no information pertinent to your first question.
There are only two lines of inquiry that I can see that might
be relevant. Ve could look at the IQ's of the siblings of
the severely retarded. Given the correlation in IQ among
siblings that exists, this might give us some sens^ of where
in the distribution the retarded would have been had they not
been exposed. A second, and complementary, approach would be
to test the parents, if possible. I can see no other way of
ascertaining what their IQ scores might have been if
unexposed.
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Question: Dr. R. McFadden
Is that data available?

Answer: No, unfortunately it is not. Ve did not do IQ tests, for
example, on those individuals who were between the ages of 0
and 20 at the time of their exposure and who could
conceivably have been siblings of the mentally retarded.
There has been no systematic effort in the past to extend
these data to my knowledge, and it would be very difficult to
do so now, since the families have spread all over Japan.

Question: Ms. S. Cook
Are there any reference papers available on this particular
subject?

Answer: The most detailed information exists in a series of technical
reports from the Radiation Bffects Research Foundation. The
reports using the DS86 dosimetry began to appear in 1987.
They are available to anyone who wants to write to the
editorial office of the Foundation in Hiroshima.

The best published paper would be the one that appeared in
Baverstock and Stather's book "Low Dose Radiation:
Biological Bases of Risk Assessment."
1989 by Taylor and Francis, Limited.

It was published in

Comment: Dr. D.K. Myers
I believe ICRP will be publishing on this subject, within the
near future.

Answer: That is right. Much of the material I have discussed will
appear in an ICRP supplement that is due out shortly.

Comment: Dr. A. Marko
There is also an excellent short summary in a recent issue of
the radiological protection bulletin.

Answer: I really would urge you, if you are interested, to obtain the
Technical Reports to which I have referred. Of necessity,. I
have had to be brief, and could not point out all of the
strengths and limitations of the data. These are set out
much more fully in the reports, which also attempt to define
better the various samples on which our conclusions rest.
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NEW INSIGHTS INTO HOW GENETIC DISORDERS ARISE

P. Unrau
AECL Research, Chalk River Laboratories

Chalk. River, Ontario, Canada

Attempts to measure genetic risks in populations are sensitive to
underlying assumptions. One that is questionable is that all members in a
population are equally at risk to the causative agent in question. If this
is not true, then it means that we need to do special cases in order to
determine actual risk. We frequently believe that radiation causes
everything. If you had spent time in the environmental genotoxicant
trenches, you would believe that pesticides cause everything. I think it
is a truism that no one thing can cause everything nor can any two things
cause everything independently.

It is interesting to consider data on the range of sensitivity to ionizing
radiation of lymphoblastoid cell lines derived from various normal members
of the population or from various disease groups such as the inherited
recessive disorder Ataxia Telangiectasia (AT), which is an ionizing
radiation sensitive syndrome associated with developmental problems. AT is
associated with extreme sensitivity of body tissues and whole bodies to
ionizing radiation. The "normal population" contains a significant number
of people that fall into the sensitive subset. In fact, they are as
sensitive as an AT but do not show any symptoms. Therefore, the assumption
that all people are genetically equal and therefore genetically at equal
risk should be treated with some caution.

A certain proportion of the "normal population" which is sensitive to
ionizing radiation may be heterozygotic for many of the genes which in
their homozygotic state may lead to extreme sensitivity to ionizing
radiation. A cross-bearing between the degree of heterozygosity in a
population and the size of sensitive subsets may determine the degree of
reproductive costs in the next generation. On average, heterozygotes
marrying a non-heterozygote pass on the deleterious gene to one out of two
offspring. If the heterozygote is affected, then it is at different risk
than a non-heterozygote by virtue of heterozygosity of the gene in
question.

Heterozygosity can be estimated many ways. John Mulvihill and colleagues
estimated about two hundred cancer predisposing genes in the human genome.
That does not mean that they are cancer-causing genes. They may be cancer-
allowing genes or they may be involved with immunological surveillance or
some other steps down the road, or with DNA repair and fidelity of DNA
replication. If there are about two hundred such genes and if the
homozygotes are present at the frequency that rare homozygotes show up, the
probability for heterozigosity is between 0.1 to 0.3% for each of these
genes. Approximately 20 or 30% of the population might be carrying one or
other of these two hundred genes in their genetic makeup. Carriers are in
a position to pass such a gene onto their offspring, making themselves and
their heterozygotic children at a higher risk.
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A second alternative estimate involves listing all the functions needed to
replicate and repair DNA and to ensure its fidelity. In AT there seems to
be five complementation groups involved, implying at least five genes. In
XP there are about eight complementation groups or genes. Adding known
cancer prone disease genes gives answers that are not different by orders
of magnitude from the Mulvihill estimate.

A third estimate looks at results from yeast experiments. Various
statistical extrapolations based on the frequency of radiation sensitive
mutants suggests that somewhere between fifty and two hundred genes in
yeast will determine fidelity of DNA replication, division and
recombination, and other functions. The estimate from yeast is useful
because it is an independent assessment of the functions required to keep
DNA in good shape for ultimate inheritance.

To an increasing extent you can start to assay Mendelian Inheritance in Man
(on-line) and ask questions about all the carcinogenic phenotypes that are
described by doctors and how many are related to consanguinity (mating of
related individuals). For how many is there reasonable expectation that
the carcinogenic effect in a child is the result of genetic co-segregation
of previously recessive genes in that child?

We have a rather macabre joke in the branch, which is: that only thirty per
cent of two-pack-a-day smokers get lung cancer. What I think they are
trying to tell us is that the thirty per cent that get lung cancer are the
ones that are already heterozygotic for one of these two hundred odd genes,
and therefore they are one step along the way in an environment, which for
a two-pack-a-day habit, is constant. You are therefore developing the
latent image that is present in the genome and if you happen to be
heterozygotic, you are a step further along the path than your compatriots
who died of emphysema. Our question is always why don't one hundred per
cent die of lung cancer rather than thirty per cent?

Homozygosity can arise as a result of breeding patterns or by somatic
mechanisms. There are five mechanisms that can cause heterozygotes to
become homozygotes in particular patches of tissue. These are: chromosome
loss; deletion of a chromosome arm; mitotic crossing over; mitotic gene
conversion; and a new mutation in a normal gene. Some of these events can
be radiation induced. Those induced by ionizing radiation are probably
relevant to an assessment of genetic and somatic risk. These five
molecular mechanisms that can lead to the segregation of deleterious
recessive genes give rise to higher risks in heterozygotes carrying
deleterious genes and who represent 20-30Z of the population.

I think we have enough evidence to state the following: that carriers of
cancer facilitating genes are common in populations and to the extent that
neople who get cancer are at an enhanced genetic risk, that will lower the
odds of leaving offspring. Hence, being a carrier is probably not a good
thing.
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Random mating may be a fundamental assumption in evaluating biological
causes of genetic and somatic risk. Is it true? We may be random mating,
as we went to university and met someone there. In very odd instances, we
married our childhood sweethearts that we met at Bible School summer camp.
Clearly, people segregate into those who believe that the human race is
random mating and those that don't. I think, they don't mate at random
except in rare instances. If people don't mate at random, then their
genetic risks are not assorted at random. In other words, non-random
breeding leads to non-random risk.

Let us now consider distance between mating pairs as an indicator of random
mating. I have a family pedigree on my wife's side which indicates that,
until 1900, the average pair travelled 11.4 miles to meet each other, get
married and have offspring as judged by inheriting property down through
the family. Since 1900, the average distance has increased to greater than
500 miles; leaving-out two separate instances of "outside" status, it is
still 160 miles within Britain. Clearly in this particular genealogy, out-
breeding is starting to become normal and if I was to look at her family, I
would say: "Well, that is what people do".

In fact, I suspect that most people meet their marriage partners in the
sessile, local population within a radius of 20 miles and to that extent
their gene pools are shared in common. Possibly to an even higher extent,
I would bet that an Italian in Toronto is more highly likely to marry
another Italian in Toronto than a Portuguese in Toronto (for instance), and
a Portuguese likewise. These mating choices determine the randomness of
mating and thus segregation of recessive genes.

In the selection of mating partners, language, race and other things cannot
be ignored. If they cannot be ignored, then random breeding cannot be
assumed. If random breeding can't be assumed then equal risk for all
members in a population cannot be assumed.

Quantitative measurements of non-randomness would help us find out what
component of the genetic risk of a population from one generation to the
next is due to breeding patterns. Thinking about that is cheaper than to
do it. In Mendelian Inheritance in Han you see interesting things, one of
which is that all inbred groups, sub-groups, religious enclaves, racial,
and linguistic groups, are genetically interesting because they express
those genes present in their founder members.

Religious subsets reflect an inbreeding group ai'd therefore reflect a
genetic risk which is different for different gei.etically caused risks
within that group. The Hutterites became an inbreeding enclave for
religious reasons in the 14th century. Until very recently, they have not
had very much gene flow. Essentially they show those genes which have not
drifted to zero by random drift in that population and those genes which
have not totally wiped out carriers by being too lethal. Their genetic
disease and risk profiles characterize that subset, of the genetic material
of the world's population, unique to Hutterites.
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This argument can be extended. When we start to do epidemiological studies
in which we assign risks, a reasonable assumption would be that populations
are made of non-randomly breeding subsets. In order to control from one
population to the other, it is practically impossible to include the same
non-randomly breeding subsets. Since they are non-randomly breeding, we
are going to have to go directly to the source of the genetic harm and
measure it directly rather than make inferences.

The Human Genome Project is going to be the source of information upon
which direct estimates of risk will be based. It will be incumbent upon us
to learn how to access the human genome information and how to do these
sorts of estimations directly in order to contribute to the world body of
knowledge on risks of ionizing radiation.

Another factor to consider is zygotic selection. Consider that, over her
20 year breeding career, a fertile woman ovulates 240 times, at" risk of
being fertilized (to some greater or lesser extent). Only two of these
eggs need to be fertilized to ensure the successful passing on of her gene
pool. There is thus the opportunity for tremendous amounts of wastage at
the zygotic level.

This is rather difficult to quantify and may change our risks and our risk
estimates entirely. An ovum that is not fertilized or implanted is void of
genetic risk formation. It has no effect on our risk estimates. It does
not matter because it is just one of 240 such events and unless that this
is looked for directly, it is hard to measure. We don't have much idea of
the biological variability in fertility from one population to another, or
from one subset to another. These are the sorts of facts needed to
understand the effect of zygotic screening.

In mice, XO's have no particular selective disadvantage and all get born.
If they are slow, their mom probably eats them, so the energy cost is not
very high. In humans the suggestion is that maybe 1% of X0 zygotes
actually get born. From an evolutionary point of view, clearly a mouse is
a low-cost object. It has a short half-life in the wild and therefore
quantity is the goal. Quality assurance can suffer because there is
another one coming along in a week. With humans the same sorts of
evolutionary weighting cannot be applied because a human is a high energy,
high quality project and is suppose to last for seventy years. From an
evolutionary point of view, it is cost-effective to do a lot of screening
early on in order to get something that is going to last long enough to
ensure genetic reproduction.

Human populations can tolerate a 70-90£ failure rate between ovulation and
giving birth, and not detect a diminution of the fertility of populations.
For a mouse, it is all up front,, and maybe therefore, if there is in fact a
100 to 1 difference in the zygotic selection rate for XO's in mice, you
might expect to see similar differences in zygotic selection rates for
other things. It may be, with respect to zygotic selection, that if there
is 100£ viability for XO's in mice and 1% in humans, mice have remarkably
little to say to men.
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The data from Hiroshima and Nagasaki don't show any induced mutants. Why
not? The answer may lie in a zygotic selection coefficient that is much
higher for new mutations in man than it is for ones which have limped
through the human gene pool for the last 50 or 100 generations. Zygotic
selection is an area in which a strong screen will remove a large amount of
genetic noise. If zygotic selection reduces genetic risk, then the
question becomes: how does this affect our calculations of risk when we
consider a given dose of ionizing radiation? If irradiated sperm and eggs
do not pass through zygotic selection, we are going to have a different
estimate of the effect per unit dose than we do in mice when we irradiate
them and see all effects directly without a selective screen.

This leads me to think about spontaneous and induced mutations. Don
Morrison (AECL Research) is working on an assay by which he hopes to
directly measure spontaneous and induced mutation rates in unselected DNA.
Viewing the human race as a fluctuation test shows that in a gene of about
10 000 base pairs which codes for the cystic fibrosis functional protein,
whatever that may be, 70% of the mutations light up with one probe, which
means that they are all the same. The mutation happened in 1490 to a
couple somewhere in France and has been passed on subsequently to 70% of
the people suffering from cystic fibrosis. Another 25% light up five other
probes and 5% light up no probe at all. A fluctuation test says that, of
the mutants you measure, half arose in the previous generation. The
mutation rate can therefore be back-calculated.

Essentially the information is that extant mutants are observed only in
amino acid codons in the cystic fibrosis gene. This means that most of the
200 000 base pairs in the gene are not the target. This one cystic
fibrosis mutation in 1490, giving rise to to 70% of the cystic fibrosis
mutant genes in populations today, leads to an expectation of about 31 000
new cystic fibrosis mutations in this generation. What is therefore
observed are the mutations that were not caught by zygotic selection.
These are all other DNA changes, excluding amino acid substitutions which
are allowed-only amino-acid changes, that allow the fetus to be viable.
When we find out what the number of "lost" mutations is, we will be able to
calculate zygotic selection coefficients against new cystic fibrosis
mutations.

The question still remains: why is being a heterozygote a genetically
risky thing in itself, let alone to your offspring or potential offspring?
Of those offspring which are heterozygotic for only one of the deleterious
alleles that you may have segregating in your family, why are they at
higher risks? What molecular mechanism connects heterozygosity with an
enhanced genetic and somatic risk?

Studying retinoblastoma (Rb) data helps to understand the molecular
mechanisms that lead to carcinogenesis in retinoblastoma and relate them to
observations from simpler systems in such a way that the mechanisms become
clear. Basically, 90% of retinoblastoma mutants arise anew each
generation. About 10% are passed on from a parent, which was heterozygotic
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for the retinoblastoma gene. Of the new mutations, 50% arise in sperm or
egg and the remainder are various sorts of DNA mistakes which happen later
during development.

As previously mentioned, the five mechanisms which lead to homozygosity of
the Retinoblastoma defective gene suggest that genetic material has
actually been exchanged at the molecular level. Heterozygotes for one copy
of the retinoblastoma gene can, and will, become homozygotic for the non-
functional alleles as determined by tumours in the eye. This suggests that
events which segregate copies of genes in people's bodies occur often.
These same five mechanisms will also lead to homozygosity of an Ataxia gene
in a breast cancer patient tissue, which will change the risk of that
tissue relative to the other tissue. They will also lead to other cancers
which we can reasonably assume to be genetically based.

Therefore, the whole argument is that there are many cancer facilitating
genes in the population. These are made homozygotic by somatic mechanisms,
or by breeding patterns. Mechanisms at the DNA level which lead to
homozygosity change the risk within tissues and thus individuals. We
therefore need to measure heterozygosity, breeding effects, and molecular
mechanisms to determine the causes of genetic and somatic risk.

Most of my talk has been taken up with relict genes which are floating
around in our populations, and for which we can thank our parents, and that
they have to thank their parents for, and so on, back to Adam and Eve or
before. When we can assess this genetic legacy, it leaves us with a new
understanding of genetic risk in populations and some sort of a balance
between what we already have and what we are getting. At the moment we
can't determine intrinsic and extrinsic risks because the measures for the
old risks ar2 not known to the point of meaningful measurements. We also
lack measurements for the rates at which new mutations are generated. We
can however guess the sources of new mutations.

If you are going to run an information system on wet chemistry, you are
going to make mistakes no matter how much redundancy you have got in the
wet chemistry. Using DNA, there will be mistakes and some of those are
going to have profound consequences. If they are too profound, the changes
will be subject to zygotic selection and will drop out. If they are not
too profound they may ultimately cause a genetic disease.

There will be some sources of genetic risk from environmental factors. The
same assays which will measure spontaneous rates will measure induced
rates. These assays themselves are generally based on PCR (polymerase
chain reaction) access of random fragments of DNA. They measure the actual
noise level in a given piece of DNA. No functional measurements are
needed. The assays are possible in theory and it is a matter of a
significant amount of work to make them actually function and to assess the
data.
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I was asked to theorize a little bit about genetic sources of risk in
populations. I would say that the major sources of genetic risk in
populations are endemic in their breeding structures and that we need to
understand how populations breed, in order to be able to assign risks.
Secondly, we need work on those sorts of technologies that will give us
direct access to questions of individual risk.
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Question and Answer Period for Unrau

Question: Dr. N. Sikov
I don't know enough about genetics to ask the question
properly. I know that there have been studies on early
cortices and placentas. Are they now looking to see whether
you can have deficits other than actual breaks?

Answer: I think I know what you are driving at. I have the feeling
that there are some very powerful immunological assays for
onset of ovulation and changes in hormonal cycles. I believe
on the basis of that sort of evidence that people have argued
that between 50 to 80% of eggs laid under optimal conditions
for fertilization, which includes all the various fluids that
need to be present, don't get fertilized. The question is
what percentage of these don't get fertilized because of
their genetic makeup, physiological things, hormonal
non-communication between egg and sperm, or any of the other
problems that have to do with the actual cost of
reproduction. I believe that there are assays that will tell
you that an egg was laid and that something might have
happened to it, that the lining of the uterus is being
stripped out, and so on and so forth.

I don't think that a study has been done in sufficient
replication to tell us the range of biological variability
that you would expect from one population to another. The
range of unexplained events that I would argue for are loss
of double heterozygotes. If you lose a double heterozygote
because the viability was lower than for a single
heterozygote, then that genotype does not show up in the
population. If we know what to look for, we may be able to
calculate what our expectation would be if 30% of the
population had one or more deleterious recessive gene, and
how many would have two, three or four, so on. We then might
be able to measure the difference from what we expect and
what we observe.

Question: Dr. R. Mole

Answer: In light of the argument that the noise level is really set
because of the material that you are using, the half-life of
cytosine has been estimated at 20 years at pH 7.6, then it
deaminates to uracyl. If it was a metacytosine, of which the
DNA has IX, it would deaminate to thiamine. It would then be
a G-T mismatch. Which one would the cell pick to excise and
repair? There are all these problems with using DNA as a
genetic system.
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If you believe Bruce Ames' suggestions, our diet is hugely
carcinogenic and they were in there eating whatever they
could over the winter, such as rotting cabbages and all this
stuff which you ate in order to stay alive. I think the
reason that I am interested in zygotic selection and that
some effort must be put into it, is that it would clean out a
lot of noise. It would have a tremendous selection
coefficient which we would never measure unless we looked for
it specifically. The zygotic abortion rate goes up from 70
to 75%, what does that mean? It takes you twelve months to
have a kid rather than eleven. Do you know that? How do you
measure this in practical terms in a breeding population?

The sorts of things that I think would be valuable to know
are the ranges in genetic loads that we carry and the ranges
in zygotic selection coefficients that we can measure.

Question: Dr. A. Trivedi

Answer: What I am saying is a baby that is a double heterozygote is
at a higher risk of abortion than a baby that is not. A
conceptus that is doubly heterozygotic or a conceptus that
has a new mutation versus one that does not is at different
risk.

Question: Dr. A. Trivedi
Why don't we do cohort studies to look at these variables?

Answer: I think I am asking us to look for some very subtle things. I
don't think people-studies presently look for them. If you
take the Chernobyl exposed group and ask what was the
spontaneous abortion rate before and after Chernobyl, would
it have changed? Would you have been able to measure it?
Would you have been able to measure it in the first place and
would you have conceived that it was a question worth asking?
If the selection coefficient against new mutation is very
strong, then they wash out early in their trials, you are not
going to see them.

I think there are some predictions which can be tested for.
I would expect double and triple heterzygotes not to rise as
the product of their probability simply by measuring single
heterozygosities in the population. I expect doubles and
triples to be selected against, even at the heterozygote
level, even of the mutations that are presently extant in the
present population. That one may be measurable.
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The Biology of In Utero Development
and

Radiological Protection

R.H. Mole
Heath Barrows, Bayworth Lane
Boars, Hill, Oxford, 0X1 5DF

Editor's note:

We were dismayed to hear of the death of Dr. R.H. Mole in March 1992.
Robin Mole was an internationally recognized expert in this field with a
long and distinguished career in radiation protection. He was also a
personal friend of some of the participants in this workshop.

Unfortunately a manuscript of Dr. Mole's presentation at the June 1991
Workshop in Chalk River was not made available to us. However, most of the
material covered in Dr. Mole's presentation had been presented or prepared
for publication in other places. The following list of recent publications
is recommended for consultation on the background to Dr. Mole's
presentation at the Chalk River Workshop.

R.H. Mole. Aspects of Human Development in utero of Special Relevance to
Radiological Protection, pp. 39-44 IN: Effets Teratogenes des
Rayonnements Ionisants. EDF-Comite de Radioprotection, Paris (April 1990).

R.H. Mole. The Effect of Prenatal Radiation Exposure on the Developing
Human Brain. Intern. J. Radiat. Biol. 57, pp. 647-663 (1990).

R.H. Mole. Severe Mental Retardation After Large Prenatal Exposures to
Bomb Radiation. Reduction in Oxygen Transport to Fetal Brain: a Possible
Abscopal Effect. Intern. J. Radiat. Biol. 58, pp. 705-771 (1990).

R.H. Mole. Fetal Dosimetry by UNSCEAR and Risk Coefficients for Childhood
Cancer Following Diagnostic Radiology in Pregnancy. J. Radiol. Prot. 10,
pp. 199-203 (1990).

R.H. Mole. Childhood Cancer After Prenatal Exposure to Diagnostic X-ray
Examinations in Britain. Brit. J. Cancer 62, pp. 152-168 (1990).

R.H. Mole. Expectation of Malformations After Irradiation of the
Developing Human in utero: The Experimental Basis for Predictions. Adv.
Radiat. Biol. 15, pp. 217-301 (in press).
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R.H. Mole. ICRP and Impairment of Mental Function Following Prenatal
Irradiation. J. Radiol. Prot. 12 (in press).

R.H. Mole. ICRP (1991) and Deterministic Effects. J. Radiol. Prot. 12 (in
press).

R.H. Mole. Consideration sur le Developpement Humain in utero . J. Radiol.
(Paris) 72, pp. 689-696 (1991).

R.H. Mole. La Regie des Dix Jours. J. Radiol. (Paris) 72, pp. 703-706
(1991).

R.H. Mole. Post-script 1991: Radiosensibilite in utero. J. Radiol. (Paris)
72, pp. 707-708 (1991).

R.H. Mole. The Biology and Radiobiology of in utero Development in Relation
to Radiological Protection, (manuscript prepared for publication).
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Question and Answer Period for Mole

Question: Dr. D.K. Myers
You did not give a risk coefficient estimate for childhood
leukemia from in utero X-ray exposure.

Answer: I gave the risk coefficient for all cancers. It is between
four and five per 10 000. I presented the value of three in
terms of person-year grays.

You can't get any information about an individual kind of
childhood cancer from what has been made available publicly
by the Oxford Survey of Childhood Cancer. In any case, there
is the problem that the criteria for diagnosing childhood
leukemia in the 1950's and 60's were very different from what
they would be in the last years, when there was a jolly good
reason for finding out details, because you could now do
something about curing childhood cancer.

The reduction in childhood cancer, due to the success in
treating childhood leukemia, began in the fourth year of the
four-year period from which the risk coefficient came.
Although it continues for ten years or more at the same rate,
it does not really matter whether you corrected that or not,
it does not affect the arithmetic appreciably.

I hope that one day, it would be possible for somebody to go
through all the records that still exist of the Oxford Survey
and perhaps learn something about the different varieties of
childhood cancer. It certainly has not been looked at yet.

The survey covered 80Z of all childhood cancer deaths in
England and Vales and was never less than 50Z of all the
childhood cancer deaths. It presumably was a fair
cross-section of the overall experience in the country.

Question: Dr. P. Mountford-Lister
Where will you be publishing this information?

Answer: In: Recent Advances in Radiation Biology.

Question: Dr. A. Trivedi
When discussing carcinogenesis, are you saying the combined
effect of the cancer with radiation carcinogenesis or simply
radiation carcinogenesis?
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Answer: Exclusively radiation.

There is some evidence, I don't know quite how reliable it
is, that drugs such as petadine, which are commonly used to
reduce pain in labour or afterwards, is associated with a
small increase in childhood cancer. But quite a lot of the
work that has been presented by the Oxford Survey uses
somewhat unorthodox statistical methods for looking at the
effect of multiple factors. It is not a formal Mantel
analysis. You want to be rather careful when you see tables
about other factors than radiation as being relevant, because
I think somehow it is going to have to be overhauled
sometime.

Comment: Dr. M. Sikov
Earlier on, you used the term unborn child, and I object. I
feel that a child is not a child until it leaves the uterus.
For if it dies before birth, is it a dead child or what?

Answer: You are denying human nature because a woman who has borne a
dead child needs to grieve over it exactly as if it were a
living child, without any question.

Question: Dr. M. Sikov
Say you have a two-cell stage, and you take the proton and
pass it through the cytoplasm of one of the cells or
interface between the two cells, what is the dose?

Answer: I think this is where microdosimetry is fine as long as you
don't pretend it gives you doses in rads.

Comment: Dr. P. Mountford-Lister
This is a problem that none have addressed today. Ve don't
know what the target cell is. Therefore the whole notion of
fetal dose is really quite woolly.

Answer: Veil, I really think it does probably depend on exactly how
you define it. For all kinds of practical reasons, it is a
reasonable approximation to think of dose averaged through
an organ or tissue. However, if you are looking at something
where there isn't a gram of tissue, but just a few cells,
then I think the situation is different.
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19A9 AND ALL THAT

George Cowper

The title I have given to what I will say this evening refers to a

quite remarkable and important meeting which occurred in September of that

year and it is a good starting point for some reflections on the course of

radiation dosimetry. The meeting was the Chalk. River Permissible Doses

Conference which was attended by representatives of Britain, Canada and

the United States. The British representatives included Mitchell from

Cambridge, Chamberlain and Neary from Harwell. (Mitchell, while at the

Montreal Laboratory in 1944, with John Dunworth, also from Britain, had

written the report which identified Co-60 as the best choice for the

future as a replacement for radium in radiation therapy.) The US

delegation included Shields Warren from Boston, Failla from Columbia,

Parker from Hanford, Morgan from Oak Ridge, Brues from Argonne, Taylor

from NBS and Langham from Los Alamos. The Canadian representatives

included Lewis, Cipriani, Laurence and Carmichael. The meeting produced

recommendations for the limitation of exposures to external radiation

sources and set limits for maximum safe body burdens for a number of

radionuclides of interest. It also discussed the question of emergency

dose limits and even briefly touched upon the subject of this seminar. I

can quote from the minutes (Chalk River Publication: RM 10, p. 9):

"It was agreed that in the light of present knowledge, no

manifest permanent injury is to be expected from a single

exposure of the whole body to 25 R or less, with a possible

exception of pregnant women."

That meeting was remarkable in that it was not followed by a series of

international conferences dedicated to the explanation and understanding of

the recommendations. Instead we find that with comparatively few changes

the recommendations were confirmed by the ICRF at its London meeting in

July 1950, published as NBS Handbook 47 (June 1951) and by Brit. J.

Radiology (Jan. 1951). One of the changes between the 1949 and 1950

meetings was in the maximum permissible amount of Pu-239 fixed in the body.

In 10 months it increased by a factor of 6 from 0.1 fig to 0.6 yg. From the
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late Wright Langham, many years later over dinner I learned a little about

this change. He said that when he came home vith the 1949 figure the

reaction was that if this number held fast they would have to shut down

their operation. A review of the level was undertaken, some errors were

corrected and the new value emerged. Another remarkable thing about the

1949 meeting was that it lasted only two days.

A curiosity of both the 1949 and 1950 recommendations was the way in

which both danced around the question of exposure to the skin. We finished

up eventually with a twofold difference between skin dose and penetrating

dose which left everyone content at the time, in part, because in the case

of external photon doses from moderately energetic sources, when an

internal organ received an exposure of 1 R, the intervening skin received

an exposure of approximately 2 R.

Of course, at that time, beta dosimetry capability was quite limited.

The personal dosemeter badge used here, like many others of its time was

quite incapable of measuring beta doses unless it was known that there

could not have been any X or gamma exposures during the same monitoring

period. This particular badge consisted of a film package partly shielded

by a 3/8 mm thick cadmium filter. Densities under the Cd were assessed as

photon exposures. Unfortunately the Cd thickness was not appropriate for

correction of the film energy dependence but rather for the optimum

detection of thermal neutrons - a concern of the times relating to the

possibility of exposure at the NRX reactor. With this thin Cd filter,

doses from 80 keV photons were overestimated by a factor of about 7 times.

Almost a decade passed before Bill Cross designed a very elegant beta

dose rate meter. In his design the detector was a very thin layer of

anthracene evaporated upon a disc of lucite having a thickness of a few mm.

The anthracene was covered by an aluminized plastic film to keep room light

from reaching the photomultiplier which was held against the opposite face

of the lucite disc. The total current from the photomultiplier amplified

in a D.C. amplifier was a measure of beta dose rate. Thus each component

of the detector assembly was a physical analogue of the essential parts of

the skin-tissue system: the aluminized film corresponds to the inert
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epidermal layer, the anthracene corresponds to the critical cell layer

assumed to be at a depth of 7 mg/cmz and the plastic disc corresponds to

the underlying tissue and was sufficiently thick to provide equivalent

scattering of beta rays to that of underlying tissue. The energy

dependence, as might be expected from the details of the detector, was

extremely good.

In 1952 an event at this laboratory provided a good test of its health

physics services when, in December, there was a major accident at the NRX

reactor. During the recovery operations and the rebuilding of the reactor

(which altogether took only about 18 months) the film dosimetry service

provided daily changes of films for those involved in significant exposure

situations. This capability justified completely the need for on-site

dosemeter processing in major establishments.

There was an interesting coincidence on that particular Friday in

December 1952. The local choral group which was my hobby to lead in those

days gave a concert that evening. As a result I missed the accident for I

had taken the afternoon off to play through the whole performance. The

program begin with an organ transcription of Handel's Music for the Royal

Fireworks and was followed by the German Requiem of Brahms. In the 6th

movement of the Requiem the bass soloist makes an impressive entry with the

words:

"In a moment, in the twinkling of an eye, all shall be changed."

In the course of the clean-up of the reactor much outside assistance

was obtained including members of the Canadian Forces and also groups of

Admiral Rickover's "boys" from the U.S. Naval Reactors Program. One of

those boys was Lieut. Jimmy Carter. The various groups came for about a

week and were limited to total exposures of 3 R, i.e., 10 week's worth of

maximum permissible exposure. Almost 25 y later at about the time Carter

assumed his presidency I was startled one evening to find, in a

biographical article on him in the Atlantic Monthly which had arrived that

day, a reference to the dangerous dose of radiation he had once received at

Chalk River. I thought: My God the fat's in the fire now - somebody's
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telephone is going to start ringing. Next morning we searched and found

the actual record which showed that the exposure received was well within

the agreed limit. It says something reassuring about the readers of that

magazine that no telephones did ring.

In a historical review of the 1952 accident, prepared for the 25th

anniversary meeting of the Health Physics Society, Bill Cross gives details

of a review of newspaper files for the relevant period. On the day after

the accident there was the famous remark of President Mackenzie about it

only being a pin-hole leak; on the next day (Sunday) a clutch of reporters

was shown around the place and in Monday's papers appeared their most

impressive finding - that, upon leaving, those who had wrist vatches with

luminous dials caused the contamination alarms to ring. About a week

later, there was a brief note to the effect that the supply of valuable

radionuclides for medicine would, as a result of the accident, be

interrupted. And that was it.

In more recent times the accident at Three Mile Island led to

completely different attention from the media. On the night of the

accident I was on holiday in Pennsylvania, camping at Gettysburg, not very

far from the power station and the next morning there was a report on the

7 am radio news from Harr.'.sburg that there had been some trouble at the

reactor. By 8 am someone had contacted a biochemist Nobel Laureate in New

England who pronounced with due solemnity that the consequences would last

for a generation. What followed after these encouraging words was

remarkable but inevitable. During the next two weeks in and around

Williamsburg, VA and Washington I saw the headlines getting bigger as the

facts become scarcer. A sad result (noted only on an inner page one day)

was the death of a small boy. His parents who lived in the region around

the power station were scared stiff and had sent him for safe keeping to

his grandfather in southern Maryland. He had taken the boy fishing in

Chesapeake Bay; the youngster fell out of the boat and was drowned.

Back in 1957, with the prospect of the 1958 ICRP limits almost on our

doorstep, we brought the new limit of 5 rem/a into effect. There was also

the new concept of the age formula to handle. As it turned out we found it
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unnecessary to use it but steps were taken anyway to improve the handling

of dose data. A very simple scheme was built around the old 80-column IBM

card. By entering exposures in units of 10 mR it was possible to squeeze

on one card a code number for the worker, one for his location in the

system, sex, date of most recent dose entry, total exposure in the previous

14 weeks (7 monitoring periods), the actual exposures in each of these

seven 2-week periods, the calendar year total, the three previous 14-week

totals and the running year total (actually going back 56 weeks) - nobody

was going to play tricks on us by overexposing the worker at the end of one

calendar year and the beginning of the next year - the three previous

calendar year totals and the lifetime total. With all the data now in

machine-processable form, it was a simple matter to routinely inform every

worker and the supervisors of all exposures which had been recorded. The

card was easily coupled to other IBM cards containing information on

particular trade groups and specialties of workers so in the event of an

emergency it would be a simple matter to prepare lists of experts in order

of accumulated lifetime or annual doses. The storage of doses recorded in

the three previous years allowed us to easily spot those whose work

situations required some loving tender care. When this scheme was reported

at an IAEA meeting in 1960, the reactions of some in the audience was

interesting - I was told quietly (in coffee breaks and similar places) that

"they" would never be allowed to get away with that, i.e., reporting doses

directly to workers! Dose data handling has advanced much since 1960 and

now a complete picture is possible and can be obtained very qr/lckly. An

important addition was the inclusion of doses from incorporated tritiated

water so now our estimates of whole body dose are complete.

In 1963, a new film badge was brought into service. (For a few years

previous to this the most exposed workers had been issued a badge with a 1

mm Cd filter which had a reasonable energy dependence.) The new badge

could also identify slow neutron exposures and beta doses but now the

photon dose was determined from the film density behind a 5/8 mm lead

filter. The badge also incl ided a sulphur pellet to detect, from P-32

production, the extent of neutron doses in the event of a criticality

accident and a phosphate glass dosemeter for very large gamma doses. This

particular item had an unusual pedigree. At the time of the Cuban missile
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crisis, Gordon Butler, our Director, asked me what we could provide in the

way of high range dosemeters: I said we didn't have much available and

asked how much time we had. His reply was that my guess was probably as

good as his but tomorrow would be nice. Well, we had already purchased

several hundred pieces of 1 mm dia. x 6 mm long phosphate glass rods but

not a great deal had been done with them. My friends in the clinic gave me

a quantity of 1 mm ID polyethylene I-V tubing which was just large enough

to slide comfortably over a phosphate glass rod. The ends of the tubing

were sealed off with a pair of heated pliers and the capsule was rolled up

in a length of 0.005" lead foil to a total thickness of 5/8 mm. The

thickness was something of a guess - it was equal to the filter for the

silver-based film emulsion in the badge - but it turned out to be good

enough. Fortunately the device was not needed for its initial purpose.

Radon monitoring has become quite an industry in recent times and its

pursuit is at odds with the notion that everything that God has provided

must be good. Back in 1949 I worked in a single-storey wooden building

close to the edge of the laboratory property and such buildings were home

to large volume - about 100 L - air ionization chambers located in the

attic space and which were intended to give notice of unusual releases from

the NRX reactor. The output was displayed continuously on a chart

recorder. Aside from occasional drifts off-scale to below zero caused by

electronic problems, the only time this device showed a sensible reading

was during snowstorms. When the snowfall ended the reading would fall back

to normal with a half-life of something less than an hour. We realized

after a while that this behaviour was simply due to the scavenging of radon

daughters from the air by the falling snow.

A similar phenomenon was noticed in the early 1950's when we built an

instrument to measure uranium contamination on the outside surfaces of

aluminum-clad uranium metal fuel for the NRU reactor. The elements were

flat plates 10 feet long and having three different widths of a few inches

and a thickness of 1/4 inch. The objective was to detect 10 pgm U per

^element. To this end we built a large or-scintillation counter. It had 98

photomultiplier tubes and two zinc sulphide screens each 10 feet long and 3

inches wide (one for each side of the fuel element). The monitor was built
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and tested and put into service just about in time for the springtime early

morning temperature inversions which are common in these parts. It was

soon found that frequently the monitor was unusable before mid-day due to

the radon which had accumulated in the river valley overnight. These

phenomena of natural radioactivity were no great cause for alarm or

anxiety. About 20 years later, in the early 1970's, things changed

dramatically when it was found that the town of Grand Junction, Colorado

was polluted to high heaven with radium. The cause was an unexpected

consequence of the old USAEC regulations which controlled raw material

(uranium), product material (plutonium and enriched uranium) and by-product

material (reactor-produced radionuclides). [At that time, accelerator-

produced isotopes were nobody's baby.] The result was that ore residues

remaining after the uranium had been extracted could be abandoned to the

public domain. The fact that these residues were a nice clean (except for

the Ra!) sand suitable for backfilling foundations and making concrete only

compounded the problem. At Port Hope, Ontario, a somewhat similar state of

affairs had arisen though for slightly different reasons - in any case

there was a radioactive town to deal with. Very sensibly a comparison was

made with an otherwise similar town which was Coburg, Ontario, and

distribution curves of radon levels indicated what a credible cut-off point

should be and what there should be concern about. Well, it seems that as

far as radioactivity is concerned the control town must have been one of

the cleanest places in creation. A survey from coast to coast organized

later by our late colleague Harry Taniguchi at Health and Welfare Canada

showed that about 10% of all locations tested were above the chosen level

of concern. It now seemed that the natural order was not quite so benign.

The average effective dose equivalent for populations from radon was

calculated and found to be about equal to that from the previously

identified natural background.

An innocent mi^ht suspect that we would then find a movement to relax

occupational dose limits since they were now less impressive compared to

the new natural background. This has not been the case but rather we now

have the situation where it is hardly possible to pick up any issue of one

of the relevant journals and not find at least one report on some quite

unremarkable radon levels in some place or other.
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After thinking about the past, it may be worth reflecting upon how we

stand today. We are now able to measure radiation doses of only a few pSv

with some confidence whether we need to or not; we have much guidance at

our disposal on how to assess risks and consequences and can make estimates

of possible adverse effects of exposure to radiation even to the extent of

predicting the consequence of a collective dose in a population no matter

how it is distributed. We even have our own system of dose quantities and

units for the expression of occupational and environmental doses from

external radiation sources. The fact that this system of quantities is

best suited to the case of exposure to point sources at great distances

with the dosemeters on the side of the workers which faces the source is an

untidy detail remaining to be resjlved. In effect, the impossible has been

achieved and the miracles remain to be revealed. Ve still have the awkward

problem of how to measure the dose to a worker wearing one dosemeter who is

in close proximity to several sources of radiation simultaneously - an ion

exchange column over there containing mixed fission products, some neutron-

activated steel in the corner, some spilled contamination on the floor,

etc. In the early days of Brookhaven a progress report appeared to be

announcing the ultimate solution but it was only an unfortunate figure of

speech. It said that they were pleased to report that all employees were

now covered with personal dosemeters.

I would like to close with two recollections which have a small

connection with fetal dosimetry, the subject of our seminar.

Many years ago in the work done to compile ICRP-30 a major

contribution was made by the internal dose group led by Walter Snyder at

Oak Ridge. Some of this work first appeared in 1974 in the publication

ORNL-5000 which presented the results of computer analysis of doses

received by various critical organs from radionuclides contained in other

critical organs in a mathematically defined realistic phantom. Quite

properly there was no discrimination or sexual bias in the mathematical

model chosen with the result that one can find in the report what is the

dose to the testes per unit of activity in the ovaries (and vice versa).

Complete details of the exposure geometry are not given.
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The other recollection also begins in Oak Ridge, and also involves the

problems which can turn up in models. The director, A.M. Veinberg, had

used by way of illustration in a talk, that the dose delivered to a member

of the general public from the permitted releases from a power plant was of

the same order as that a wife might receive from her husband in bed from

his natural body burden of potassium-40. This illustration appealed to

those at the head of this laboratory and I was asked if Veinberg was

correct. I made a simple evaluation assuming we had two cylinders lying

side by side like two hot dogs in a package and found that I agreed with

Weinberg. Some time later, the illustration was used and then objected to

by a senior health physicist somewhere else in Canada and I had to explain

myself. The arithmetic was alright so I called the objector to find the

details of his study. Veil, he had used two cylinders lying side by side

as I had; that seemed odd so I asked for further details. It turned out

that his cylinders were separated by a distance of one metre. In

conclusion, I can only say I am happy to have been of the same frame of

mind as Veinberg.
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MATHEMATICAL MODELS FOR CALCULATING RADIATION DOSE TO THE FETUS

Evelyn E. Watson
Oak Ridge Associated Universities
Oak Ridge, Tennessee 37831-0117

ABSTRACT

Estimates of radiation dose frcm radionuclides inside the body are
calculated on the basis of energy deposition in mathematical models representing
the organs and tissues of the human body. Complex models may be used with
radiation transport codes to calculate the fraction of emitted energy that is
absorbed in a target tissue even at a distance from the source. Other models
may be simple geometric shapes for which absorbed fractions of energy have
already been calculated. Models of Reference Man, the 15-year-old (Reference
Woman), the 10-year-old, the five-year-old, the one-year-old, and the newborn
have been developed and used for calculating specific absorbed fractions
(absorbed fractions of energy per unit mass) for several different photon
energies and many different source-target combinations. The Reference Woman
model is adequate for calculating energy deposition in the uterus during the
first few weeks of pregnancy. During the course of pregnancy, the embryo/fetus
increases rapidly in size and, thus, requires several models for calculating
absorbed fractions. In addition, the increases in size and changes in shape of
the uterus and fetus result in the repositioning of the maternal organs and in
different geometric relationships among the organs and the fetus. This is
especially true of the excretory organs such as the urinary bladder and the
various sections of the gastrointestinal tract. Several models have been
developed for calculating absorbed fractions of energy in the fetus, including
models of the uterus and fetus for each month of pregnancy and complete models
of the pregnant woman at the end of each trimester. In this paper, the available
models and the appropriate use of each will be discussed.

INTRODUCTION

The radiation dose received by the fetus as a result of radioactive
materials incorporated into the mother has been a matter of concern for many
years to physicians and specialists in radiation protection. With proposed
changes in limitations on radiation exposure in pregnant women, this subject
takes on additional importance.

Mathematical models representing the organs and tissues of the human body
are used to calculate energy deposition from radionuclides inside the body.
Complex models and radiation transport codes may be used to calculate the
fraction of emitted energy that is absorbed in a target tissue often at a
considerable distance from the source. Other models may be simple geometric
shapes for which absorbed fractions of energy have already been calculated.
Models of Reference Man, the 15-year-old (Reference Woman), the 10-year-old, the
five-year-old, the one-year-old, and the newborn have been developed and used
for calculating specific absorbed fractions (absorbed fractions of energy per
unit mass) for several different photon energies and many different source-
target combinations (Cristy-Vl 1987). Energy deposition per unit mass in the
uterus of the Reference Woman model (Cristy-V5 1987) is suitable for estimating
the average dose to the fetus during the first few weeks of pregnancy. Because
the embryo/fetus grows rapidly, several models are required for calculating
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absorbed fractions during the course of pregnancy. The increases in size and
the cnanges in shape of the uterus and fetus result in repositioning of the
maternal organs and in different geometric relationships among the organs and
the fetus. This is especially true of the excretory organs such as the urinary
bladder and the various sections of the gastrointestinal tract. Several models
have been proposed and used for calculating absorbed fractions of energy in the
uterus and the fetus during pregnancy, including models of the uterus and fetus
for each month of pregnancy and complete models representing the pregnant woman
at the end of each trimester.

BACKGROUND

In the 1960's when mathematical models (often called phantoms) were
developed for calculating absorbed fractions of photon energy absorbed in target
organs and tissues from radionuclides incorporated in various source organs in
the body, a provision was made to allow estimates of radiation dose to the
nongravid uterus. In 1969 Snyder et al presented an anthropomorphic phantom
(Snyder 1969) which has been improved several times over the years (Snyder 1975,
Snyder 1978). Although the model was based on the ICRP Reference Man (ICRP
1975), it included ovaries and a nongravid uterus so that absorbed fractions for
these organs could be calculated. These absorbed fractions were useful for
calculating the dose to the early embryo/fetus even though the mass of the
phantom (70 kg) is considerably larger than that of Reference Woman (58 kg).

In 1973 Cloutier et al (Cloutier 1973) modeled the pregnant woman by
reducing all dimensions of the Reference Man phantom by 0.94 (the cube root of
the ratio of the body masses of Reference Woman and Reference Man) . Nine
versions of the uterus were designed, one to represent each month of pregnancy.
Because no attempt was made to remodel the maternal organs to make room for the
enlarged uterus, absorbed fractions were only calculated for the urinary bladder
as the source organ and the uterus as the target organ. The fetus is free to
move about in the uterus during pregnancy and its exact position within the
uterus will vary from day-to-day; therefore, the average dose to the fetus was
assumed to be approximately equal to the average dose to the uterine contents.
To give an idea of the maximum and minimum doses received by the fetus from
activity in the bladder, Cloutier et al divided the model of the uterus into
twelve compartments and absorbed fractions were calculated for each compartment
for months 1 through 9 of the pregnancy.

Other models have been described for the first trimester of pregnancy.
Cloutier et al (Cloutier 1976) developed absorbed fractions for the uterus of
Snyder's model of Reference Woman. These were assumed to be equivalent to the
absorbed fractions for the fetus up to three months of pregnancy. In 1980 Husak
and Witiermann (Husak 1980) calculated absorbed dose estimates for the embryo
from some nuclear medicine procedures using the Reference Man phantom. Smith
and Warner (Smith 1976) also calculated dose estimates for the embryo from
nuclear medicine procedures. Until near the end of the first trimester of
pregnancy, the uterus is still small enough that models of other organs do not
require any major changes in shape or orientation; therefore, these models
required few changes from the basic models.

None of these models were based on the Reference Woman phantom developed
by Cristy and Eckerman (Cristy-Vl 1987) which is the most current representation
of the adult female. The Cristy and Eckerman Reference Woman phantom has been
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chosen as the basis for the new models of the three-, six-, and nine-month
pregnant woman described in this paper.

These mathematical models are used with a Monte Carlo radiation transport
computer program to derive estimates of specific absorbed fractions (absorbed
fractions per unit mass of the target organ) and coefficients of variation for
each specific absorbed fraction. The techniques for evaluating the statistical
reliability of the estimates of the specific absorbed fractions were the same
as those used by Cristy and Eckerman. When the reliability of the specific
absorbed fractions calculated by the Monte Carlo code was not acceptable, other
methods of estimating the specific absorbed fractions were used including the
point-kernel method of Berger or reciprocity.

The coordinate system used in the original Reference Man phantom and in
the Reference Woman phantom of Cristy and Eckerman was adopted for the pregnant
woman models. In this system, the origin is at the base of the ellipsoidal
cylinder that represents the trunk of the phantom. The positive Z axis is up
(toward the head), the positive X axis is to the phantom's left, and the positive
Y axis is toward the back. The models for the uterus and uterine contents at
three-, six-, and nine-months were adapted from those developed by Cloutier et
al in 1973. These models were based on anatomic information from obstetric
textbooks and reports.

THREE-MONTH MODEL

The greatest changes to the adult female phantom in modeling pregnancy
involve the growth of the uterus and the existence of the uterine contents. The
three-month uterus (Davis 1987) is represented by a right circular cone with a
hemispherical cap. The axis of the cone runs in the Y direction, but is tilted
up at a 30-degree incline to the horizontal. The volume of the wall is 359 cm3

and the contents is 440 cm3. The respective masses are 0.374 kg and 0.458 kg.

The bladder is lowered from its normal position and flattened on top by
the growth of the uterus. The deformation has been modeled so that both the
volume and surface area of the adult female bladder wall have been held constant.
With the bladder represented as a hemisphere covered with a flat cap tangent to
the lower boundary of the uterus, this procedure produces a bladder contents
volume that is smaller than that of the adult female. This is consistent with
the normal experience of pregnancy. The volume of the urinary bladder wall is
35.4 cm3 and its mass is 0.0369 kg. The volume and mass of the contents are 123
cm3 and 0.128 kg. The mass of the contents of the urinary bladder in the
Reference Woman model is 0.160 kg.

The lower part of the small intestine of the Reference Woman model
intersects with the spherical part of the three-month uterus. The intersecting
volume is deleted and the front wall of the small intestine has been moved
forward to compensate for the lost volume. The enlarged uterus also intersects
the cylinder representing the ascending colon. This problem has been corrected
by elongating the ellipse of cross section in the Y direction while maintaining
the perimeter constant. The resulting slightly mismatched junction should have
little effect on dose estimates.

Because at this stage of pregnancy the fetus does not have a cohesive
skeletal system (Ivy 1942), the fetus was modeled as a homogeneous mixture of
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soft tissue, filling the contents of the uterus. At the end of the first
trimester, the placenta has not developed sufficiently to warrant inclusion in
the model (Moore 1982).

SIX-MONTH MODEL

From the third until about the seventh month of pregnancy, the main area
of growth of the uterus occurs along its long axis, although the breadth also
increases to a lesser extent. Therefore, a cylinder capped at both ends by
hemispheres appears to be a reasonable model of the uterus at six-months (Watson
1991A). The long axis of the cylinder runs in the Y-direction and is tilted
upward at an angle of 40°. The mass of the uterus is 3650 g which agrees well
with values in the literature for a fetus at that stage (Hytten 1964, Moore
1982, ICRP 1975). The uterus at six months will not fit into the available space
of the trunk of the Cristy and Eckerman model. The trunk was enlarged to
accommodate this growth.

The small intestine of the adult female model (Cristy-V5 1987) also will
not fit into the space in the abdomen of the model after the enlarged uterus is
included. Because the small intestine is irregular in shape and the walls are
not distinguished from the contents, the organ was treated as a curved box
surrounding portions of several other abdominal organs (uterus, upper and lower
large intestines, stomach, liver, gall bladder). The space occupied by the
organs within the box is excluded from the small intestine volume. Monte Carlo
sampling of the small intestine yielded an estimated volume of 808 cm3 which is
comparable to the volume of 806 cm3 in the Cristy and Eckerman adult female
model.

The upper large intestine and lower large intestine required some
relatively minor changes in position and configuration to accommodate the
enlarged uterus. The ovaries were moved outward slightly on the X-axis from
their location in the adult female model but are otherwise unchanged. The pelvis
was also expanded and has a slightly greater volume (483 cm3) than that of the
adult female model (460 cm3) . The bone marrow distribution proposed by Cristy
and Eckerman (Cristy-Vl 1987) was retained in the six-month model.

The urinary bladder in the woman at six months of pregnancy is flattened
under the enlarged uterus (Cloutier 1973). In the model, the bladder is modeled
as an ellipsoid curved under the uterus and inside the extended trunk. The
volume of the bladder contents is 109 cm3, which is a decrease of 45 cm3 from
that of the nongravid model. This is consistent with the normal experience on
pregnancy (Eastman 1956).

By the end of the second trimester, the fetus has a skeletal system with
a significant amount of structure (ICRP 1975, Ivy 1942). Because the areas of
high calcium concentration were expected to affect the scattering of photons
differently from a homogeneous mixture, a heterogeneous model was felt to be
needed. Although the model for the six-month fetus is simple, it consists of
fetal skeletal tissue and fetal soft tissue contained inside the uterus. The
fetal skeletal tissue which is represented by a cylinder of skeletal tissue
surrounded and filled by fetal soft tissue is assumed to have the composition
and density of Cristy and Eckerman's adult female phantom (Cristy-V5 1987). The
model of the fetus is symmetrical about the long axis of the uterus because of
the frequent changes in the orientation of the fetus.
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In the six-month model, the placenta is modeled as the small portion of
a cylindrical shell capped at the top end by a hemispherical shell. The placenta
resides next to the uterine wall in the upper hemisphere of the uterus. The mass
of the placenta model is 310 g and is consistent with the information in ICRP
Report No. 23 (ICRP 1975).

NINE-MONTH MODEL

As with the three- and six-month pregnant woman phantoms, the basis of the
nine-month model (Stabin 1987) is the Reference Woman phantom of Cristy and
Eckerman. The organs that required changes were the uterus, trunk, small
intestine, upper and lower large intestines, pelvis, urinary bladder, and liver.
The stomach, heart, lungs, thymus, and gallbladder were raised 1 cm but not
modified in any other way.

The uterus is modeled as the frustrum of a cone bounded by two
hemispherical caps. The larger hemispherical region of the uterus is in th.,
upper abdomen. The smaller hemispherical region is at the base of the trunk.
The contents have a volume of 5895 cm and a mass of 6.1 kg. The wall has a
volume of 862 cm3 and a mass of 0.896 kg.

The fetus in a head-downward position was also modeled separate from the
total uterine tissue with a volume of 2900 cm3 and a mass of 3.0 kg. A simple
representation of the fetal skeleton with a mass of 350 g and composition equal
to that of the Cristy and Eckerman model of the newborn was included.

The small intestine in the Reference Woman model does not fit into the
available space in the abdomen of the nine-month pregnant woman model. Because
the small intestine is an irregularly shaped organ, it can be treated as a
noncontinuous shape. The small intestine was modeled as a curved box. As in
other phantoms, no attempt was made to distinguish between walls and contents
of the small intestine, and intestinal organs enclosed within the box are ignored
in calculating the specific absorbed fractions. The volume as estimated by Monte
Carlo sampling is 804 cm3 (mass of 836 g) which is comparable to the volume of
806 cm3 (mass of 838 g) in the Cristy and Eckerman phantom.

The model of the upper large intestine consists of an ascending colon and
a transverse colon. The ascending colon in the nine-month pregnant woman model
is changed from an elliptical cylinder to a triangularly shaped cylinder angled
toward the left side of the phantom. The transverse colon is also triangular
in cross section but curved around the uterus in the extension of the trunk.
These models conform to anatomical cross sections of the pregnant woman at term.

A descending colon and a sigmoid colon make up the lower large intestine,
sections of the pregnant woman at term. The transverse colon is also triangular
The descending colon was modeled as an elliptical cylinder displaced to fit
around the uterus. The bottom portion of the cylinder was angled to stay within
the confines of the extended trunk. The sigmoid colon is identical in form and
dimensions to that of the Reference Woman model of Cristy and Eckerman.

The pelvis was expanded to accommodate the enlarged uterus and the
surrounding organs. The revised pelvis has a volume of 483 cm3 and a mass of 502
g. The pelvis of the Reference Woman phantom has a volume of 460 cm3 and a mass
of 478 g. The bone marrow distribution proposed by Cristy and Eckerman has been
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retained.
In the nine-month pregnant woman, the urinary bladder is flattened under

the enlarged uterus. In the phantom, the bladder is described as an ellipsoid
curved to fit under the uterus and inside of the extended trunk. The mass of
the bladder contents is 97.3 g instead of the 160 g of the Reference Woman
phantom.

The lower tip of the liver in the Reference Woman phantom intersected with
the enlarged uterus. When the equations for the liver were modified to exclude
the uterus, the reduction in volume estimated by Monte Carlo sampling was less
than 1.5%. No attempt was made to make up the difference by extending the liver
in other areas.

A placenta which has a volume of 480 cm3 and a mass of 0.5 kg was also
included in the model of the uterus at nine months. The design is simply a
variation on the placenta included in the six-month model. This allows for
estimation of the radiation dose to the fetus from activity located in the
placenta.

FETAL THYROID MODEL

The radiation dose to the fetal thyroid from radioisotopes of iodine in
the mother is of concern because of the use of radioiodine in nuclear medicine
and the possibility of intakes of radioiodine in the event of releases from
nuclear reactors. The doses vary as a function of fetal age because the thyroid
mass in the fetus is age dependent as well as the uptake and retention of iodine
in the fetal thyroid. Values of absorbed fractions of energy can be determined
from a model similar to that proposed by Johnson (Johnson 1982) . The thyroid
can be represented by two equal sized spheres, each containing one-half the
thyroid mass. The mass of the fetal thyroid as a function of age (T) in days
can be calculated from the following equation:

m(r) = (r/40)3-89 mg (1)

This equation was derived by Johnson and was found to agree well with measured
values summarized by ICRP (ICRP 1975).

Johnson presented a table of S values for the fetal thyroid as a function
of fetal age from 90 to 250 days and for 1-123, -124, -125, -126, -129, -131, -
132, -133, -134, and -135. He did not calculate exact values of average energy
with point kernels. Instead, he used equations that approximate the deposition
of energy from beta particles and assumed complete absorption of monoenergetic
electrons in the thyroid. The model, however, can be used to calculate more
exact S values (Watson 1991B).

RESULTS

The changes in size and geometric relationships in the pregnant woman
including the uterus and fetus result in considerable variation in the amount
of energy that is absorbed within the fetus from radionuclides in the mother's
body and in the fetus itself.

Figure 1 shows the values of the specific absorbed fractions for the fetus
irradiating the fetus for the nongravid, three-, six-, and nine-month models as
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a function of photon energy. The values for three- and six-months are
preliminary. The curves reveal that the specific absorbed fractions become
smaller as the fetus increases in size. Figure 2 shows a comparison of the
specific absorbed fractions for the fetal skeleton irradiating the total fetus
in the six- and nine-month models. The differences between the curves for the
two models show similar trends to those for the fetus irradiating the fetus.

Figures 3, 4, and 5 give curves for the fetus being irradiated by the small
intestine, upper large intestine, and lower large intestine. The specific
absorbed fractions for the three-month model being irradiated by the intestines
differ only slightly from those for the nongravid model.

Figure 6 compares the specific absorbed fractions for the fetus being
irradiated by the contents of the urinary bladder using the same models as shown
in Figure 1. The values for the nongravid and the three-month models are similar
as are those for the six- and nine-month models. Figure 7 is a comparison of
the specific absorbed fractions for the six-month fetus being irradiated by the
urinary bladder as calculated by the new six-month model and the model of
Cloutier et al. (Cloutier 1973). The variations are possibly the result of the
different models of the adult female that were used for the calculations.

DISCUSSION

With the completion of recent mathematical models representing the pregnant
woman, estimates of the absorbed fractions of energy in the uterus plus the fetus
at various stages of pregnancy can be obtained and the absorbed fractions can
be used to derive S values for radionuclides taken into the mother. The
nongravid uterus developed by Cristy and Eckerman (Cristy-V5 1987) can continue
to be used for the early embryo/fetus up to three months. Several models permit
the calculation of doses to the fetus from activity in the mother and from
activity in the fetus and are applicable at different stages of pregnancy.

Although most of these models employ relatively simple geometric shapes,
some refinements have been attempted. Models representing the pregnant woman
at six- and nine-months include a placenta and a fetus with a simple model of
the fetal skeleton. A model of the thyroid has also been presented and can be
used for calculating doses to the thyroid from radioisotopes of iodine and from
technetium-99m.

As additional information about the distribution and retention of
radionuclides in the fetus itself becomes available, more complex models may be
required. Different orientations of the fetus within the uterus may be of use;
however, present models are probably adequate for use with the limited biological
data that are available.
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Question and Answer Period for Vatson

Question: Dr. G. Covper
In one of your early slides you indicated doses of 125I per
mBq. Did you include both the contributions from the amount
of iodine that crossed the placental barrier into the infant
thyroid plus the distant gamma rays from the mother's side?

Answer: Yes, we did.

Question: Dr. P. Mountford-Lister
Do you have anything to say about alpha emitters or other
high LET particles?

Answer: No. They have not really had to address it. They may have
to, because of the possibility of labelling monoclonal
antibodies for therapy with alpha emitters. But they have
not.

Question: Dr. R.G.C. McElroy
With the changes in computing today, how is the increasing
computer power affecting the complexity of the models that
are being produced and the modeling process itself?

Answer: I think, it is going to affect it in a number of ways. One of
the things that is being done, which I did not mention
because I don't think at the moment it is relevant to dc so,
is chat people are taking CT images and actually developing
individual models. I don't know of anybody who has reported
any results, but they are certainly working on it. They are
working on it at Oakridge National Laboratories and in a
number of other places. Darrell Fisher at Battelle is also
looking into it.

As you say, there is so much more power even in our little
desk-top computers. In fact we do a lot of our Monte Carlo
calculations just on our desk, not for something as complex
as this. However, if we want to just do some Monte Carlo on
small volumes, we just plug it into our own computer.

Yes, it is definitely changing and we may someday actually
have some individual models, providing that you have the
appropriate data that you can use from CT, MRI or any of
those situations. It would be very nice if we could do that,
calculate dose to the organ of the individual.
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Some of these things are very slow. Ve talk about the power
of the computer, but computer power is United by our ability
to actually get all the programming glitches out of
everything. That is where our real holdup is: it is in the
people power, having really the time to do this. You could
probably do something very rapidly but unless you do the
checking, you are not sure that the results are meaningful.
Once you have got that done, that's when it gets easy, and
that is the nice part.
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PETAL DOSES FROM PLUTONIUM-239 AND POLONIDM-210

Harrison, J.D., Morgan, A. and Stather, J.W.
National Radiological Protection Board,

Chilton, Didcot, Oxon 0X11 ORQ.

ABSTRACT

Q Q O rt-1 rt

The transfer of Pu and Po from the maternal circulation to the developing
embryo and fetus has been studied in rats and guinea pigs to provide data for
the development of dosimetric models. The highest concentrations of both 2 3 9Pu
and Po were measured in the yolk sac. In late gestation, specific uptake of

Pu in liver and bone was observed while the distribution of Po in the
fetus was fairly uniform. In utero doses to haemopoietic tissue have been
calculated taking account of transfer to the blastocyst/egg cylinder, yolk sac,
liver and bone marrow. From animal data, the concentration ratios relative to
maternal liver for these tissues were taken to be 0.1, 2, 0.01 and 0.02,
respectively, for 2 3 9Pu and 1, 2, 0.1 and 0.1, respectively, for 2 1 0Po. These
concentration ratios were applied to periods of human gestation of 0-2.5 weeks,
2.5-6 weeks, 6-12 weeks and 12-38 weeks, respectively, and used to calculate
fetal tissue doses for chronic maternal intake by ingestion of 1 kBq 2 3 9Pu or 2
kBq Po in the year of pregnancy (1 ALI for a member of the public). On this
basis, the total in utero dose to haemopoietic tissue was about 1 |j.Sv from Pu
and 60 JJ-SV from Po compared with red bone marrow doses to the mother in the
year of 19 |iSv from Pu and 160 JLSV from Po. The yolk sac and bone marrow
dominated in utero doses from both nuclides. For Pu, because of its long
physical and biological half-lives, an important consideration was activity
present in the offspring at birth and committed dose equivalents to red bone
marrow in the child and mother. The total dose to haemopoietic tissue in the
offspring to age 70 years, including in utero doses, was calculated as 13 u,Sv
compared with a maternal dose to red bone marrow of 1400 |i.Sv. For Po, because
of its short physical and biological half-lives, consideration of activity in
the offspring at birth, and committed doses to the child and mother make
negligible differences to dose estimates.

o o Q 9 Tn

For Pu and Po, the risk of leukaemia in the year of pregnancy was
estimated to be of the same order for mother and fetus. For Pu, the overall
risk, to 70 years of age, was 2 orders of magnitude higher for the mother than
her offspring. For Z 3 9Pu, an acute intake of 1 kBq by ingestion during the
period of yolk sac haemopoiesis would result in the highest in utero dose,
estimated at about 20 JLSV. However, activity at birth would be lower and the
overall risk would be similar to the risk after chronic intake.

INTRODUCTION

Dosimetric models for the developing embryo and fetus are needed to assess risks
for both occupational and environmental exposures during pregnancy. In the
recent recommendations of the International Commission on Radiological
Protection (1991), particular emphasis is placed on measures to control in utero
exposures. A current ICRP Task Group on Age-dependent Dosimetry will include
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fetal dosimetry in its remit (ICRP, 1989). In the U.K., investigations into the
possibility of a link between childhood leukaemias and radionuclide exposure in
the vicinity of nuclear installations have focussed attention on the need for
fetal dosimetric models (Black, 1984; Stather et al, 1984, 1986, 1988; COMARE,
1988, 1989). Preliminary estimates of fetal doses from Pu have been made on
the basis of experimental data from rodents comparing maternal whole body Pu
concentrations to average concentrations of Pu in the fetus and assuming the
same organ distribution as in the adult (Stather et al, 1984, 1987). Doses from

Po were also calculated on the assumption, in the absence of experimental
data, that concentrations in fetal and maternal tissues would be the same
(Stather et al, 1984). For both nuclides, however, doses to developing tissues
during organogenesis were not included and calculations were confined to the
fetal period from 8 to 38 weeks. Experimental data for rodents and baboons show
that the highest concentrations of Pu in embryonic tissues occur in early
gestation before the full development of fetal membranes and the placenta (Sikov
et al, 1978; Morgan et al, in press). High concentrations of Pu and Po in fetal
membranes, mainly the yolk sac (Sikov and Mahlum, 1976; Weiss and Walburg, 1978;
Hackett et al, 1982) were not taken into account and may be important
contributors to doses to haemopoietic tissue.

In this paper, measurements of the cross-placental transfer of plutonium and
polonium in rats and guinea-pigs are summarised and used, together with other
available data for plutonium, to estimate doses to the human fetus. The
calculations are outlined in the following sections after a summary of animal
data on the transfer of Pu and Po to the embryo and fetus at different stages of
gestation.

RADIONUCLIDE TRANSFER IN RELATION TO FETAL DEVELOPMENT

Table 1 compares the duration of the major gestational stages in humans to the
equivalent periods in rats and guinea-pigs, the species used in our recent
studies (Morgan et al, in press). Also shown are developmental stages which are
considered important in assessing in utero doses to haemopoietic tissue.
Comparisons between species are not straighforward because although the
developmental sequences are similar, there are considerable variations in the
progress of organ development (Otis and Brent, 1954). Species-specific
characteristics become most evident during the period of fetal growth. In both
guinea-pigs and humans, unlike rats, the fetal period is considerably longer
than the embryonic period, resulting in greater developmental maturity by birth.

Table 2 summarises available animal data on the transfer of plutonium to the
embryo and fetus. In most studies, retention was measured in the whole body of
the fetus and results were reported in concentrations. Table 2 includes values
for Pu in the fetus, and in fetal membranes for which the greatest values were
obtained. Values for whole-body fetus:mother concentration ratios are also
given. These ratios allow comparison of relative transfer in species with widely
different masses and are also used in this paper to estimate activity present in
the offspring at birth. Results for the individual species have been grouped
together according to the day of administration and analysis. In general, the
data show that fetal concentrations are greatest early in gestation and lowest
in mid-gestation. However, the total transferred is greatest for administration
at advanced gestation. After an acute administration, there is continued
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transfer during the remainder of gestation but in most cases this is not
sufficient to maintain the initial concentrations which are gradually reduced by
fetal growth. Table 3 shows results from studies currently in progress on the
transfer of polonium to the embryo and fetus. As for plutonium, the greatest
concentrations were measured in the yolk sac; fetus:mother concentration ratios
were similar to those for plutonium.

In this paper, doses to haemopoietic tissue from 2 3 9Pu and 210Po have been
calculated. It appears that during embryonic and fetal development, haemopoiesis
is a migratory phenomenon with the first population of stem cells possibly
originating outside the embryo in the blood islands of the yolk sac or even at
the earlier egg cylinder stage (Metcalf and Moore, 1971; Tavassoli and Yoffey,
1983; Hollands, 1987) Once the extraembryonic and embryonic circulations become
connected, stem cells appear in the developing embryonic liver, then the spleen
and finally the bone marrow. According to the migration theory of development,
the primitive stem cells in the yolk sac are the precursors of all definitive
haemopoietic stem cell populations, both myeloid and lymphoid (Metcalf and
Moore, 1971; Tavassoli and Yoffey, 1983). This hypothesis has been questioned
and it has been postulated that stem cells may also arise in situ in embryonic
tissues. Until more information is available, however, the approach adopted here
is to estimate in utero doses to haemopoietic tissue from Pu and Po is to
include doses to the yolk sac as well as the earlier blastocyst/egg cylinder
stage and subsequent doses to liver and bone marrow. The total doses to the
developing liver and skeleton have also been estimated for Pu. The approach
taken to calculate doses was to relate Pu and Po concentrations in these tissues
to concentrations in maternal liver. Data on concentration ratios for Pu and Po
are summarised in Table 4 and 5 and the stages of haemopoietic development are
considered separately below.

Pro-embryo/early embryo stage

At implantation the blastocyst consists of an outer layer of trophectoderm cells
which will give rise to the bulk of the placenta and the inner cell mass (ICM)
from which the fetal membranes and the embryo will form. It is thought to be
nourished by transfer of low molecular weight substances in uterine secretions
through the zona pellucida (Boyd and Hamilton, 1970). The appearance of the
primitive streak, which is a derivative of all primary germ layers, marks the
beginning of embryonic life.

The concentration of plutonium in the blastocyst would be best measured by
autoradiographic procedures but data are not currently available. Estimates
based on radiochemical measurements on implantation decidua, including the
blastocyst, of rats on day 6 of pregnancy show concentrations greater than at
later stages. Concentrations at the egg cylinder and early embryo stage were
also comparatively high in a number of species, including rats, guinea-pigs,
rabbits and baboons (see Table 2), resulting in correspondingly high
fetus:mother ratios. A fairly uniform distribution of Pu throughout the
embryonic and non-embryonic germ layers of the day 9 rat egg cylinder has been
shown by autoradiographic techniques (Morgan et al, in press).
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For the blastocyst and egg cylinder the available data for Pu suggest
concentration ratios relative to maternal liver of about 0.05 - 0.4 (Table 3).
The highest value was for the baboon (Sikov et al, 1978) but was based on
limited data. A ratio of 0.1 was applied in the calculations. The whole-body
embryo:mother concentration ratio during this period was also required to
estimate the amount of activity present at birth (see below). A ratio of 1 was
used, again to make some allowance for the higher ratio reported for the baboon
(Table 4). For Po, on the basis of measurements using rats (Table 5), a
concentration ratio for the egg cylinder relative to maternal liver of 1 has
been used in the calculations A whole-body embryo smother concentration ratio of
1 was used in the estimation of activity present in the offspring at birth.

Yolk sac

The yolk sac begins its nutritive function soon after implantation, by absorbing
nutrients possibly released from decidual cells phagocytosed by the invading
trophoblast (Boyd and Hamilton, 1970; King and Enders, 1970). Specific uptake of
Pu by the yolk sac is observed soon after its formation and in rodents there is
an increase in concentration as pregnancy progresses (Sikov and Mahlum, 1976;
Sikov, 1986). High retention of Pu was also shown by autoradiography in the
baboon yolk sac on day 23/24 (Sikov et al, 1978). Once the chorioallantoic
placenta is established, about day 10 in the rat and day 21 in humans (Steven,
1979), it assumes a major role in nutrient transfer to the embryo and fetus. The
rodent yolk sac continues to have a placental function, complimentary to that of
the chorioallantoic placenta (Wislocki et al, 1946; Anderson and Leissring,
1961), while the primate yolk sac has a nutritive role only during the first few
weeks of pregnancy (Moore, 1977). Polonium concentration in the yolk sac of rats
has been reported (Hackett et al, 1982). The greatest concentrations of 2 1 0Po,
shown by autoradiography, were in the placenta, Reichert's membrane and yolk
sac.

Haemopoietic stem cells formed in the yolk sac are thought to migrate to
embryonic liver at early organogenesis (Metcalf and Moore, 1971). They are then
detected in fetal spleen and finally in bone marrow during the fetal period.
Primordial germ cells are also formed in the yolk sac and subsequently migrate
to the embryo (Ham and Cormack, 1979). With regard to dose calculations, Pu
deposition in the yolk sac would only be important at stages prior to the
establishment of embryonic haemopoiesis, eg. during days 9-11 in the rat
(Metcalf and Moore, 1971) and day 19-42 in humans (Keleman et al, 1979). Yolk
sac haemopoiesis does, however, continue for a further period as shown in Table
1. Concentrations of Pu in the rat yolk sac relative to maternal liver reach
values of about 6 one day after injection on day 11 (Table 3). This ratio was
subsequently reduced to 3 for analysis at 3 days after administration. Injection
on days 8/9 in the rat and day 10 in the guinea-pig resulted in yolk sac:
maternal liver concentration ratios of around unity; for analysis at 3 and 7
days after administration, respectively (Table 3). A ratio of 2 was used for the
yolk sac in the calculations in this paper, allowing for higher concentrations
shortly after intake and for increased ratios towards the end of the
haemopoietic period. A ratio of 2 was also used for Po on the basis of the
results shown in Table 5.
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Advanced organogenesis

Results obtained with both rats and guinea-pigs showed that, for analysis a few
days after administration, Pu concentrations decreased during organogenesis
after the establishment of the placenta and full development of the yolk sac
(Morgan et al, in press). This is likely to reflect both discrimination against
Pu transfer to the embryo and dilution of activity due to the greater growth
rate. This decrease was particularly obvious for the guinea-pig with
fetusrmother concentration ratios of about 0.001 (Table 2). In comparison, the
ratio for the rat after administration on day 9 and analysis on day 12 was about
0.02, similar to data from other studies (Sikov 1986). However, large strain
dependent differences have been observed with fetus:mother concentration ratios
for the period of organogenesis ranging from 0.001-0.25, the highest values
reported for Fischer rats (Hackett et al, 1979). High ratios were also reported
for mice in late organogensis. A fetus:mother concentration ratio of 0.04 was
used in calculating Pu accumulation in the human embryo during the period of
organogenesis. A higher ratio of 0.13 was estimated for the baboon for injection
on day 38/39 and analysis one day later (Table 2; Sikov et al, 1978). This is at
around the end of organogenesis, and may not be representative of values at
about mid-organogenesis when the greatest reduction in transfer was observed in
rats and guinea-pigs. For Po, a fetus:mother concentration ratio of 0.1 was used
to calculate accumulation in the human embryo during organogenesis (Table 3).

Period of fetal growth

With advancing gestation during the fetal growth period, results show greater
transfer of Pu and higher concentrations with fetus:mother concentration ratios
in the region of 0.04-0.5. Ratios for mice were consistently higher than for
other species (Weiss and Walburg, 1978; Mason, 1989). A value of 0.1 was used in
calculations of fetal body burden of Pu at advanced gestation. A value of 0.1
was also used for Po (Table 3).

The development of the liver and bone is important in the present context
because they accumulate Pu and are the major sites of haemopoiesis in the fetus.
The liver primoriium originates near the gut and embryonic liver is formed by
about day 10-11 in the rat, day 16-19 in the guinea-pig and day 30-35 in the
human (Scott, 1937; Moore, 1977) (Table 1). Bone mineralisation begins at about
day 16 in the rat, day 26 in the guinea-pig and day 56 in the human (Table 1).
The extent of skeletal development by birth varies between the species, and at
birth the rat skeleton is thought to show the same degree of development as a 3-
month old human fetus (Strong, 1926). Skeletal maturation in guinea-pig neonates
may even be greater than in humans.

The distribution of Pu in fetal tissues seems to be species dependent and can
vary during the course of gestation. In rats and mice the percentage of total
body activity incorporated into fetal liver is only slightly lower than in the
adult while in guinea-pigs and also in the baboon, a lower proportion of total
body activity was retained in the advanced fetal liver compared to adult liver.
At late gestation or at birth, the skeleton of the guinea-pig fetus accounted
for 60-70Z of total body activity compared to 5-82 present in the liver. This is
significantly different from the adult, where deposition in these tissues is at
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more similar levels; ICRP (1979) assume uptake of 45Z of systemic Pu by both the
liver and skeleton. It is consistent, however, with recent recommendations on
age-related differences in the distribution of plutonium in the fetus and infant
(ICRP, 1989). Fetal femurrmaternal liver concentration ratios for Pu are similar
for guinea-pigs, baboons and mice, with values in the region of 0.015-0.025
(Table 4). A value of 0.02 was applied in the calculations and it was assumed
that activity is distributed evenly through bone and bone marrow. For liver
concentrations, the highest values are for mice. Values for the rat are slightly
lower than for the mouse but are about 10 times greater than for the baboon.
Lower concentrations were found in the guinea-pig; this may reflect high uptake
by the skeleton which shows extensive mineralisation by birth (Hauman and
Saffry, 1934). A ratio of 0.01 was used for calculations of doses during liver
haemopoiesis. The overall in utero dose to the liver, from the earliest stages
of its formation to term, were calculated separately on the basis of results
from rats/mice, guinea-pigs, and baboons and an average value is reported. For
Po, a fetal tissue:maternal liver concentration ratio of 0.1 was applied to both
the liver and bone (Table 5).

DOSE ESTIMATES

Doses to maternal liver were calculated on the assumption of a uniform chronic
maternal intake by ingestion of 1 kBq 239Pu or 2 kBq of Z10Po in the year of
pregnancy, corresponding to 1 ALI for a member of the public (committed
effective dose equivalent of 1 mSv). This would result in the transfer of 1 Bq
of 239Pu to blood (fx of 10~

3) and 200 Bq of 2 1 0Po (f-,̂  of 10" 1). The fraction
taken up from blood by maternal liver was assumed to be 0.45 for Pu (ICRP, 1986)
and 0.1 for 210Po (ICRP, 1979).

•J O Q 9 1 f)

In utero doses to haemopietic tissues from Pu and Po

On the basis of the data discussed in the previous section and shown in Tables 4
and 5, the tissues taken into account in the calculation were the blastocyst/egg
cylinder, yolk sac, liver and bone marrow with concentration ratios relative to
maternal liver of 0.1, 2, 0.01 and 0.02, respectively, for 2 Pu, and 1, 2, 0.1
and 0.1, respectively, for Po. These concentration ratios were applied to
periods of human gestation of 0-2.5 weeks, 2.5-6 weeks, 6-12 weeks and 12-38
weeks, respectively. The choice of periods to apply to the liver and bone marrow
is somewhat arbitrary. Even though liver haemopoiesis does not reach a peak
until about week 20, a longer period was used for bone marrow haemopoiesis
because of the higher concentration ratio for Pu. Periods of lymphopoiesis were
also taken into account. Lymphopoiesis in the bone marrow is evident from the
12th week onwards while lymphocyte numbers in the liver represent a maximum of
only 1-4Z of the total number of haemopoietic cells (Kelemen et al, 1979).
Haemopoiesis also takes place in the spleen. In guinea-pigs, the concentration
ratio relative to maternal liver for Pu was lower than for the skeleton but
higher concentration ratios were found in baboon spleen at advanced gestation
(Sikov et al, 1978). Concentrations of Pu in the spleen at earlier stages may
warrant further attention.

For chronic maternal intake by ingestion of 1 kBq 239Pu in the year of
pregnancy, giving a maternal committed effective dose equivalent of 1 mSv (1 ALI
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for a member of the public), the in utero dose to haemopoietic tissue was about
1 o,Sv compared to a red bone marrow dose to the mother of 19 IJLSV in the year
(Table 7). The fetal dose of 1 (i.Sv was delivered largely to the yolk sac (about
602) and bone marrow (about 402) with small doses to the egg cylinder and liver
(Table 6). For chronic maternal intake of 2 kBq of 2 1 0Po in the year of
pregnancy, the in utero dose to haemopoietic tissue was about 60 JLSV compared to
a red bone marrow dose to the mother of 160 (JLSV in the year (Table 7). As in the
case of Pu, the dose was delivered largely to the yolk sac and bone marrow
(Table 6).

pan

The estimate of in utero dose from Pu to haemopoietic tissue used in previous
calculations (Stather et al, 1984) was equivalent to 0.65 JLSV from chronic
maternal intake of 1 kBq of Z39Pu during the year of pregnancy. This was based
on animal data showing whole-body fetus:mother concentration ratios at birth of
about 0.1, and the assumption that the adult distribution of Pu would apply to
the fetus from 8 weeks of gestation until birth. The calculation took account
only of dose to red bone marrow. This compares with the estimate of 1 |iSv
presented here, taking account of doses to earlier haemopoietic tissue. For

Po, it was previously assumed, in the absence of experimental data, that
concentrations in fetal and maternal tissues would be the same (Stather et al,
1984). On this basis, the in utero dose to red bone marrow from maternal intake
of 2 kBq Po during the year of pregnancy would be about 190 n.Sv compared with
the estimate of 60 |iSv to haemopoietic tissue calculated here.

In utero dose to liver and skeleton from Pu

n o Q

Doses to fetal liver and skeleton from Pu were also calculated separately for
periods of 5-38 weeks and 8-38 weeks, respectively, taking account of changing
concentration ratios measured in animal experiments. The estimated dose
equivalents were 0.6 JLSV to both liver and skeleton.

For the skeleton, a concentration ratio relative to maternal liver of 0.02 was
applied to the whole 8-38 week period on the basis of the available data for
mice, guinea-pigs and baboon. The fetal liver:maternal liver concentration
ratios, however, differed substantially between species and doses to the human
fetal liver were therefore calculated separately on the basis of data for each
species. The ratios used in the calculation and the gestation periods to which
they were applied are shown in Table 8.

o Q q 910
Doses from Pu and Po to the offspring from birth to age 7Qy

The activity of 2 3 9Pu and Z10Po present in the offspring at birth was calculated
using animal data for whole-body fetus:mother concentration ratios at different
stages of gestation, as shown in Tables 2 and 3 and discussed above, and human
data on fetal mass (Reference Man, revised data; Boyd and Hamilton, 1970). A
maternal body weight of 58 kg was used (ICRP, 1976). In practice, accumulation
in early gestation makes a negligible contribution; activity present at birth
could be simply estimated by applying the fetus:mother concentration ratio at
birth to the mass of the fetus of 3.4 kg.
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9 Q Q

Committed dose equivalents from age ly to age 70y for Pu were calculated
taking account of the different distribution of activity in the fetus at term
compared to adults. For the adult, the ICRP (1986) values for fractional
retention of 0.45 in the liver and 0.45 in the skeleton were used, while the
animal data on distribution in the fetus suggest fractions of about 0.2 for the
liver and 0.7 for the skeleton. On this basis, retention of 0.0025 Bq 239Pu at
birth was estimated to result in a committed dose equivalent of 12 p.Sv to the
red bone marrow of the child from birth to age 70y compared with a maternal dose
of 1400 |xSv (Table 7). Committed doses to the liver and bone surfaces were
estimated to be 8 and 146 (JLSV, respectively. For 2 Po, retention of 0.7 Bq at
birth made a negligible contribution to the overall dose to haemopoietic tissue
(Table 7).

Doses to yolk sac from an acute intake at a critical period

As described above, Pu deposition in the yolk sac as a result of chronic intakes
during early pregnancy may contribute as much as 602 to the total dose to
haemopoietic tissues. The greatest doses to haemopoietic tissue may therefore
arise in the unlikely event of an acute intake at a time when haemopoietic
development is taking place in the yolk sac. Assuming maternal ingestion of 1
kBq Pu to occur on day 21 of gestation, tae yolk sac dose has been calculated
up to the end of week 6. Using data for rats (Table 2) and applying
concentration ratios relative to maternal liver of 6, 3 and 2 for consecutive
periods of human gestation of 4, 3 and 14 days, the dose equivalent to the yolk
sac was estimated as about 20 JJLSV. Calculating the activity at birth suggests a
committed dose equivalent to age 70y of 0.4 p.Sv. The dose to maternal red bone
marrow during the year was estimated as about 40 (JLSV; J.he committed dose
equivalent was 1400 JJISV as after chronic intake.

DISCUSSION

The dose estimates presented in this paper are subject to several sources of
uncertainty. As discussed above, a key question is whether the primitive blood
cells arising in the yolk sac are the precursors of subsequent stem cell
populations. Until this question is answered, however, it would appear
appropriate to include the yolk sac in calculations of dose to haemopoietic
tissue. The origin of germ cells in the yolk sac, with subsequent migration to
the embryo, is well documented (Ham and Cormack, 1979) The significance of germ
cell irradiation in the yolk sac remains to be determined.

Another important uncertainty is species differences in radionuclide transfer to
the fetus. Most of the data used in the calculations were for rodents which have
a haemochorial placenta as in humans (Steven, 1979). They differ from humans,
however, in that their yolk sac is functional through most of gestation. The
guinea-pig has a longer gestation than the rat and offspring at birth show a
greater degree of skeletal maturity. Comparisons of data for the two species,
together with the limited information for the baboon improve the confidence with
which extrapolations to humans can be made. Nevertheless, measurements on human
tissues and further studies in primates wouii be very valuable.
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Dose estimates should take account of the possibility of translocation from
existing maternal deposits; experiments are in progress to quantify plutonium
translocation, particularly to the yolk sac and fetal bone. Concentrations at
early stages when tissue masses are very low require further measurement using
autoradiography and inhomogeneity of dose within tissues needs to be considered.
The time-course of uptake and changes in concentrations in particular tissues
need to be examined to ensure that appropriate concentration ratios are being
used.

The dose estimates presented in this paper can be used to calculate risks.
Taking the risks of death from leukaemia to be 1.25 x 10 Sv for the fetus
(Stather et al, 1986), 5 x 10"3 for the child from birth and 4 x 10"3 for the
mother (ICRP, 1991), the in utero dose of 1 (iSv to haemopoietic tissue from

Pu and the maternal red bone marrow dose of 19 (JLSV in the year for chronic
maternal ingestion of 1 kBq Pu correspond to tisks of 1.6 x 10"8 and 7.6 x
10" , respectively. The lifetime risk to the offspring, taking account of both
in utero exposure and subsequent dose to the red bone marrow was estimated as
7.6 x 10 compared with a risk of 4 x 10 to the mother. An acute intake of
O O Q *

Pu during the period of yolk sac haemopoiesis would result in a risk of 2.5 x
10" from in utero irradiation. The risk to maternal red bone marrow from the
dose received during the year would be about 1.6 x 1 0 . The overall lifetime
risk of leukaemia is however substantially lower in the offspring than the
mother, as for chronic intakes. For each of these cases, therefore, protection
of the mother during pregnancy would ensure protection of the child. For chronic
maternal ingestion of 2 kBq of Po, the in utero dose of 60 (LSV to
haemopoietic tissue and maternal red bone marrow dose of 160 piSv correspond to
risks of 7.5 x 10 and 5 x 10" , respectively.

In estimating risks, the possibility of changes in tissue radiosensitivity
during fetal development will require consideration. Recent work by Mason (1989)
has compared the effect on haemopoiesis of administering Pu to mice at
different stages of gestation. These studies indicate that low doses of Pu
early in gestation have a direct effect on stem cells while the effect of
administration later in gestation appeared to be due to a reduced ability of the
bone marrow microenvironment to support haemopoiesis. It is possible that early
direct effects may be associated with haemopoietic stem cell activity in yolk
sac membranes. Experiments are planned to further investigate the sensitivity of
multi-potential haemopoietic cells to alpha-particle damage at different stages
of in utero development.
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TABLE 1

Gestation periods in the rat, guinea-pig and human

Gestation period
Rat

Days after conception
Guinea-pig Human

Implantation

Germ layer
differentiation and
development of fetal
membranes

Embryonic period
(organ development)

Fetal period

5-10

9-15

15-22

6-13

12-26

26-70

7-21

15-56

56-266

Important stages
for dose calculations

Period of yolk sac
haemopoiesis

Appearance of
embryonic liver

Onset of liver
haemopoiesis

Onset of ossification

Onset of marrow
haemopoiesis

9-13

10-11

11

16

16-17

13-35

16

20?

25

25-26?

19-63

30

42

56

70-77

Data based on Metcalf et al, 1971; Feleman et al, 1979; Harman and Saffry, 1929;
Moore, 1977; Scott, 1937; Stront, 1926.
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TABLE 2

Summary of animal data on the fetal uptake of plutonium

Species

Baboon

Guinea-pig

Rabbit

Rat

Mouse

Day of gestation
injection

22/23
38/39
106
10
10
20
30
30
50
60
60
9
15
3
6
7
7
8
9
9
9
9
9
9
11
11
15
15
15
15
19
19
13
13
13
4
8
9
14
17
19
16

analysis

23/24
39/40
107
17

birth
27
37

birth
57
61

birth
10
20
6
9

10
birth

11
10
12
14
18
20

birth
12
14
16
18
20

birth
20

birth
14
16

birth
17

birth
birth
birth
birth
birth

18

Pu
membranes

z g-1

0.007
0.04
0.09
0.7
-
0.04
0.04
-

0.3
0.18
-
-
-
0.5
0.13
0.19
-
3.03
_

0.3-1.9
0.5-2.1

-
0.34
_

19.5
10.8
1.9-6.2
11.5
2.8
-

3.2-11.5
_

37.1
51.3

-
-
-
_
-
-
-

5.5-12.3

concentration
fetus fetus .-mother

2 g"1

0.03
0.001
0.0003
0.01
0.00015
0.00005
0.005
0.00045
0.004
0.0025
0.0025
0.021
0.003

0.0006
0.08
0.1

0.006-0.1
0.005-0.03
0.004
0.003
0.003
0.05
0.025

0.01-0.04
0.02-0.04

0.03
0.02

0.01-0.04
0.05
0.45
0.7
0.57
0.014
0.011
0.027
0.08
0.16-0.5
0.06
0.25-0.9

ratio

3.75
0.13
0.04
0.14
0.002
0.0006
0.0075
0.006
0.054
0.035
0.035

-
-

0.35
0.5
0.0015
0.2
0.22

0.015-0.25
0.013-0.075

0.01
0.008
0.008
0.13
0.06
0.025-0.1
0.05-0.1
0.075
0.05
0.025-0.1
0.13
0.17
0.27
0.22
0.019
0.008
0.021
0.062

0.12-0.19
0.04

0.11-0.48

Ref.

1

2

3
2
4

2

5
2,3,6

6
5
3
5
2

3,7,8
2,5
3
2,5

2,3,7,8
5
9

10

9,10

11

I. Sikov et al,1978. 2. Morgan et al, 1991. 3. Sikov, 1986, 4. Sikov et al,
1985. 5. Sikov and Andrew, 1979. 6. Hackett et al, 1979. 7. Sikov and Mahlum,
1968. 8. Sikov and Mahlum, 1976. 9. Mason, 1989. 10. Bluzat et al, 1966.
II. Weiss and Walburg, 1978.
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TABLE 3

Animal data on the fetal uptake of polonium

Species

Rat

Guinea-pig

Day of gestation
injection

6
9
14
18

30
50

analysis

9
12
17
birth

37
57

Po concentration
membranes

2 g"1

0.6
4.1
1.7
-

0.2
0.2

fetus

z g"1

0.06
0.006
0.03

0.01
0.01

fetus -.mother
ratio

0.5
0.1
0.01
0.05

0.1
0.1
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TABLE 4

Fetal tissue : maternal liver Pu concentration ratios

Tissue
Day of gestation

Species injection analysis
Concentration

ratio Ref.

Blastocyst/
decidua

Egg cylinder

Embryo/
yolk sac

Embryo?

Embryo/
membranes

Yolk sac

Yolk sac

Liver

Rat

Femur

Rat

Rat

Rat

Baboon

Rat

Guinea-pig

Mouse

Rat

Guinea-pig

Baboon

Mouse
Guinea-pig

Baboon

6

7

9

23

8
9
11
11

10

13
13
13
14
18
30
50
60
105

13
50
60
105

9

10

10

24

11
12
12
14

17

14
16

birth
17

birth
37
57

birth
106

birth
57

birth
106

0.15

0.04

0.06

0.03

0.4

1.0
1.0
5.5
3.0

0.6

0.05
0.1
0.15
0.015
0.07
0.0015
0.0021
0.0025
0.0085

0.026
0.023
0.015
0.018

2

3

4
1

1. Morgan et al, 1991. 2. Sikov and Andrew, 1979. 3. Sikov et al, 1971,
4. Mason, 1989.
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TABLE 5

Fetal tissue : maternal liver Po concentration ratios

Tissue
Day of gestation

Species injection analysis
Concentration

ratio

Egg cylinder

Yolk sac

Liver

Femur

Rat

Rat

Rat

Guinea-pig

6

9
14

14
17

50

9

12
17

17
birth

57

0.6

3
1.3

0.04
0.07

0.06
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TABLE 6

Dose equivalents to haemopoietic tissues of the embryo and fetus after chronic
maternal ingest ion of 1 kBq Fu or 2 kBq Po in the year of pregnancy
(1 ALI)

Tissue

Blastocyst/
egg cylinder

Yolk sac

Liver

Bone marrow

Gestation
period, wks.

0-2.5

2.5-6

6-12

12-38

Plutonium-239
Concn.
ratio*

0.1

2

0.01

0.02

Dose equiv.
jiSv

0.02

0.8

0.01

0.4

Polonium-210
Concn.
ratio*

1

2

0.1

0.1

Dose equiv.
|i.Sv

0.6

24

3

30

*Fetal tissue: maternal liver (from animal data).
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TABLE 7

Dose equivalents to haemopoietic tissue of the mother and offspring after
chronic maternal ingestion of 1 kBq Z 3 9Pu in the year of pregnancy (1 ALI)

Mother/child

Mother

Fetus/child

Dose equivalent, \LSV
Plutonium-239 Polonium-210

Year of
intake

19

1

To age 70y Year of
intake

1400 160

13 60

To age 70y

160

61
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TABLE 8

239In utero doses from Pu to human fetal liver and skeleton

Tissue

Liver

Skeleton

Animal
species

Rat/mouse

Guinea-pig

Baboon

Mouse/
Guinea-pig/
Baboon

Human gestation
period, wks.

5 -
20 -

5 -
15 -
25 -

5 -

8 -

20
38

15
25
38

38

38

Concentration
ratio*

0.025
0.1

0.015
0.002
0.0025

0.009

0.02

Dose equiv.
(tSv

1.5

0.1

0.3

0.6

*Fetal tissue .- maternal liver (from animal data)
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Question and Answer Period for Harrison

Question: Dr. D.K. Hyers
Firstly, let me congratulate on a very good paper. When you
were looking at lifetime doses from plutonium intakes by the
fetus, did you take into account the effects of
breast-feeding?

Answer: No. Just specifically for the case of chronic intake during
gestation. We have not taken any account of transfer in
breast milk.

Question: Dr. D.K. Hyers
But am I not correct from reading the data presented
yesterday, that there is a significant contribution to dose
due to breast-feeding?

Answer: Tes. Paul [Dr. Hountford-Lister, ed. note] showed an extra
20% for transfer of plutonium. I think maybe for other
radionuclides, such as americium, it might be more important.

Comment: Dr. S. Taniv
I have a comment rather than a question, with respect to the
risk coefficient. For leukemia, the values that are taken
are basically risk coefficients taken for low LET irradiation
which the ambient air field emits and which are more complex
for high LET irradiation. Having said that, with regard to
risk to leukemia from plutonium, I have a great doubt as to
if this is the proper assessment of risk from plutonium;
because of early animal experimentation or whatever limited
human data that is available, there was no indication of any
leukemia risk. There is a dose to the marrow, there is no
question about it, but the dose is highly non-uniform and
that might have something to do with it.

Answer: I think all we are doing really is calculating doses. Ve have
applied risks to them on the basis of the information we
have. I accept what you say. Ve have used a higher value
for the fetus than from birth, by that order, a factor of 3
or 4, but how applicable that is to plutonium I am not sure.
You can obviously use different values. Vork that we are
doing at the moment is looking at the sensitivity of
different fetal tissues at different stages of development.
I think what we are doing is what we can with what
information we have at the moment.

Comment: Dr. S. Yaniv
In my opinion, these risk coefficients include a low dose
[rate] reduction factor, which is not applicable to high LET
irradiation. There is no question about that. So it is far
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•ore appropriate to use linear [reduction], as it represents
leukemia risk vhere ve don't have any evidence of induction
by plutonium of osteosarcoma.

Answer: Ve were particularly interested in calculating leukemia risk.
This stems from the work ve did for the Black committee,
looking at leukemia risks around Sellafield. Ve were
specifically asked to look at leukemia risk. Ve can put the
risk factors on for osteosarcoma and give those and make
those the maternal-fetal comparisons as veil, of course. Ve
vere vanting to do this and compare the natural alpha emitter
with the plutonium. It works out for the most exposed
population around Sellafield, for the intakes of plutonium
that vere assumed, compared to intakes of polonium; the doses
from polonium are higher than the doses from plutonium.

Question: Or. P. Mountford-Lister
I presume that you used the standard ICRP gut uptake for the
pregnancy.

Ansver: Tes. Ve just used 10~3.

Question: Dr. P. Mountford-Lister
So there is no allowance that it actually changes.

Ansver: No.

Question: Dr. R. Mole
Tour good presentation vas spoiled when you introduced risk
estimates. I vould have preferred, if you like, a difference
in risk per unit dose between the fetus and the mother. But
if you give a dose [...] you gave a central value vith a
range of 100 vithin the animal experiments. There are a lot
of uncertainties here, of a great variety.

Ansver: That probably wasn't for one of the dominating tissues. You
are probably talking about the blastocyst egg cylinder stage.

The yolk sac and bone marrow are the dominant doses. It's
really a matter of trying to vork out vhat the doses might be
and hov they are going to compare vith maternal doses.

Comment: Dr. R. Mole
But you did say risk.

Ansver: There are a number of reasons for doing this. The reason for
calculating leukemia risk vas. That's the background to
that. This information will feed into ICRP models of the
fetus. And there, ve vill stop at dose. The last slide was
of dose.
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Comment: Dr. R. Mole
But you should be presenting the whole range variation.

Answer: All that information will be included.

Question: Dr. R. Hole
But are you sure that the yolk sac of the rodent is anything
like the yolk sac in man?

Answer: We have some limited information that the baboon yolk sac
concentrates plutonium. We have some values for that.

Comment: Dr. R. Mole
Yes, but you can divide animals up into at least four
different kinds of yolk sacs.

Answer: From what I understand, the baboon yolk sac is very similar
to humans. It is a primate, whereas the rodent yolk sac, as
you are alluding to, carries a nutrient role throughout
gestation. It actually envelopes the whole of the fetus. It
is quite different.

Comment: Dr. R. Mole
So your autoradiographs are misleading if you think that they
belong to man.

Answer: Yes, that is true. I didn't mention that. But plutonium
does concentrate in the primate yolk sac. On current
information, it seems reasonable to include those doses in an
overall assessment. It could be, of course, that that dose
is irrelevant and that it's only bone marrow dose late in
gestation which is important. So we can then halve that
dose.

Comment: Dr. R. Mole
There seems to be an absolute lack of recognition of all the
laws of uncertainty.

Answer: Yes, but it's all there in the paper.
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A PERSPECTIVE ON DOSE LIMITS AND BIOLOGICAL EFFECTS
OF RADIATION ON THE FOETUS

by D.K. MYERS (2 Crandall St., Pembroke, Ont.) and
KARIN GORDON (Radiation Safety Office, Health Sciences Centre,

697 McDermot Ave., Winnipeg, Man.)

ABSTRACT

Current regulations governing employment of atomic radiation
workers in Canada indicate that the radiation dose to the abdomen
of a pregnant worker after the employer is informed of the
pregnancy of that worker shall not exceed a total of 10 mSv
accumulated at a rate of not more than 0.6 mSv per two weeks. This
regulation was adopted in 1985 after consultation with medical and
scientific advisory groups and eliminated previous regulatory
discrimination between male and non-pregnant female workers. The
ICRP has recently recommended that once the female worker knows
that she is pregnant, radiation doses to the pregnant woman should
be restricted to a maximum of 2 mSv of external radiation to the
surface of the abdomen and that intakes of radionuclides should be
restricted to ona-twentieth of the new annual limits on intake for
non-pregnant workers. Many radiation workers in Canada currently
receive much higher occupational doses.

The potential biological effects of these doses to the embryo and
foetus are reviewed; these hazards are in general very small
compared to the normal biological hazards associated with human
development. Potential carcinogenic effects may well be the major
biological problem associated with foetal exposures. Radiation
hazards to the embryo are essentially zero for exposures occurring
during the first four weeks after conception.

The new ICRP recommendations on exposures of pregnant women suggest
a number of problems to be solved in the near future. The list of
problems includes (a) improvements in current methods of measuring
both external radiation doses and intakes of certain radionuclides
in Canada, (b) further research on the metabolism of radionuclides
in pregnant women, including concentrations of certain
radionuclides in foetal/embryonic tissues and also in adjacent
tissues of the mother, and (c) the difficult socio-economic
problems that may be involved in implementation of the new ICRP
recommendations on exposures of pregnant workers, particularly in
small facilities such as nuclear medicine departments in hospitals.
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1. Canadian Regulations and New ICRP Recommendations on Dose
Limits.

Protection of the foetus against the possible harmful effects of
radiation exposure has a long history in the Canadian nuclear
industry. In the early days of the development of the Canadian
Atomic Energy Project, it was recommended that women should not be
employed in areas where there was any serious possibility of
irradiation hazard (Mitchell 1945, see also ACRP-11 1990). The
Atomic Energy Control Regulations of 1960 prohibited employment of
pregnant women as atomic radiation workers (ARWs). Following
considerable discussion among Canadian authorities (Letourneau
1983), the 1964 ICRP recommendations were interpreted in 1969 in
Canadian regulations governing ARWs to mean that the maximum
permissible dose to the abdomen of a female ARW of reproductive
capacity shall be 1 mSv per week or 2 mSv per 2 weeks, and that
after a female ARW is known to be pregnant, the maximum permissible
dose to the abdomen during the remainder of pregnancy shall be 10
mSv. In order to assure themselves that women of reproductive
capacity did not exceed the legal limit of 2 mSv per 2 weeks, major
nuclear employers set their administrative dose control level at
1 mSv per 2 weeks. This made the routine employment of female ARWs
in the reactor environment impractical at that time, and thus
excluded young women from interesting and rewarding work in the
nuclear industry (Letourneau 1983, ACRP-6 1984).

Following queries from the Canadian Human Rights Commission, the
Atomic Energy Control Board (AECB) of Canada in turn consulted its
medical and scientific advisory panel. After consideration of the
risk of harm to the offspring of women of childbearing age
(Letourneau 1983, ACRP-6 1984), the medical advisors indicated that
the regulation governing radiation exposure of non-pregnant female
ARWs was unduly restrictive. The Canadian regulations were
modified in 1985 to eliminate discrimination between male and
female ARWs until such time as the woman advised her employer of
pregnancy. The employer is then required to ensure that the
pregnant worker is assigned to a job where the total occupational
dose to the abdomen during the remainder of pregnancy cannot exceed
10 mSv, accumulated at a rate of not more than 0.6 mSv per 2 weeks.
A dose of 0.6 mSv is 3 times the limit of detection in the current
federal TLD service. These regulations seem to be working smoothly
and have not interfered with employment of women in major nuclear
facilities.
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The new ICRP recommendations (ICRP-60 1991) have introduced a
number of changes in recommended dose limits for all radiation
workers. Most important is the recommendation to reduce
occupational dose limits from 50 mSv to 20 mSv per year, the latter
being averaged over five year periods. The major practical
problems in this case are likely to be encountered in underground
uranium mines and not in other facilities. In line with the 1985
Canadian regulations, ICRP-60 recommends that "the basis for the
control of the occupational exposure of women who are not pregnant
is the same as that for men" (para.176). However, "once pregnancy
has been declared the conceptus should be protected by applying a
supplementary equivalent-dose limit to the surface of the woman's
abdomen (lower trunk) of 2 mSv for the remainder of pregnancy and
by limiting intakes of radionucl ides to about 1/20 of the ALI"
(para.178). The ALIs in question will of course be the new values
recommended in ICRP Publication 61, which are based on the new dose
limit of 20 mSv per year and new values for tissue weighting
factors. There does not seem to be any specific intent to
recommend that radiation doses from external sources and from
internal radionuclides must be added in order to determine
effective dose to the conceptus; this contrasts with the situation
for non-pregnant radiation workers and for members of the general
public (ICRP-60 1991). Reasons for this difference may include
current uncertainties concerning radiation doses to the foetus from
radionucl ides which are inhaled or ingested by the mother and other
practical difficulties.

We will not consider potential doses to the foetus under the new
recommendations in detail; these will presumably be considered by
other authors. However, it might be noted that foetal doses from
high energy gamma-ray photons are likely to be in the region of 1.5
mSv, while foetal doses from X-ray photons in the region of 30 keV
average are likely to be less than 1 mSv, when the doses to the
surface of the abdomen are 2 mSv. Doses to the foetus from 1/20
ALI could tentatively be taken to be about 1 mSv on average, though
it is known that effective doses from certain radionuclides such as
inhaled radon progeny, uranium and probably radioiodine are
appreciably smaller for the foetus than for the mother. As a rough
approximation, it might be assumed for the time being that exposure
of the foetus would not normally exceed 2 mSv when the pregnant
mother is exposed both to 2 mSv external radiation to the surface
of the abdomen and to 1/20 ALI of radionucl ides. The new ICRP
recommendations are currently being considered in detail by the
AECB.
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2. Biological Effects of Radiation on the Conceptus.

There are many uncertainties in the estimation of risks of
radiation to the conceptus. A summary of approximate values is
given in Table 1 .

Estimation of lethal effects depends entirely on extrapolation from
the results of studies on experimental animals, primarily mice.
The most sensitive period in humans is assumed to be the first 8
days after fertilization, when the fertilized egg cell is dividing
and preparing for implantation in the uterus. The 50% lethal dose
is probably close to 1 Sv but effects have been observed in animals
with doses as low as 0.1 Sv at high dose rate. Irradiation with
doses up to 20 mSv during this brief stage might result in a small
non-detectable risk of failure to implant, but surviving embryos
develop normally when implantation does occur (ACRP-13 1991,
ICRP-60 1991). As the embryo and foetus develop, the lethal dose
of radiation at high dose rate increases to approach that for
adults; foetal deaths at low doses of radiation at low dose rate
should be zero, as they are for adults.

Irradiation of pregnant mice at high dose rate during the time of
major organogenesis, corresponding to about 3 or 4 to 8 weeks after
conception in humans, can produce a variety of congenital
malformations in the offspring. The dose response curves are
usually curvilinear and dose thresholds probably apply (UNSCEAR
1986, ACRP-13, ICRP-60 1991).

Severe mental retardation, mostly combined with small head size,
has been observed in 21 out of 514 children who were exposed at
high dose rate _i_n utero at Hiroshima and Nagasaki in 1945 (UNSCEAR
1986). No excess cases were observed in children conceived 0-7
weeks or later than 25 weeks before irradiation. The most
vulnerable period was 8-15 weeks after conception, where the
incidence of mental retardation was about 40% after exposure to 1
Sv at high dose rate; this is a risk 50 times greater than that in
the unexposed comparison group (ACRP-6 1984, UNSCEAR 1986, ACRP-13
1991, ICRP-60 1991). Analysis of the dose response curve using the
new DS86 dosimetry suggested that a threshold or quasi-threshold
was likely (ICRP-60 1991). The normal incidence of mental
retardation in the general population has been found by various
investigators to vary from about 0.2% to 8% depending on the
methods and criteria used to define mental retardation (Richardson
1985). The value of 0.8% given in Table 1 is that observed in the
control population at Hiroshima and Nagasaki (UNSCEAR 1986).

The increased incidence of mental retardation in these children has
been linked with a general decrease in IQ for all children exposed
j n utero to high doses of radiation at high dose rate at Hiroshima
and Nagasaki (ACRP-13, ICRP-60 1991). Schull and co-workers
discovered that the average IQ of the children exposed to 1 Sv at
high dose rate at 8-15 weeks after conception was reduced by about
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Table 1. Approximate estimates of effects of low doses of
radiation on the human embryo and foetus

Effect Most radiosensitive
stage of gestation
after conception

Potential risk Spontaneous
x 100 for foetal incidence
exposures per 100
over the last children
8 months of born
pregnancy

2 mSv 10 mSv

Death and
spontaneous
abortion

Viable con-
genital
malformation

Mental
retardation

Decrease in
IQ

Early, especially
first 2 weeks

3-8 weeks

8-15 weeks

8-15 weeks

Z9ro

Zero

Zero

Zero

Close to Zero

Not detectable

30-50
(per 100
conceptions)

6-8

0.8

All child- Unknown
hood cancers

Lifetime
fatal
cancers

Serious
heritable
changes in
all sub-
sequent
progeny

3 weeks to
birth

Last 6-7
months

0.01 0.05 0.2

0.03

0.004

0.15 25

0.02 20-30
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30 IQ points. The spectrum of intelligence levels in any
population is known to be very broad and to follow approximately a
normal distribution. A general decrease of 31 IQ points on average
would increase the fraction of mentally retarded children with an
IQ of less than 67 from about ^% to 40%. It has been concluded
that the observed shift of 30 IQ points at 1 Sv is best suited to
describe the risk of mental retardation (ICRP-60 1991). Even if
the dose response curve for IQ shift were linear, the dose response
curve for induction of the effects of radiation at low dose rate
are available. As noted in ICRP-60 (para.93), "all the
observations on IQ and severe mental retardation relate to high
dose and high dose rate, and their direct use probably over-
estimates the risks" of exposure to low doses at low dose rate.

ICRP-60 (1991) is rather ambiguous about the classification of the
shift in IQ caused by irradiation of the foetus during the period
8-15 weeks after conception. On the one hand, it assumes that "the
shift is proportional to dose" (para.92); on the other hand, "the
effect is presumed to be deterministic with a threshold related to
the minimum shift in IQ that can be recognized" (para.S-7). The
logic is unclear, but perhaps this will be clarified by Dr. Schull.

The stochastic effects of radiation on the foetus are assumed to
include cancer induction. However, estimates of the probability of
cancer induction after irradiation of the foetus are again highly
uncertain (ICRP-60 1991). Studies of very large numbers of
children in the U.S. and the U.K. who were exposed to low doses of
medical diagnostic X-rays in utero suggest a significant excess of
childhood cancers before age 15. The risk estimates derived from
these studies have been interpreted as being in the region of 3
fatal cancers (BEIR 1990) or 4-6 total cancers (NRPB 1988,
Mole 1990) per 100 person-Sv to the foetus (ACRP-13 1991). No
increase in fatal childhood cancers was observed in the much
smaller number of children exposed to high radiation doses at
Hiroshima and Nagasaki. However, it is considered prudent to
assume that irradiation of the foetus will increase the risk of
childhood cancer (UNSCEAR 1986, 1988). Constancy of risk during
most of pregnancy may be assumed in the absence of convincing
evidence to the contrary (UNSCEAR 1986, 1988). Data on the normal
incidence of childhood cancers in Canada can be derived from NCIC
(1990).

A 40 year foilowup of 1630 Japanese bomb survivors irradiated in
utero shows some indications that excess fatal cancers may appear
after age 15, although the followup is far from complete and the
magnitude of the risk is uncertain. ICRP-60 (1991) "assumes that
the nominal fatality probability coefficient is, at most, a few
times that for the population as a whole" (para.91). The results
of calculations given in BEIR (1990) and ICRP-60 (1991) agree that
the predicted lifetime risk of fatal cancers after irradiation of
children is about 2 times greater than after irradiation of the
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whole population. For simplicity, we have assumed in Table 1 that
the lifetime risk of fatal cancers after irradiation of the foetus
is at most 3 times the ICRP estimate for the general population,
i.e. is about 15 per 100 person-Sv. Animal studies have failed to
demonstrate unusual sensitivity of the foetus to induction of
cancer by radiation (UNSCEAR 1986). The ICRP (1991) (para.91) has
assumed that cancers can be induced in humans by exposure to
radiation throughout the period from 3 weeks after conception until
the end of pregnancy.

The stochastic risk of induced heritable changes in the germ cells
after irradiation of the foetus was not specifically considered in
ICRP-60 (1991) although this possibility was noted in ACRP-6
(1984). Induced frequencies of specific-locus mutations in mice
are slightly lower after irradiation of foetal or of newborn males
than of adult males (UNSCEAR 1977). A conservative approach would
be to assume the same genetic risk coefficient for human adults and
for the human foetus in the later stages of development after the
gonadal tissues have been formed. Assuming then a conservative
total of 2.5 per 100 children per person-Sv of parental radiation
for serious heritable changes summed over all subsequent
generations (ICRP-60 1991), a small risk of heritable changes could
exist following exposure of the foetus to low doses of radiation
(Table 1). This radiation risk is particularly small when compared
to the normal incidence of serious genetic diseases; following the
lead of ICRP-60 (1991), we have taken this normal incidence to be
20-30%, i.e., one third of the total incidence of 60-100% for all
diseases with a genetic or partially genetic component (UNSCEAR
1986, BEIR 1990). It should also be noted, first, that the
stochastic risk of serious genetic changes in the immediate
children of the irradiated person is thought to be about 5 times
lower than the sum over all subsequent generations (UNSCEAR 1988,
BEIR 1990, ICRP-60 1991) and, second, that the potential genetic
risk is considerably smaller than the assumed potential lifetime
risk of induced fatal cancer following irradiation of the foetus
(Table 1).

Another major conclusion can be drawn from recent scientific
reviews of the relevant scientific literature: The biological
effects of low doses of radiation to the foetus are essentially
zero when radiation exposures occur during the first four weeks
after conception, i.e., during the first six weeks after the last
maternal menses. The critical issue for protection of the foetus
is thus the radiation dos3s received after the first 6 weeks
following the last menses of the mother. It might be assumed that
female ARWs will currently have been able to ascertain the
probability of pregnancy within six weeks after their last menses,
whether or not they choose to do so.
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3. Recorded Occupational Radiation Exposures

The National Dose Registry provides statistics on annual
occupational radiation doses in Canada (Ashmore 1990). External
radiation doses are normally measured by TLDs which are worn at
waist height and are read every 2 weeks or 3 months, depending on
the circumstances and category of worker. Various correction
factors are used to convert these readings to absorbed doses;
however, the values do provide a reasonable estimate of external
radiation dose to the surface of the abdomen. Table 2 indicates
the categories of radiation workers for which the average recorded
doses exceeded 1 mSv per year in 1989 (Ashmore 1990). These
represent some of the areas in which it would be difficult to
employ pregnant women if the new ICRP-60 recommendations became the
law in Canada.

Other problems will be encountered in some occupations due to the
additional ICRP-60 recommendation to restrict the intake of
radionuclides during pregnancy to one-twentieth of the ALL The
majority of workers involved in underground uranium mining and
milling in Ontario receive much more than 1/20 of the ALI for
inhaled radon progeny (ACRP-12 1990, see also Ashmore 1990), the
average exposures being in the region of 1/5 to 1/4 of the ALI for
radon progeny that is currently recommended by the ICRP. However,
doses to the foetus from inhaled radon progeny would be extremely
low.

Radiation doses to Canadian radiation technologists in medicine are
of particular interest, since about 8196 of these technologists are
female and the majority are women age 20 to 45 (Huda 1991). Data
on the distribution of recorded occupational doses from external
radiation to three categories of Canadian radiation technologists
(Huda 1991) are given in Table 3. Although the occupational doses
'UQ generally low, there would appear to be an appreciable number
•>r women, particularly in the category of nuclear medicine, who
'">rmally receive more than 2 mSv per year. At these low doses, the

r>i t-.ivity of the measurement of dose becomes important. Even if
Ti.Ds are worn for a three month period, cumulative doses in the
ion of 0.5 mSv per year could be read as zero when the threshold
lin.j is o.2 mSv per TLD.
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Table 2. Categories of workers for which average occupational
doses from external radiation exceeded 1 mSv per year
in 1989 (Ashmore 1990)

Category Average dose Number of workers (and
in mSv % of total in category)

with doses of 5 mSv or
more

Medical:
nuclear medicine 2.1 140 (12.3%)

Industry:
fuel processor 4.0 20 (35.7%)
industrial radiographer 4.8 389 (25.1%)
well logger 1.3 59 ( 5.6%)

Power stations (tritium exposures included):
chem. & rad'n control 1.3 20 ( 8.2%)
elect, maintenance 1.2 68 ( 8.2%)
fuel handling 4.9 17 (45.9%)
mech. maintenance 3.1 247 (23.6%)
operations 2.0 212 (14.9%)

Mining:
uranium mining 1.8 374 ( 8.3%)



165

Table 3. Distribution of annual occupational doses from external
radiation for three categories of Canadian radiation
technologists during the 5-year period 1983-87
(Huda 1991)

Recorded Number of annual records (and % of total in category)
annual
doses in
mSv Diagnostic Radiotherapy Nuclear

radiology medicine

0-1
1-2
2-5
5-30

30-50

40,854
736
375
115

0

(97.1%)
( 1.790
( 0.9%)
( 0.3%)
( 0 %)

1 ,702
422
333

78
0

(67.
(16.
(13.
( 3.
( o

1%)
6%)
1%)
1%)
%)

2

1

,268
691

,149
469

1

(49.556)
(15.1%)
(25.1%)
(10.2%)
(0.02%)

Average 0.14 mSv 1.01 mSv 1.89 mSv

4. Some Problems in Implementation of the ICRP-60 Recommendations

The new ICRP recommendations on protection of the foetus suggest a
number of problems which need to be solved as soon as possible, in
order to be able to implement these recommendations in Canada. One
problem is the ability to measure external radiation doses and
potential intakes of radionuclides to the required degree of
sensitivity. An external exposure of 2 mSv to the surface of the
mother's abdomen over about 8 months is equivalent to 0.12 mSv per
two weeks. This dose is below the sensitivity of the current TLD
service operated by Health and Welfare Canada. This problem could
be approached with a system of double TLD badges for pregnant
personnel, one of these badges being read every 2 months for
example and the other being read at a 2 week interval. However, in
ordor to determine occupational doses at the time of exposure
rather than some months after the fact, greater reliance will have
'•o he placed on commercially-available personal digital dosimeters
father than the conventional TLD service.
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Intake of certain radionuclides cannot currently be measured to the
required degree of sensitivity. The problem could be particularly
difficult with pure alpha-emitters and with the purified uranium
which is used in nuclear fuel fabrication facilities. Other
problems will be encountered with short-lived nuclides such as
technetium-99m which are commonly used in nuclear medicine.
Because of the short half-life, the application of conventional
bioassay methods is difficult and would be very expensive
(Linauskas i991). Workplace controls will of course minimize
potential exposures and can help identify whether any intakes could
have occurred, but it will be difficult to be certain whether
intakes have been restricted to less than 1/20 ALI over an 8 month
period. Possible future improvements in engineered controls such
as remote handling devices in nuclear medicine facilities, and
innovative technological methods for the administration of
radionuclides, should of course not be excluded from consideration
(Linauskas 1991).

Although not essential in order to comply with the ICRP-60
recommendations, it would be extremely useful to have a better idea
of actual doses to the foetus after intake of various radionuclides
and of labelled compounds by the pregnant mother. Tritium in the
form of water or of hydrogen gas is perhaps the best understood of
the radionuclides (see for example ACRP-10 1991) and does not
appear to present any major problems with respect to foetal doses.
However, tritiated organic compounds, especially tritiated DNA
precursors, may deserve more attention. Similarly the variety of
materials labelled with technetium-99m that are used in nuclear
medicine may well deserve more attention, particularly with respect
to the fraction of material that is liable to migrate across the
placenta and to reach the foetal tissues. In general, further
research on the metabolism of radionuclides in the pregnant mother
is highly desirable. As noted in UNSCEAR (1986), we need better
estimates of the actual doses absorbed by the foetus at various
representative pre-natal ages following exposure of the mother to
radionuclides, especially those having practical importance.
Estimation of foetal doses should of course include the possible
concentrations of gamma-emitters in adjacent tissues (e.g. the
bladder) of the mother. A preliminary review of the relevant
literature has already been sponsored by AECB (Lamothe 1989). In
general, radiation doses to the foetus at 1/20 ALI are likely to
vary widely from one radionuclide to another.

There may be some difficult socio-economic problems involved in the
implementation of the ICRP recommendations on exposures of pregnant
workers. For administrative ease and to add a measure of
conservatism, it is a common health physics practice in many
institutions to establish investigation or action levels well below
the legal dose limits. The simplest solution is the immediate



167

removal of pregnant workers from work involving occupational
exposure to radiation or radionuclides. This solution is already
in place at major nuclear facilities (e.g., Ontario Hydro) in
Canada who employ large numbers of trained workers. However, this
solution is not as simple in small facilities, for example nuclear
medicine departments, where the operation of the facility depends
upon a small number of highly skilled specialists who may
themselves wish to continue employment during pregnancy.
Implementation of the new ICRP-60 recommendations may be
controversial and costly in this case.

The costs to the individual (and to her child or family) who would
be forced in most Canadian provinces to leave her job without pay
for several months would be large, if the woman in question chose
to declare pregnancy at an early stage and to carry the pregnancy
through to term. As with the abortion issue, the rights of the
mother versus those of the unborn child could turn out to be a
serious human rights issue. One cannot ignore the additional
possibility that employers, in order to protect themselves from
considerable inconvenience and expense related to potential
pregnancies, might tend to discriminate against young women in the
hiring process. It is to be hoped that these problems will be
considered by AECB in its analysis of the socio-economic impact of
implementing the new ICRP recommendations.

In considering the new ICRP-60 recommendations on protection of the
foetus, it would also be useful to reflect on para. 124 of ICRP-60
(1991) which reads in part as follows: "In practice, several
misconceptions have arisen about the definition and function of
dose limits. In the first place, the dose limit is widely, but
erroneously, regarded as a line of demarcation between 'safe' and
'dangerous'. Secondly, it is also widely, and also erroneously,
seen as the most simple and effective way of keeping exposures low
and forcing improvements. Thirdly, it is commonly seen as the sole
measure of the stringency of a system of protection. These
misconceptions are, to some extent, strengthened by the
incorporation of dose limits into regulatory instruments. Causing
a dose limit to be exceeded then becomes an infraction of the rules
and sometimes a statutory offence." The paragraph goes on to
stress the importance of the optimization of radiation protection.

Table 1 suggests that the largest percentage increase in stochastic
radiation risks to the foetus, compared to the normal incidence of
the same risks, might be attributed to potential induction of
childhood cancer. Roughly one-third of all childhood cancers are
currently fatal in developed countries (NCIC 1990). Deaths due to
childhood cancers represent a little less than 10% of total
childhood deaths in Canada, the major causes of death prior to age
15 being various perinatal causes, congenital anomalies and motor
vehicle accidents (NCIC 19S0). When considering the optimization
of radiation protection, ICRP-55 (1989) noted: "As a general
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guide, the amount of resources devoted to reducing radiation
exposures has to be compared with resources devoted to other needs
of society. The overall objective is optimum resource allocation
for safety and protection. Good practice generally in relation to
health and safety must surely have the same overall objective."
Before imposing more stringent legal dose limits on external and
internal radiation exposures during pregnancy, the AECB should
carefully study and weigh the benefit of such action (reduced
potential risk to the foetus) versus the detriment, which includes
high socio-economic costs to pregnant workers and the institutions
that employ them, and possible widespread gender discrimination
(because of potential pregnancies) in hiring practices. It may
well be more productive to retain the existing dose limit for
pregnant workers, and at the same time emphasize the optimization
principle during pregnancy. Equally important, young women who are
employed as radiation workers should be provided with accurate
scientific information on radiation risks to the foetus as compared
to the normal risks of childhood development.

It would of course also be interesting to know if low doses of
radiation to the foetus really do cause childhood cancer, which is
likely to be the most sensitive indicator of potential radiation
effects (Table 1). The available data are not consistent and
considerable uncertainty exists (ICRP-60 1991). A feasibility
study could be recommended to determine whether or not any useful
data could be obtained from a study of cancer incidence in the
children of pregnant workers whose annual dose records are on file
at the National Dose Registry in Ottawa. The possibility of
obtaining additional data on incidence of childhood cancers in the
high background radiation areas of China could also be explored.
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Question and Answer Period for Hyers

Question: Mr. G. Covper
Has anything been done approaching nuclear medicine
facilities; i.e., that there be changes in the training
programs such that nuclear technicians can do other things,
for example ultrasounds?

Answer: Vhat they do, according to my co-author, and this is in order
to stay below the existing limit, to ensure that they are
staying actually below half of the existing limits, they send
a notice out saying this woman can still work in the nuclear
medicine department but is not to do certain jobs. Knowing
that the chances of exposure are a bit higher in certain jobs
than in others, they rotate them within the department.

That is an excellent suggestion to try and get them into some
other area of medicine.

Comment: Hr. G. Cowper
You show that one stage, the quote from ICRF 60 that said
that the dose of the abdomen should be less than 2 mSv. It
is an ambiguous statement and I wish that I had not made it
because, first of all, even with 60Co, the surface does not
get the maximum dose. That is why we use 60Co to get a depth
dose. If you have an opened and unsealed source, the surface
of the abdomen is going to get another beta dose.

Why on earth can't ICRP and ICRU get together and work out a
new quantity and specify what the 10 mm dose should be
delivered to? They haven't been quite clear if it covers
exposure to 16N, which is 6 HeV and all other kinds of doses
in different situations. But to blither on about dose to the
surface of the abdomen!

Answer: I believe I quoted that correctly. It is the surface of the
abdomen, yes. It doesn't say where on the surface.
Normally, I think, the convention in nuclear medicine, as it
is here at Chalk River and in most other places, is that the
TLD is to be worn at waist height. I think that is what they
are referring to.

Comment: Dr. S. Yaniv
But that measures depth dose, not surface dose.

Answer: Well we have various measurements on the TLD's at Chalk
River. You can measure all kinds of different things.
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Comment: Dr. R.G.C. McElroy
What it does say is surface dose and not dose at the surface.
Therefore, I take that as the badge at that location. The
thick chip then would serve as a sufficient check-

Comment: Mr. G. Cowper
And in fact, what we are simulating is the dose of the 10 mm
depth.

Answer: Ve have some people here that understand this full system
very well. The problem is that most of the people in the
National Dose Registry would rely upon the Federal TLD
Service, which is not run the same way. But I think you know
that. The cut-off limit on measuring a dose is 20 mrem, I
believe.

Question: Hr. H. Lupien
For fetal dosimetry, I would like to know if we can use the
weighting factors as specified in ICRP60, or vould you
recommend a different set of weighting factors?

Answer: For the later stages of fetal development, I would think that
this would be very appropriate. As for the early stages, I
have no idea.

Comment: Dr. S. Yaniv
If you are talking about childhood cancers rather than adult
cancers, the weighting factors are totally inappropriate.
Does a child get lung cancer or childhood breast cancer?

Answer: No. Most childhood cancer, I have forgotten the exact
numbers, somewhere around 50%, are leukemias. Let's say that
another 40% major contributor is brain cancer. Then there
are various other things. Am I correct in that Dr. Mole?

Comment: Dr. R. Mole
There is a distinction, because you are not talking about
childhood cancer as such, but rather a cancer anytime
afterwards.

Answer: No. We have given two different types of risk coefficients.
One is from the Childhood Cancer Study, which is cancer
developing before age 15. The other is for fatal cancers
that may develop at any time during life after that.
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Comment: Or. ?. Mole
Yes, but if you are serious about thinking about exposures of
the fetus for lifetime cancers thereafter, you have i*ot got
any direct inspiration about the appropriate weighting
factors, as of yet.

Answer: I agree.

Comment: Dr. R. Mole
Another thing, you had asked the genuine question of where
this had come from in ICRP. I think that is the real
question to be asked.

They specify the restriction in terms of dose and not risk.
That leaves the question entirely open for serious
discussion. They just called the fetus a member of the
general public and apply the same dose restriction to the
fetus as that to an adult. That does not necessarily give
the fetus the same risk.

If we look at the slide where activity is taken into the
i-'̂ Lher, and where the fetus is treated as a compartment of
the pregnant woman and showing physical transfer from the
blood, the fetus has neither an inhalation pathway nor an
oral pathway. You can't immerse it in a noble gas. The
normal connection of dose? taken into account for an adult
simply does not occur in the fetus. With perhaps the
exception of radon, there is no possibility of exposure from
these routes.

The basic question is whether to restrict the absolute
increase in cancer following fetal exposure, or a
proportional increase, because, as it is here, the embryo or
fetus is much more protected than a member of the general
public. The fetus or embryo is an especially protected
member of the general public. The concept that the embryo
and fetus is a member of the general public is obviously a
social reason, the same thing for radiation protection
reasons.

Answer: I must say that I am impressed with the quality of the work
trying to determine fetal doses that we have heard of in the
past two days. It is my impression that we need a great deal
more work on many of the radionuclides. That is probably the
reason for the ICRP recommendations, i.e., just work on the
l/20th limit on intake to the mother even though fetal doses
from one radionuclide to the other may vary greatly.

Comment: Dr. R. Mole
I don't think that ICRP got it right at all.

Answer: Yes. But one doesn't have to agree with it.
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Comment: Dr. A. Marko
I am very much concerned about these restriction limits for
pregnant women. I don't believe this is very practical.

In one of the publications they said that dose restrictions
would take care of many problems. That is a lot of nonsense.
As you had pointed out for nuclear medicine departments, they
can't enforce restraints to multiple sources.

What worries me even more is that in Canada they may just
adopt ICRP limits into the regulations. You had mentioned a
lot of possibilities to get around this, but I don't think
that the option will be given to the Canadian people to have
any input into this. It will simply appear in the
regulations.

A lot of us keep talking about these social and economic
factors. One almost visualizes a pot of money given for high
risk, one for radiation and one for airplane safety. It
simply is not true. The pot is not divided rationally. I
think you are going to have a lot of problems on radiation
protection of pregnant women.

Answer: I agree with you totally. This is what I am trying to say.
I think that Karin Gordon would agree in the same way.

Comment: Mr. F. Horvath
Speaking for the regulatory body, I won't mention which one,
I would like to state that th^ proposed regulations will be
going out for comments. I encourage you strongly to make
your concerns known.

Comment: Or. R. McFadden
Can you suggest that, before this goes to the public, all the
regulatory agencies get together and work on this first?

As an example, I find myself in the situation where the
employment standards branch of Labour Canada tell me I can
not do exactly the same things that the Control Board [ed.
note Atomic Energy Control Board] says I must do.

Answer: I am fairly certain that if we are to go through without any
modification or further consideration, the Control Board will
consider all the comments that they receive. However, I
think that if provincial legislation that covers compensation
happens to have enquiries, then this will go through the
Human Rights Commission again. I am almost certain of it.
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Comment: Mr. E. Rabin
The AECB has undertaken an impact assessment statement. A
detailed questionnaire will be circulated to a cross-section
of the Radiation Licensees, asking for comments on the
proposed amendments and on each of the individual statements
that have been prepared. These should be going out in a week
or so. It is being translated at the moment. We should get
good feedback from that particular project. We could then
present this feedback to the board.

Comment: Dr. H. Sikov
Just a comment here. At least in the States, it has gone
beyond the Radiation Protection question. None of the
agencies speak to each other and the rules do not agree vith
one another. This applies equally to fire safety or anything
else.
The punishment of violating a single safety regulation is
much more severe than what the Equal Opportunity equivalent
might inflict. Therefore, except for companies that will
move pregnant women to office positions, and have the
resources to do so, companies will discriminate in order to
protect themselves against very costly liability suits.

Comment: Dr. S. Yaniv
There was, this past summer, a United States Supreme Court
decision in a case that excluded women of childbearing age or
who could not provide substantial evidence that they are
sterile, from high-paying work involving LET. The Supreme
Court decision sided with the women, and put the onus of the
risk acceptance and avoidance on the women.

The woman here has the option of not declaring the pregnancy.
Even if it is obvious that she is nine months pregnant, if
she did not declare her pregnancy in writing, she is not
pregnant. This is now the law of the land in the United
States.

Comment: Dr. M. Sikov
The other factor from the case that we can't do anything
about is that they are now trying to sell that part of the
company and move it out of the United States. There is a
dichotomy between the different regulatory options, and they
have to be dealt with one way or the other.

Question: Dr. R. Hole
I can only hope that you get this sorted out right, because
anybody in Europe is now advised and directed by the European
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community in Brussels that the ICRP is to be accepted as
such. It's modernization, so they say.

Question: Dr. D.K. Myers
Is there any form of compensation for these women who would
then be unable to work because they had declared their
pregnancy?

Coioment: Dr. R. Mole
Not that I know of, but of course pregnancy is private.

Comment: Dr. D.K. Myers
You can't compel them to declare. I think there is a form
that women sign when they join Chalk River [AECL Research]
suggesting rather strongly that they should notify as soon as
possible when they become pregnant.

Comment: Dr. R. Mole
There are very fine notices in Canada. A very polite
directive that I read on the aeroplane states that you must
close your shutter and tie your seat belt. And then they
said this is not an instruction.
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FETAL DOSIMETRY WORKSHOP
Program

Tuesday. June 25

7:45 a.m. Bus departs Days Inn, Pembroke

8:30 Arrive at Chalk River Laboratories Visitors' Centre
Badging, Coffee

8:50 Bus departs Visitors' centre for Building 508

9:10 Welcome - Emelie Lamothe
AECL Research

9:15 Introduction - Dr. Richard Osborne
AECL Research

SESSION 1: Distribution and Retention of Radionuclides in the fetus and
new-born compared with that in the mother
Chaired by: Dr. Akhilesh Trivedi

AECL Research

9:25 Invited Speaker - Dr. M.R. Sikov
Pacific Northwest Laboratory, USA

comparative placental transfer, localization and effects of
radionuclides in experimental animals and human pregnancies.

10:15 Coffee

10:35 Speaker - Dr. P.G. Mountford-Lister
i"t. Bartholomews Hospital, UK

Infusion of radionuclides throughout pregnancy; an
alternative to single injection studies.

11:00 Speaker - Dr. A. Wegst
Diagnostic Technology Inc. , USA

Placental Transfer of Selected Radionuclides.

11:30 Speaker - Mrs. A. Warbick-Cerone
Health and Welfare Canada

The use of miniature direct-reading solid-state radiation
dosimeter to measure the radiation dose from Technetium-99!r
to the bladder of the pig.
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12:00 General Discussion

12:45 Lunch - CRL Cafeteria

SESSION 2: Effects of Incorporated radionudides in the embryo or fetus
Chaired by: Mrs. A. Warbick-Cerone

Health and Welfare Canada

1:45 Invited Speaker - Dr. Wm.J. Schull
Radiation Effects Research Foundation,
Japan

Dose response relationship at lov doses: the biology of
mental retardation.

2:30 Speaker - Dr. P. Unrau
AECL Research

New insights on hov genetic disorders arise.

3:00 Coffee

3:15 Speaker - R. Mole
UK

The biology of development in utero and radiological
protection.

4:00 Summary

4:15 Departure from Bus Loading Platform for Days Inn, Pembroke

6:30 Cocktails: Patio, Days Inn

7:00 Dinner - Patio, Days Inn

Speaker - Mr. G. Covper
Canada

1949 and all that.
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Wednesday. June 26

7:45 Bus departs Days Inn

8:30 Arrival Visitors' Centre for Badging

8:45 Depart to Building 508

SESSION 3: Metabolic and Dosiaetric Models
Chaired by: Dr. R.G.C. McElroy

AECL Research

9:00 Invited Speaker - Mrs. E.E. Watson
Oak Ridge Associated Universities, USA

Mathematical models for calculating radiation dose to the
fetus.

9:45 Invited Speaker - J.D. Harrison
NRPB, UK

Fetal doses from Plutonium-239 and Polonium-210

10:15 Coffee

SESSION 4: Radioprotection Considerations
Chaired by: Dr. P. Duport

AECB

10:30 Invited Speaker - D.R. Hyers
Canada

A perspective on dose limits and biological effects of
radiation on the fetus.

11:15 Open Discussion

11:30 Group Photo outside Building 508

11:45 Lunch - CRL Cafeteria

12:45 Tour of CRL (optional)

3:15 Depart from bus loading platform for Days Inn, Pembroke
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PARTICIPANTS

Chamberlain, Dr. C.
Department of Radiology, Physics
Section
SUNY Health Science Center
750 East Adams Street
Syracuse, NY
13210, USA

Cook, Ms. S.K.
5924 Meadow lew
Ypsilanti, MI
48197, USA

Covper, Mr. G.
4 Cartier Circle
Deep River, Ontario
KOJ IPO

Chen, Miss M.
22 Edenbrook Court
Nepean, Ontario
K2E 7H4

Davidson, Ms. C.
Radiopharmaceuticals Section
Bureau of Radiation and Medical
Devices
775 Brookfield Road
Ottawa, Ontario
K1A 1C1

Duport, Dr. P.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Elagupillai, Dr. E.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Gentner, Dr. N.E.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Grey, Mr. M.G.
Nordion International Inc.
477 March Road
P.O. Box 13500
Ottawa, Ontario

Goyette, Mr. P.
Atomic Energy control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Greenstock, Dr. C.L.G.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Harrison, Dr. J.D.
National Radiological Protection
Board
Chilton, Didcot
Oxon, 0X11 ORQ
UK
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Ho, Mr. K.P.
Atomic Energy Control Board
P.O. BOx 1046, Station B
Ottawa, Ontario
KIP 5S9

Horvath, Mr. F.J.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Lamothe, Ms. E.S.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Linauskas, Mr. S.H.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Legare, Ms. M.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Lupien, Mr. M.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Manley, Mr. R.
Darlington Nuclear Generating
Station
Box 4000
Bowmanville, Ontario
L1C 3W2

Marko, Dr. A.M.
9 Huron Street
Deep River, Ontario
KOJ 1P0

McDonell, Ms. E.
24 May Street
Erin, Ontario
NOB 1T0

McElroy, Dr. R.G.C.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Mole, Dr. R.H.
Health Barrows, Bayworth Lane
Boars Hill
Oxford, 0X1 5DF
UK

Mountford-Lister, Dr. P.G.
Department of Radiation Biology
Medical College of St.
Bartholomew's Hospital
Charterhouse Square
London, EC1M 6BQ
UK

Myers, Dr. D.K.
2 Crandall Street
Pembroke, Ontario
K8A 8H6

Osborne, Or. R.V.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0
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Rabin, Mr. E.
Atomic Energy Control Board
P.O. Box 1046, Station B
Ottawa, Ontario
KIP 5S9

Rheaume, Mr. M.R.
4900 Boulevard Becancour
Becancour, Quebec
GOX 1G0

Roessler, Dr. G.S.
Technical Steering Panel
Hanford Environmental Dose
Reconstruction Project
RT1 Box 13991
Elysian, MN
56028 USA

Schull, Dr. W.J.
Radiation Effects Research
Foundation
5-2 Hijiynma-AOEN
Minami-KU
Hiroshima; Japan (732)

Slkov, Dr. M.R.
Biology & Chemistry Department,
P7-50
Battelle, Pacific Northwest
Laboratory
P.O. Box 999
Richland, VA
99352, USA

Trivedi, Dr. A.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Unrau, Dr. P.
AECL Research
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0
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Bureau of Radiation and Medical
Devices
775 Brookfield Road
Ottawa, Ontario
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Medical Sciences Division
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Center
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Vegst, Dr. A.V.
4747 Troost
Kansas City, M0
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Vyatt, Dr. H.
AECL Research
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