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ABSTRACT

This report describes approaches to calculating and expressing radiation
doses to the embryo/fetus from internal radionuclides. Informativn wac
obtained for selected, occupationally significant radionuclides in chemical
forms that provided a spectrum of metabolic and dosimetric characteristics.
Fractiona! placental transfer and/or ratios of concentration in the embryo/
fetus tou that in the woman were estimated for these materials, and were com-
bined with data from biokinetic transfer models to predict radinactivitly
levels in the embryc/fetus as a function of stage of pregnancy and time ~“ter
entry into the transfer compartment or blood of the pregnant woman.

Medical Internal Radiation Dosimetry (MIRD) methodologies were extended
to formalize and describe details for calculaiing radiation absorbed doses to
the embryo/fetus. Calculations were performed for representative situations;
introduction of 1 uCi into a woman's blood at successive months of pregnancy
was assumed to accommodate the stage dependence of geometi'ic relationships and
biulogical behaviors. Summary tables of results, correlations, and dosimetric
relations, and of tentative generalized categorizations, are provided in the
report.

These aporoaches yield radiation absorbod doses, and multipiication by a
guality factor converts them to dose equivalent., This is the most common
quantity for stating prenatal dose limits and is appropriate for those effects
that are unique to prenatal eyposure. Our knowledge is currently insufficient
to warrant the use of radiation protection limits for prenatal radionuclide
exposures that are based on lifetime alterations.
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characteristics. For the present report, the metabolic models were expanded,
several additiona! isotopes or chemical forms in selected cases were included,
and more compiete tables were developed to illustrate biokinetic and dosimetric
differences associated with their physical properties. Moreover, tabulations
presenting dose rates and monthly doses are provided. It was anticipated that
& wider range of elements would be evaluated in subsequent efforts and, because
of their importance, biokinetic models and tables of calculated doses for uranium
and americium have been added in this report.

The data for the priority materials were used as the primary basis for
developing approaches. Radionuclide concent:': ions in the conceptus are depen-
dent on stage of gestation, which also affe . geometry. The Medical Internal
Rac1ation Nosimetry (MIRD) methodologies were used as a basis for efforts that
dr.veloped procedures to make direct calculations in cases where dosimetric values
were available, and to formalize and describe details of approaches for calculat-
ing radiation absorbed doses relative to unit maternal burdens.

These approaches were used to provide representative examples of the calcu-
lations and to prepare tabulations of results for relevant radioisotopes of the
priority materials. These efforts assumed a burden of 1 uCi in the first trans-
fer compartment (blood) of the pregnant woman at initial times corresponding to
each month of gestation. Activity in the woman and in the embryo/fetus at each
successive month was estimated from the biological considerations and biokinetic
behaviors. These were used to select, or calculate when necessary, corresponding
values of specific absorbed fractions and S-values for self-dose reclative to
stage of gestation, as well as the contribution of activity in the woman to the
dose, with specific allowances for configuration and size of the embryo/fetus and
woman throughout pregnancy.

Our analyses and calculations for these radionuclides provide illustrative
examples. Summary tables and graphs of the resulting relationships and of
general dosimetric relations are included as appendixes. We also provide some
tentative and simplified categorizations for other materials by stage of
gestation and dosimetric features. Until additional information on placental
transfer and biokinetics for other radionuclides is collated and analyzed,
however, the application of the recommended methodologies for calculating dose
to the embryo/fetus will be restricted. It is suggested that the most appro-
priate interim approach to approximation would be to use the sum of the self-dose
to the uterus, or uterine contents if available, plus the dose from radioactivity
in the pregnant woman; these could be based on publisned geometrical models
determined for specific gestational stages.

It has been proposed that overall radiation protection ccncerns might be
best met if prenatal dose limits were stated in terms of effective dose equiv-
alent or committed dose equivalent. Limitations in our knowledge lead to uncer-
tainties in determining these quantities; it seems advisable to defer their use
until further information becomes available, when their use may have greater
validity. The approaches to calculation suggested in this report result in
radiation absorbed doses, and multiplication by the appropriate quality factor
readily converts these to dose equivalent. This is the quantity most commonly
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used for stating prenatal doses 1imits from radionuclides, and i¢ considered to
be the most appropriate expression relative to controlling for the unique effects
associated with prenatal exposure.

|
| xxi
?



e T I . T A e e e e e

EOREWORD

This documeni was prepared to summarize information of various types that
we assembled, concepts that evelved from analyzing this information, and interim
recanmendations concerning approaches to expressing and calculating radiation
doses to the embryo/fetus from internal radionuclides. This version of the
report has been prepared in response to reactions to a draft that was widely
distributed to members of the radioiugical protection and health physics
communities to solicit their comments. In particular, it now accommodates
requests for expansion and clarification of text, inclusion of additional
radionuclides, and preparation of a wider .. ray of biokinetic and dosimetric
tables. Usefu! comments and suggestions were received that have facilitated
making revisions, which, we hope, have resulted in a document that will be
generally acceptable and useful.

The original format selected for the report allowed much of the numerical
information to be presented in appendixes. These were considered inherent
components of the report and recommendations, although it was anticipated that
further values, relationships, and concepts would be developed and made
availahle. This approach has facilitated integration of other biokinetic and
dosimetric information and of the enhanced approaches to calculations in this
report. In addition, this approach will allow subsequent analyses of information
and resulting calculated values to be disseminated as a series of supplemental
appendixes or revisions.

Appreciation is again extended to Pacific Northwest Laboratory colleagues,
U.S. Nuclear Regulatory Commission staff, and investigators from other
institutions who took time to review earlier working drafts of this report. We
are also grateful for the helpful suggestions that were made in response to the
request for comment; these led to revisions and extensive expansions of centent
that form the basis for the report in its present form.

X211

|
?'

— e e B B e e e



A.  BACKGROUND CONSIDERATIONS

Mammalian embryos and fetuses are more susceptible than adults to being
adversely affected by radiation. Prenatal irradiation can result in intra-
uterine growth retardation, increased prenatal and postnatal mortality, and
malformations or congenital deficits of central nervous system function. The
likelihoods of producin? these various effects are related to the specific
stages of prenatal development during the period of exposure. The intent
of current regulatory guidance statements of the U.S. Nuclear Regulatory
Commission (NRC), as well as recommendations of other national and inter-
national organizations, are generally consistent with the recently revised
10 CFR Part 20. 1In general, all involve limiting tota)l radiation dise to the
conceptus through placing more stringent restrictions on exposure o pregnant
women than on other members of the occupational population and requ ring that
the allowable dose does not vary markedly from a uniform monthly rate through-

out gestation.

Historically, a more restrictive limit was based on the potential for
produc. ng developmental abnormalities, as well as for carcincgenesis; this
Timit and Its rationale appear in sequential versions of NRC Regulatory
Guide 8.13. The evolution of the relevant concepts was reviewed in Nationa)
Council on Radiation Protection (NCRP) Report No. 53 (NCRP 1977b) among other
documents, but the limit has long remained al a total of 500 mrem (5 mSv) to
the embryo/fetus throughout gestation. Epidemiologic evaluations and some
analyses of dose-response relationships for central nervous system dysfunction
in the Japanese offspring whe had received atomic bomb irradiation during
specific stages of gestation sugcested that the response was linear and non-
threskold. Although this characterization of the relationship has not been
unanimousiy accepted, it led the NCRP to recommend in Report No. 91 (NCRP
1987) that the monthly fraction of the permis-ible radiation dose should be
no more than one-tenth of the total.

Tumor development following prenatal o .eonatal exposure of experimen-
tal animals has been studied for external p “ons and for a limited number of
internally depesited radioisotopes. The Unived Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR 1986) calculated that the risk for
mental retardation by prenatal irradiation was greater than that for carcino-
genesis. The question of carcinogenesis by prenatal radionuciide exposure,
however, presents special problems (Sikov 1989). Radionuclides for which
perinatal car- ‘nogenesis has been studied include hydrogen, carbon, strontium,
iodine, and piutonium; these are among the priority radionuclides to be
discussed here. The results illustrate some of the difficulties in deriving
direct relationships between maternal exposure to radionuclides, prenatal con-
centrations, and radiation doses, as well as the role of inhomogeneities of
radiation doses to fetal and neonatal tissues and differing effectiveness
among particulate radiations



When considered relative to exposures of short duration from external
rhoton beams, the specific dose-effect relationships for various riedionuc]ides
Giffer among indices of early or prenztal effect, as well as for delayed
embryo/fetal toxic effects, such as 1ife-shortening and oncogenesis. Thise
relationships further change throughout progressive developmental stages and
interact with the well-known stage-dependent sensitivity differences (critical
periods), which are superimposed on dose-rats effectiveness factors (DREF)
associated with protraction of the radiation axposure from internal radio-
nuclides, all of which may lTead te appavent differences in responsiveness,
Thus, ‘he combined contributions of dosimetric factors and developmental
considerations help explain the observations of stage-related differences in
responses, which range from radionuclide specificity in target organs and
tissues and in lorpholo?ic lesions to the predominant tum.r types and sites at
which tumors develop. These factors also bear on the question of appropriste
approaches to determine and interpret doses to the embryo/fetus,

8. BATIONALE FOR EFFORT

The scope of Lhis project does not involve an evaluation of the specific
effects associated with prenatal irvadiation, nor does it include addressing
the ".usis for determining dose limits or Lhneir appropriateness. It is clear
that these *asks are the responsibility of other scientific groups. The
efforts that were undertaken specifically resulted from the recognition that
inadequate availability and ut lization of information led to major uncertain-
ties in determining and expressing the radiation dusce that the human embryo
or fetus would receive as a result of radioactive materials in the pregnant
woman, Irrespective of the values that are established as dose limits, the
uncertainties in dose determination led to difficulties in defining appro-

riate o::rationa! procedures and in establishing meaningful ragulations. The

acific Northwest Laboratory (PNL) has undertaken this project to provide the
NOC with specific types of dosimetric information that are considered to be
useful in weveloping ro?ulations and guidance concerning practices in the
occupational use of radionuc)ides.

This repoct sum arizes our efforts to collate avatlable infermation con-
cerning the placents, transfe. of radionuclides, to Cavelop strategies for
estimatyng embryo/fetal concentrations or activity levels, and to evaluate
expressions for stating radiation doses to the human embryo or fetus irem
radionuclides in the pregnant woman. In particular, this effort has included
developing interim recommendations concerning general methodologies fer calcu-
Tating prenatal doses from radionuclides and perfo ming representative dose
ca'culations, which are based on placental transfer and on metabolic and
dosimetric considerations that were developed as part of this project. These
fhitial evaluations were consideved in formulating relevant sections of the
Code of fFederal Rogulutions. and the more detailed information in this report
will assist the NRC in proparinv subsequent statements that will provide

Ticersees with acditional detailed regulatory guidance.



C. MORPHW ARSI CHARACTERISTICS AND STAGE OF GESTATION

The term embi;vo/fetus is often used as an encompassing exprescion in
referring to prenaval stages in statements of exposure limits; this is useful
and cppro:riuto tervinology for thet purpose. It is important to distinguish
between the embryo ind the fetus, huwever, when estinmtin? radionuclide
concentrations, performing dose calculations, or considering specific effects.
The term embryo 1s used in reference to the earliest stages of development,
before the time at which external characteristics make i1t recognizable as a
member of the major tuion to which it bolongs. This transition occurs during
the period between 2 and 3 months in the human conceptus, and it 1s properly
referred to as a feius {.:m that stage until birth. The following diagram
‘Figure 1), which is not to scale, shows the embryo, the early fetal stage,
and the late fetus in relationship to the uterus, and will be used with the
following considerations to help provide orientation.

Embryo Early Fetus Later Fetus

Mu - Muscle £ - Embryo P - Placenta

M - Mucosa F - Fetus A - Amnfotic Fluid, within
L - Uterine Lumen embryofetal membranes

Figure 1. Diagrammatic representation of geometric relatienships between
the conceptus, supporting structures, and the uterus

1. Rarly Stages

In most mammalian species, the ovum passes from the oviduct into the
uterine lTumen a few days after fertilization and implants in the mucosa
through a complex series of processes, starting at about 1 week. The early
embryo, or blastocyst as it is called at this stage, begins its internal
development and initiates maternal responses that result in :locontatlon and
formation of related transfer and support structures and mechanisws.



There 15 consensus that radionuc)ide concentrations in the embryo before
implantation and durtnY early post-implantation stages usually may be con-
sidered as approximately equal to the average concentration in the uterus.
Uterine muscle may have a radionuclide concentration that is different from
the mucosa; alpha-emitters (a) and beta-emitters (P) in muscle may not reach
the embryo, which could decrease the «ffective concentration. 1t would be
more accurate to use concentration in the uterine fluids or in the mucosa,
rather than average through the uterus, but these values are rarely known.

A lack of information prevents making allowance for the possibilities of
concentration inh eneities in the early embryo. This may not be a major
grobloo because the p-emitters that are considered to nave the greatest like-

thood of inhomogeneous distribution are those with the most energetic emis-
sfons. Analyses were made, usin? a modification of a PNL computer code, to
quantitatively examine thi, problem (Traub et al, 1987). At early develop-
mental stages, when the concngtus is approximated by a 0.]1-cm-diameter sphere,
these calculations show that “H and '‘C will deposit more than 95% of emitted
energy in the sgpere. but this falls to about 22% with the energetic
P particles of P,

Thus, a straightforward approach to calculation may apply during earl
gestation. For P-emitters, it will often be appropriate to regard the small
developing embryo, with its extraembryonic trophoplastic structures, as being
contained within a lar?e mass of h eneous concentration, and to apply con-
ventional calculational procedures. The anatomic relationships are such that,
for photon emitters, the embryo can be regarded 4s a point in the center of a
sphere, which represents the uterus, and 5-factors that are being developed in
this project and by other various groups can be used to estimate absorbed dose
(Smith and Warner 1976; Elsasser et al. 1986).

2. Subseguent Developmental Staqes

The human conceptus is considered as a fetus during the second and third
trimecters of gestation, and often during the last month of the first tri-
mester. There are significant differences among species during these stages
of pregnancy; however, organogenesis has been compleled and progressive histo-
genesis and yrowth are the characteristic processes in the human conceptus
during this period. The human fetus, as well as those of almost al) other
mammi ! ian species, is contained in the amniotic fluid and 15 surrounded by
sarious fetal membranes and modified uterine structures. The fetus is nur-
tu;td :éu the closely located placenta, to which 1t is attached by the umbili-
cal cord.

Several gruups of researchers, including investigators at Ozk Ridge
National Laberatory and Oak Ridge Associated Universities, are dev.loping
geometric models and computer codes for internal dosimetry in the pregnant
woman and conceptus. Davis et al. (1987) have published detailed models for
3 months of gestation; these also serve as a fair approximation of morphology
at 2 months, the stage at which the embryo has undercone sufficient transition
to be considered a fetus, although its linear dimensions and tissue masses are
smaller. Other models have been presented for later stages of pregnancy
(Watson ana Stabin 1987).



Little form=] consideration of the geonetry of the conceptus in the
period between midorganogenesis and the fetal period has been reported. This
does not greatly constrain the dosimetric approach, particularly since the
models are most relevant to exposure from radioactivity distributed throughout
the pregnant woman. Dimensions deliberately have been omitted from the
diagrams in figure | to maintain their general nature; later sections provide
representative values and references to tabula ‘ons and the literature. These
include data from the foregoing references, equations, and values obtained
from international Committee for Radiological Protection (ICRP) Publication 23
(ICRP 1975), and calculations found in appendixes to this documsnt. These
sources provide adequate information to approximate the anatomy, dimensions,
and masses of Lhe pregnart woman and her embryo or fetus.

Linear distances in the pregnant uterus usually are relatively large
compared to the pathlengths of the p particles. As a broad genera)ization in
this case, we would expect that the contribution to exposure of the embryo/
fetus from radionuclides in both nearby and distant maternal organs would be
mostiy from photons, but a primary contribution to the p-radiation absorbsa
dose to the embryo/fetus would be from its internal radionuclide content.
Thus, if total fetal activity were divided by mass of the embryo/fetus, the
resulting values would be the concentrations used in traditional formulas for
dose calculation, such as those described by Quimby and Feitelbe g (1963).
The fetal volume at this time is sufficiently large as to not require correc-
tien for unabsorbed p particles, other than perhaps at its surface. Accurate
assessment is obviously more complex than thece generalities, and the remain-
der of this document will provide details of approaches to calculations and of
the component factors that are required for their implementation,

0. BIOKINETIC CONSIDERATIONS AND LIMITATIONS
1. Extrapolations from Animal Data; Basis and Yalidity

Most available data regarding placental transfer to the human conceptus
and resulting r.dionuciide concentrations in the conceptus have been obtained
from analyses performed following exposures to labeled metabalites or radio-
pharmaceuticals. Other data concerning radionuclides of cccupational and
environmental concern were sbtained from radioanalyses of abortuses, still-
births, neonatal decedents, and placentas; interpretations are often clouded
by uncertainties ro?arding correspondin? maternal body burder or exposure
level. Additional information, primarily applicable to calculation of kin-
o%ics. has been obtaised through in vitro perfusion studies using human
placentas.

The Timited breadth and depth of the human database makes it necessary to
use data from studies of placental transfer and fetoplacental distribution in
animals despite uncertainties associated with extrapolation to humans. These
animal data range from values that are derived from toxicity studies, in which
terminal measurements of fetoplacental concentrations were performed, to
values nbtained from sequences of deliberate, dynamic measurements, which
provide a basis for calculating kinetic parameters. The latter types of study
were directed at measuring concentrations in maternal blood and tissues,
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Current vecommendations and regulations of the NCRP and NRC for prenata)
exposurs limits are stated in terms of dose equivalent (rem or Sievert [Sv]),
which accommodates differences among biclogical effecliveness of photons and
some particulate radiations. Conversions are readily accomplished by multi-
plying absorbed dose values by appropriate quality factors (Q), which provides
the corresponding values of dose eguivalent. The values of Q for specific
particles are established, and occasionally revised, by appropriate
organizations, and so vse of this approach further accommodates any subsequent
revisions in the assigned value. The caveat is offered, however, thit special
dose limits are based on unique responses by the conceptus, and that the
validity of these quality factors generally has not been established for these
responses.

Making a distinction between two general citegories of biological defi.
cits that can result from irradiation during gestation may be especially
useful for some considerations of radionuclide exposure. One category of
effects, which includes prenatal growth retardation, malformations, and
reduced postnatal mental capacities, results specifically from exposure of the
embryo/fetus and is the current basis for setting special Timits for exposure
duri estation. The other category involves the contributior of the
prenatal irradiation to lifetime exposure, including such long-term eff. as
carcinugoncsis. As indicated, the derivation, validity, and magnitude of the
Timits for either prenatal or cumulative exposure do not fall within the scope
of this project.

(Concepts have beer developed relative to protection from deleterious
changos of a delayed or cumulative nature and have led to radiation exposure
Timits that are expressed as more complex dosimetric quantities such as
effective and committed dose equivalent. The use of committed and effective
dose equivalents for stating prenatal ragionuc)ide dose limits has certain
merits, but is considered to be premature because the current lack of infor-
mation does not permit acceptable determinations of these guantities. The
Question warrants later constderation, however, when adequate information
becomes availabie 1) to calculate prenatal doses from a wider range of raaio-
nuclides and Isotopes at relevant stages of gestation and 2) to define dose-
response relationships that will allow the assigning of weighting factors.

Our suggested approaches and analyses have provided estimates of radionuc!ide
content of the fetus at 9 munths of gestation, fellowing administration at the
start of each sequential monih of pregnancy. These value: are available for
some selectod radionuclides and are presented to provide a basis for calculat-
ing postnatal radiation doses (see Table £]).

These factors all suggest that exposure regulations should be expressed
in terms of our best estimates of the absorbed dose and dose eguivalent to the
embryo or fetus, and our recommendations regarding calculations of dose have
been directed toward provioing these values.

R — . IR R R R R R R R R RO, R —






means snd confidence intervals, selecting a mode or median to serve as a rep-
resentative of the true age-related value, and uting approaches Lthat accommo-
date broad range:z of values. None has proven to be consistently useful, and
gfforts are required to resoive this problem. In the case of radionuc)ides
for which reports of prenatal concentrations are not available, it is nec:
essary to interpolate from results with chemically related elements or

compounds .

Extrapolating concentration values from animals Lo human pregnancies
should be based on anatomic and metavolic co-resrondence of developmental
stages, and other biological factors to some extent. Howevur, the validity
of the extrapolated value: also depends on the nature, amouit, and homogene-
ity of the calculated values. General schemes have been addressed for using
concentrations or activities in the conceptus to calculate radiation doses.
Tiese were 1irst generalized to be independent of the metabolism of the radio-
nuclide, but are highly dependent on the fetoplacental aurphology that is
characteristic of each major sequential stage,

B. DOSIMETRIC AND CONCENTRATION PATIERNS RELATIVE TO STAGE OF GESTATION
1. Genera) Considerations

The availability of reliable estimates of fetal concentrations or of
relative concentration values for maternal and fetal tissues is a limitin?
factor in dose determinations. Continuing efforts are being made to develop
procedures for interpolation and extrapolation of the database and of broad
metabolic information for eventually establishing time-integrated concentra-
tion values and their patterns in the embryo and fetus. Attempts are ongoing
to manipulate such data to calculate incremental depositions from transfer
coefiicients or successive ratios, and to estimate concentration decreases at
times subsequent to that represented by a reported ratio. Recent studies
exanined data from noncontemporaneous experiments and found that placental
transfer kinetics from one experiment could “e used to correctly predict fetal
conceitrations as measured in other experiments (Sikov and Kelman 1989).

Although the data are neither complete nor guantitative, we can now gen-
eralize about important biological relationships lffoctin? dosimetry, such as
changes in transfer kinetics during pregnancy, total fetal activities or con-
centrations, and the role of developing target organs or tissues. Early
attempts at categorization were basea on stage-independent approximations of
relative availability and net depesition in the conceptus. The major limita-
tions to this nonguantitative approach highlighted the need to develop more
objective criteria for evaluation.

2. Relative Dose Estimates from Fetal-to-Maternal Concentration Ratios

The ratio of embryonic/fetal concentration to maternal concentration
requires the least amount of information. It is also particularly relevant
because when few quantitative data are available, they often consist of one or
more ratios of activities or concentr tions. The absence of reporied data for
a radionuc)ide may suggest that it is not of major concern as a source of
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4. Comparimental Analyses and Impact of Stage-Related Distribution

Even with Timited data, simple two- or three-compartment analyses are
u.ually possible from a phusiologic or metabolic basis, or relative to implied
kine'’cs from sequential r. fos. As mentioned in the foregoing descriptions,
act! 'y usually needs to be in the tlood of the pregnant woman to be avail.
able  ar transfer to the conceptus. Most transier i1s between the maternal and
feta olood circulations, which are not in actual contact, so exchange occurs
across the placenta and other fetal membianes. This concept, 1)lustrated in
Figure 2, may demonstrate gualitative factors that sometimes can be incorpo-
rated into anatyses with compartmenta)l models and the enhanced understanding
that can be achieved.

Entry into blood varies with the specific radionuc)ide, its chemical
form, and its associated route of exposure and absorption patterns: these have
been considered and tabulated in numerous documents and reports., The effect
of pregnancy is less well known; the placenta has a potential for affecting
kinetics via material-specific facilitated or active transport, but some nuc-
1ides are removed and depusited in placental tissues. The rate and degree of
deposition in maternal tissue also affect blood concentrations on an absolute
and temporal basis; this is of major importance in that decrease” concentra-
tions will reduce (ransfer. On the other hand, as s¢pecific sites of deposi-
tion begin to develop and function in the fetus, this will increase the rate
of removal from the feta) blood and drive the placental transfer kinetics in
the direction of the fetus. In the mure guantitative sense, the model 11lus-
trated in Figure 2 can be expressed in the alternate format of Figure 3, which
ts more compatible with the nomenclature used by the ICPP and will be utilized
in developing the detailed approaches to dosimetric methodology (Section 111).

Matarnal “1‘ ' .
Circutation '_‘! Placenia

Maternal

Fetal
Circulation

Fetal
Tissues

Tissues

Figure 2. Generalized compartmental model to i!lustrate concepts of exchange
between maternal and fetal circulations, and interactions relating
to maturation of fetal target structures

12
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to cause biclogical dlnc?a. The ICRP methodology is described in ICRP Publi-
cation 30, Part 1 (ICRP 1978); supplementary information can be found in

Parts 2 and 3 of ICRP Publication 30 ‘lCRP 1980, 1981) as well as Appendix |
of ICRP Publication 23 (ICRP 1975). The MIRD notational system is employed in
these interim recommendations because there i1s a large body of literature that
describes its use and severa®l tabulations of dosimetric factors are available.

The preceding equations were derived for the situation in which the
values of the parameters that comprise the S-value are constant over the time
for which the dose calculations are applicable. In the case of estimating
radiation doses to the embryo/fetus, the values of the parameters that comp. e
the S-value are rapidly changing. Consequently, it is not usually sufficient
to compute a single S-value and then io estimate an integral activity lh for
the entire remaining course of pregnancy. It is necessary to determine the
dose rate to the embryo/fetus at sequential stages of pregnancy, and then to
integrate the time-dependent dose rates to determine the total dose:

R(t) = A(t) S(t) (6)
where R(t) = time dependent dose rate (in rad/hr [Gy/sec))
A (t) = activity in source organ h at time t (in -4Ci [Bq])
S(t) « S-value at time t (in rad/uCi-hr [Gy/Bq-sec]).

The total average dose to the target region is then given by the
integral:

D total =« [ R(t) dt (7)

where D total is the total average dose (in rad icy]). Using this equation,
it remains only to determine the proper values of A (t) and 5{t) for various
values of time, t, during the gestational period.

The advantage of this system is that it allows the dose calculation to
be partitioned into two concoptua]lf separate parts. The first part, repre-
sented by A, is a biokinetic calculation. The biokinetics are determined by
the 1ntorac!ions of the physicochemical properties of the radionuclide (e.g.,
particle size, if inhaled, and solubility) and the physiologic processes of
the individual. The second part, represented by the S-vaiue, is the radiation
dosimetry portion of the problem. Radiation dosimetry calculations are depen-
dent on the physical properties of the emitted radiation, and the anatomical
characteristics (e.g., physical dimensions) as well as the elemental composi-

tion and density of the individual.
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The activity in the relevant maternal organ, A, following an intake
could be estimated from the concentrations in air or ingested materials. More
appropriately, it would be determined by direct bioassay (whole-body counting
or thyroid counting) of the woman in gquestion, or from indirect bicassay
(urine or fecal assays) used in conjunction with the results of biokinetic
models of radienuclide transport, such as the various comsercially available
internal dosimetry codes or data compilations, such as Lessard et al. (1987).
The major sources of data employed for this report are indicated in disces-
sions of each radionuclide.

B.  RADIATION DOSIMETRY CALCULATIONS
The S-value {1s computed usino the following equation (see Eqs. 1-3):

S(rp+r,) = ? b8 (r, 1) (9)

The calculation of the components of this equrtion is described below.
1. Enerqy Emitted per Nuclear Transition 4,

The mean energy emitted per nuclear transition is tabulated in various
compendia. MIRD Pamphlet 10 (Dillman and Von der Lage 1975) tabulates delta
(a) for severa’ radionuclides of importance tc ‘he nuclear medicine community.
The value may also be determined from Eq. 4, which is repeated below:

A, = Kf, E, (4)
where, as before,
K = conversion factor (in rad-g/uCi-hr-MeV [Kg-Gy/Bg-sec-MeV))
f, = fraction of the disintegrations resulting in radiation, {
E, = the mean energy of radiation, i (in Mev),

When the units for o, are rad-g/uCi-hr, the value for K is 2.13. Values of f
and E, are published in ICRP Publication 38 (ICRP 1983), among other sources.
These values are physical _onstants and do not depend on the stage of
gestation.

2. Mass of the Target. m,

The mass of the embryo/fetus was calculated from the equations given in
ICRP Publication 23 (ICRP, 137%). These equations seem to be appropriate at
times greater than B4 days. The mass of the embryo/fetus for 20 and 60 days
was obiained by extrapolation of the curves that were obtained from the equa-
tions, and are consistent with values presented in other sources. The mass of
the extraembryonic or trouphoblastic structures is greater than that of the
embryo at early stages. These masses, employed for calculations in this
report, are also presented in Table 2.
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(Briemeister 1986) was employed, and this version does not transport elec-
trons; the energy trantferred to electrons is treated as being deposited at
the site of energy transfer. Because electrons are not tracked, kerma, rather
than dose, factors were calculated. The activity was assumed to be uniformly
distributed Lhroughout the embryo/fetus. The code was set to run for

150,000 histories; the relative errors of the calculations were less than 1%.

Table 3 prasents the calculated specific absorbed fraction values for
photons having energies ranging from 10 keV to 4 MeV, and for specific monthly
gestational times that range from 1 to 9 months or 270 days, which was assumed
tn be the normal length of nestation. Table 3 also shows the relative error
of (he Monte Carlo calculation. The reader should be aware that the relative
errcr is an indication of the error associated with the Monte Carlo calcula-
tio?, and dnes not indicate how well the phantom description represents
realily.

119. Dose to the embryo/fetus from radionuclids in the extra-
g?n;1gnig~gr_g1;ggn1‘¥_11;;yg. At present, methods for specific calculations
0 sgoclfic ahsorbed fractions for radioactive materials in the extraembryonic
or placental tissues have not been performed. In the interim, results may be
approximated by estimating the self-dose to the ulerine contents. This calcu-
lation may result in sume "double counting” of radiation dose to the embryo/
fetus when combined with the dose calculations of item 11 (above). However,
because few data exist to allow calculation of the activity in the extra-
embryonic or placental contents, this difficulty should be considered on a
case-by-case basis. Future supplements to this report may provide specific
absorbed fraction values for uterine contents as the source tissue.

a. The radionuclide(s) will be known or can be identified.

b. The dosimetrist will be able to estimate une of the following:

i. lntegral a.r concentration of radionuclide exposure in
DAC-hr

f1. Intake of radionuclide by the womar in uCi (Bq)
i1i. Maternal body burden in uCi (Bq)

¢. The dosimetrist will be abl: to relate the dates of exposure or
intake or period of burden to the stage of gestation.

d. The dosimetrist will wish to determine either the dose rate at the

time of maternal body burden determination or the integral dose to the
embryo/fetus following the exposure/intake.
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accurately represent the near-term fetus, but models of intermediate stages
are increasingly becoming available so that the degree of accuracy will con-
tinue to improve. Most current dosimetric models generally assume homogeneous
soft tissue composition, but in actuality there are areas of enhanced absorp-
tion that assume increasing importance as the fetal skeleton develops and
ossifies. This may be a relatively minor source of uncertainty, however, when
compared to other assumptions and approximations that are inherent in current
development of the model.

The dosimetric calculations of contributions from maternd) tissues that
were used for developing tabulations in this report did not consider localiza-
tion in structures such as bone, liver, or bladder. Our calculations have
shown, however, that this does not significantly affect the results when the
energy of the photons is above 0.0] MeV, irrespective of decay complexity.
This would be true also with use of a uterine-content surrogate for the
embryo/fetus, although the dose from soft photons emitted by radionuc)ides in
maternal tissues would be less accurate in both cases.

Fstimation of dose from localization of beta-emitter deposition in the
uterine mucosa assumes equivalence of concentrations in the embryo and uterine
mucosa, which should be reasonably accurate during the early stages. We
calculated the impact of disparities between uterine and embryonic concen-
trations and found that this would range from a two- to threefold overestimate
or underestimate, numerically corresponding to concentration differences of
the same magnitude. Another major inaccuracy during early stages would be
the precision to which the activity in the uterus can be estimated, and there
is no basis to generalize these estimations to the later fetus. Thic is
particularly pertinent for radioactive elements and/or compounds for which
such estimations will be mostly required, those for which minimal information
is available. A calculation based on the assumption that average fetal
activity is the same as average maternal soft tissue concentration seems to be
the most conservative, but all the indicated caveats apply.

To facilitate use of the uterine dose surrogate approach, we employed
information on the committed dose equivalent to the uterus per unit intake,
as generated during preparation of ICRP 30. This was supplied to the NRC by
Dr. Keith F. Eckerman of the Oak Ridge National Laboratory, together with
corresponding fractional absorption values (f,) from the gastrointestinal
tract or lung for relevant chemical forms. Committed dose equivalent was
divided by the highest f, value tn convert to the assumed 1 4Ci introduced
into maternal blood used in other calculations in this report. The resulting
estimates of uterine doses (or surrogate embryo/fetus doses) are shown in
Appendix F. It must be emphasized that these are based on committed dose
equivalent and there may be major differences from the ahsorbed dose to the
embryo/fetus. Sources of these differences include length of time over which
the dose is integrated (the 9 months of gestation versus the 50-year commit-
ment) and avidities of the conceptus for the nuclide.

To 11lustrate the uncertaintics, especially as they relate to stage of
gestation and associated metabolic factors, Table 4 presents a comparison for
nuclides that were used for embryo/fetus dose calculations; minimum and maxi-
mum values are shown to account for stage of gestation at exposure. Good
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Table 4. Comparison of ICRP 30 uterine doses (converted to an injection of

1 4C1 into blood) with embryo/fetus deses calculated in this report
tmbryo/Fetus Dose'*’

Max imum

5.87E-05
1.29€-03
2.20€-03
9.17€-03
4.18E-02
1.84E-02
5.22£-02
23E-03
.38E-03
.07E-03

Nuclide

H-3
C-14
Co-57
Co-58
Co-60
Sr-89
Sr-90
Ru-106
1-125
1-131
1-132
1-133
1-134
1-13%
Cs-134
Cs-137
U-233
U-234
U-23%
U-238
Pu-238
Pu-239
Am-24)

Uterine

Dose

{rad/uCil.

40E-05
09€-03
62£-03
56E-02
53E-0]
96E-03
BGE-02
J2E-0]
09E-04
.59E-04
95E-05
.39E-04
.59E-05
42E-04
25E-02
.33k-02
69E-03
.55E-03
.32£-03
LS1E-03
.63E-03

S0E-03

§.55F-03

O PN D b b et e et Ll e D O 00 OF OO T 2t U e O et e D

Minimum
.03E-06
.B9E-04
.D4E-03
.00E-03
.60E-02
,23E-03
.68E-02
.53E-03
.31E-05
,29E-05
A43E-05
.B1E-04
22E-05
L95E-04
.24E-02
. B0E-02
44E-03
.43¢-03
.326-02
.26E-03
. 74E-03
.58E-03
4BE-04

RO P PO DD U s Gl B D e NS e wy

S6E-04

.O4E-04
.B3E-05
.JOE-04
11E-01
.94£-02
.92E-02
92E-0¢
.67E-02
07€-02
.56E-02
.23E-02
A0 02

O~~~ O O00000—wONODOODCO=0O00CTCOD

Ratio of Doses'™

(Embryo/Fetus
Ao Uterus)
4 - 0.92
09 - 0.62
14 - 0.29
A7 - 0.26
A0 - 0.27
77 - 6.20
90 - 2.80
.02 - 0.06
16 -12.68
.40 -13.04
.85 - 1.57
03 - 6,52
48 - 1.05
.37 - 2.60
.39 - 1.34
.30 - 1.11
18 - 3.02
15 - 3,06
.14 - 2.87
18 - 2,43
68 -34.1]
J2 -28.19
0 - 2.00

(a) Minimum and maximum values are shown relating to differences

attributable to stage of gestation at exposure.

(b) Fractional relationship of the tabulated minimum and maximum
embryo/fetus doses and the doses to the uterus are indicated.

agreement was obtained for materiais such as tritiated water, which have
uniform distributicn and relatively short biological (and thus effective)
half-lives. With alkaline earths such as strontium, the overestimate that

results from the lena retention component in hone it counterbalanced by the

increasing ameunts that enter the cuncepius throughout progressive gestational
stages so that there is reasonable agreement of net values.
ides, there is a comparable set of retention and increasing activity factors,
which implicitiy differ with stage of gestation, so that a pronounced divers-
ity in the range of relative values is found (Table 4).
the uterine dose surrogate from transuranic elements of interest, as provided
in Appendix F, do not reflect these stage-related differences.
suggested that uterine dose should not be used as a surrogate for other alpha-
emit*ing, long-lived actinide elements,
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incomplete) accuracy might be obtained by the use of the *'Am tabulations,
::thr:‘djus t by proportionation for differences in alpha emissicn, 1f
s .
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B.  RELEVANT FEATURES OF PRIORITY GROUPS

The following presents the information and general mcdels that led te
42 dosimelric approaches and expanded analyses related Yo typical forms in
<0 these radionuc]ides may be found in work environments, A few repre-
sentative oxauz1os of relevant relationships and factors that were derived to
facilitate biokinetic calculations are provided in Appendix A. Summaries of
assumptions and approaches to determination of their biological behaviors are
given in Appendix B, and the retained fraction of several 1sotopes of these
materials, which ore the basis for dosimetric calculations, are presented in
Appendix €. Tabulations of the numerical results for initial monthly uose
rates and integral aoses are in Appenaix D. The biblfoygraphy, with keywords,
and quantitative datavases for these materials became so extensive that there
was general agreement that they should be presented in a separate document,
Only a few particularly relevant referens2s, or reviews, for each nuclide and
form are provided in the literature citations.

1. JInorganic Iritium and Carbon
a. lagrganic Triiium

Trace amounts of tritium in gaseous form or incorporated into water are
readily absorbed from the lung ~r gestrointestinal (GI) tract; thus, it is
assumed that both water vapor «nJ hydrogen gas readily cross the lung in both
directions equally. In air, however, most hydrogen (stab' or tritium) will
form water, as wi'l some small amount of that which is absorbed, so that
1ittle tritium actually enters the body as gas. The fractions for tritium
seem to be approximately the same as for stable hydrogen in air or unlabeled
water, respectively. This behavior seems to be less distinctive than that of
deaterated water, in which the percentage cortent of tracer isotepe is often
higher, so that it is more likely tc lead to a detectable "mass"™ or "“isotope
effect." Physiologic studies demonstrate that witer crosses tae placenta, and
other membranes, freeiy in both directions, Accordingly, tritiated water is
routinely used as a "marter” in studies of placental transport because a
change in rate shows furctional deter ‘oration of the biological preparation.
The percentage water content of the embryo and fetal tissues generally is
measurably greater than that of the corresponding tissue. in adults, so that
their relative tritium concentrations may be s)ight1{ greater. Fp: practical
purposes, however, it may be assumed that the initial concertration of tritium
in the conceptus will be the some &s that of the pregnant woman irre:= ciive
of stage of gestation, and that it would readily be excreted in paraliel with
its loss from her body.

b. Inoryaniy Carbon

Metabolic models used by ICRP (ICRP 1981) assume the f to be 1 for
carbon-labeled orgaric compoinds but it is clear that trans*er to the embryo/
fetus varies with the molecriar species. As will be presented in the follow-
ing section, patterns presinted by Battaglia and Meschia (1986) make it
reasonable to assume, for our purposes, that carbon dioxide praduced by
cetabolism of organic compounds in the embryn/fetus is immediately transferred
toc the woman’'s circulation.
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during gestation, the fetal-lo-maternal concentration ratios differ by a 10-
fold range for anima) experiments; must commonly, the values center about
unity. The ratio in most soft tissues of the fetus tends to be slightly less
than 1. Concentration in fetal cartilage increases with gestation stage, and
in later gestation, the stage at which radiocobalt enters the fetus most
rapidiy, 1t may tend to accumulate in fetal hune (Figure Ad)

The biological half-1ife of vitamin B-12 is about 48 to 70 days; it is
actively transported across the placenta, and the distribution in soft tissues
of the fetus is similar to that in the mother. Some reports indicate that
vitamin B-12 levels in maternal plasma may decrease progressively throughout
human pregnancy and reach subrormal levels at term, so that plasma levels of
the neonate may be two to five times greater than the corresponding materns!
level. The ratios for average concentration in fetus to mother show a central
value that can reasonably considered to be 1. The range of values, however,
in exparimental animals as well as in human pregnancies, is e¢ven greater than
that reported for inorganic cobalt. There is also a wide range of tissue con-
centration ratios, although the value for prenatal liver and kidney tend to be
greater, the spleen and pancreas the ~ame as, and other organs substantially
iess than that of corresponding mater. .1 tissue.

After single or multiple exposures of the pregnant woman to organic or
inorganir cobalt, the average fetal concentration might reasonably be taken as
being the same as in the woman, while recognizing that the variations among
tissue activities in relation to gestational .tage would be substantial.

Under the sume circumstances, however, the r-lative concentration in the early
embryo would be expected to be substantially less than 1.

4. Strontium

Strontium is an alkaline earth. A, described in ICRP Publications 20
and 30 (ICRP 1973; ICRP 1978), Griess| {1987), and Mays anJd Lloyd (1966), its
wetabolic behavior is simiiar to that of calcium in many respects. There are
quantitetive differences in the net transfer of the two elements between
metabolic compartments, however, which is usually expressed in terms of
observed ratio (OR; values between bioiogical compartments. These ratiss
have been the subject of extensive measurement and publication throughout the
years. The ICRP considers soluble salts to be absorbed from the GI tract and
lung with f, values of 0.3, but witn 0.01 for insoluble oxides.

Calciur is the most important inorganic componen® of bone, but it also
sarves as a membrane component and intracellular messenger. It is not clear
to what extent this second function may be assumed by strontium, but it dees
not seer Lo represent a major quantitative fraction and is probably indepen-
dent of time of postnatal or prenatal 1ife or of stage of gestation, In con-
trast, bone is not present in the embryo during the early gestation period,
and it does not begin to assume definitive shape or form until early in the
fetal period. The development and calcification of bone matrix become
progressively more important through later gestatior and postnatal life. Con-
sequently, deposition becomes progressively areater as the fetus approaches
term. This is especially pertinent in human deveiopment and is a factor that
needs to be considered in extrapnlations because the extent of prenatal bone
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maturation 1s substantially greater in the human fetus than in some common
laboratery rodent species. such as the mouse and rat, in which substantia)
calcification takes place in the postnatal period (Figure AS).

This pattern, seen also with some of the other nuclides considered here,
illustrates an ‘mportant factor that was uily mentioned in foregoing sections
of this report. Almost all the strontiv~. content of the late fetus is in bone
and, in one sense, skeleta) mass should be used for calculating average
concentration from total activity. Movever, current recommendations are
stated in terms of dose to the embryo/ ‘etus, so that its total body would be
the appropriate mass to consider at prasent.

5. kythenium

Ruthenium is among the most abundant fission products in waste effluent
from reprocessing of nuclear fuels (Nishimura et al. 1988). A primary reason
for its selection for consideration here was because of an early whole-body
autoradiographic study that had detected a marked deposition in the fetal mem-
branes, as well as in maternal kidney and connective tissue (Nelson et al.
1963). They had found a lesser concentration in the placenta, which seemed to
follow blood clearance. It there‘~re seemed to be one of the few elements,
other than actinides and some of the rther heavy metals, that localized in the
yolk sac. This phenomenon is of interest because of its possible relevance
for induction of postnatal effects.

This localization ha; been confirmed in more recent studies that mea-
surcg the biokinetics of '™Ru in rats (Nishimura et al. 1988). Biologica)
disposition varied with anima® age and the chemicul form in which the ruth-
enium was admiristered, but the percentuge of the injected activity trans-
ferred acioss ihe placenta after intravenous injection of '®RuC), in rats
consistently increased with gestational age. As an example, approximately
C.4% of the activity was transferred to the totality of the fetuses at 20 days
of gestation, whizh may be calculated as equivalent to an average concen-
tration that is l2ss {han 5% of that in the dam. This study quantitatively
confirmed that the concentrations ir the fetal membranes, and in the placenta
to a lesser degree, are higher than those in the fetus.

6. lodine

lodine has several radioactive isotopes, with a wide range of half-lives
ard decay schemes. There are numerous routes and circumstances through which
members of the population, including pregnant womer, may receiv~ an iodine
burden. These range frum deliberate administration for medical procedures,
occupational intake of materials being prepared or administered as radiophar-
maceuticals, and deposition via accidental releases or contamination in the
general environment. Other than when administered as organic radiopharma-
ceuticals, which may release inorganic iodine, direct availability is in the
form of iodides. These are readily absorbed into the blood from the gastro-
intestinal tract, the lung, or from many other sites. The f, value for
inorganic fodide is considered to be 1, and 30% is assumed to be rapidly taken
up from the blood by cells of the thyroid gland, which specifically concen-
trates iodide. Once inside the thyroid, jodide is incorporated into thyroid
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hormones and stored as colloid in the lumen of the thyroid fellicles. Under
pituitary control, thyroid hormones are released into the hilood, and are
present in the circulation until transported into tissues.

The literature on the dosimetry and effects of radiniodine is among the
most voluminous of that of all elements. There have beer several independent
assessments of radiation doses to tne fetal thyroid from ypecific isotopes
under varied exposure conditions (Book 1972; Johnson 1982, 1987; Roedler
1987). 1In contrast, little attention has been directed toward other isotopes
or the calculational methodolegies applicable to radiation doses to the
embryo/fetus.

Inorganic iodides, and iodine-containing thyreid hormones to a lesser
extent, cross the placenta and are readily avcessible to the embryo or fetus.
The thyvoid gland undergoes substantial morphelogic and nhysielooic develop-
ment before it has the capacity to trap and metabolize iodide irto hormone;
these changes are affected by development of pituitary function. In the
human, hormone synthesis first occurs at about gestational day {[gd) 90, weil
into the fetal period. The relative concentration in the feta: to maternal
thyroid is sometimes thought to be greatest ir midgestation, but the peak
ratio 1¢ most communly accepted to cocur shortly before parturition.
Depending on the radioisctope, the decay scheme, the half-life, and whether
exposure is chronic or acute, the thyroid cuncentration in the final montts of
pregnancy has been estimated to be three- to ninefold greater in the fetus

that in its motner.

In addition to the stage of gestation, the time course and ma?nitude of
iodine concentravions in the embryo/fetus, the relative degree of loceliza-
tion, its retention, and the biological consequences depend on the cpecific
isotope half-life. Although there is no specific localization during the
embryonic period, a generalized distribution of circulating iodides may be
expecled, with concentrations approximating those in the maternal blood when
adjusted for differences in hody weight. Localization in the fetal thyroid

will increase as its function progresses.

lodine may enter the body associated with materials as an iodinated

tracer used as a ressarch or nuclear medicine procedure, or become bound to an
orgaric molecule in a biological process. In such cases, the compartments in
which it is contained are dependent on the characteristics of the organically
bound iodine per se, but thyroid localizativn can occur once inorganic iodide
is released from the molecule. There are many iodinatec orgsnic molecules in
use as tracers, and they may cross the placenta to varying degrees. However,
once released from the organic molecule, iodide will display behavior that is
characteristic of the inorganic form at th2t stage of gestation.

7. Lesium

Cesium is chemically related to potassium, and its behavior is similar
in most biological tissues und fluids, where it usually would be in ionic
form. Many raports state that pregnancy does not have an appreciable effect
on its absorpticn, distribution, or excretion, although it is commonly
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tration in reference adult tissue was 2.1 dpm/kg, and 1t was concluded that
the fetus did not selectively concentrate uranium.

9. Plutonium

Plutonium is the most thoroughiy documented of the actinides. As
reviewed in several publications {(ICRP 1978, 1980, 1981, 1986; Sikov 1987; NEA
1988), its behavior is generally representative of this group of elements,
although there are important differerces among them. Animal studies have
shown that 1. crosses the placenta a‘ter injection in prc?nant animals, albeit
poorly, and it can also can be transfarred to offspring via lactation. Essen-
tially a1l anima) studies, however, indicate that the extent of placental
transfer is less than that of bone-sexking alkaline earth elements such as
strontium, and that its clearance from maternal to fetal circulations is
lower, as measured in nlacental perfuiion studies.

The bivlogical disposition pattern of plutonium is complex, and involves
stagg-de?endent changes in degree and patterns of deposition within the fete-
placental unit, in gross and microscopic localization in the developing
skeleton, and in metaboli~m relative to that of the pregnant animal.
Plutonium primarily deposits on hon~ surfaces, in contrast to calcium,
strontium, and radium, which are incorporated into the matrix of the bone.
After prenatal or neonatal exposure to plutonium (and other actinides), huw-
ever, remodeling of bone results in a progressive movement into the matrix,
Because the predominant deposition of plutonium is in the skeleton and liver
of adults, concentrations in soft tissue are relatively low. Although the
activity in the embryo/cetus of animals also is low after single exposures,
the average concentration is usually found to be as high or higher than in the
dam. As the result or deposition .1 fetal liver and bone, this concentration
is consistently found to be greater as injection is made later in gestation.

The relative fetal concentration values for nlutonium, as calculated
from data of numernus studies in various animal species, differ from ratios
from limited numbers or radioanalyses of prenatal human tissues that were
obtained after chronic exposures at environmental levels. Ongoing efforts are
developing composite analyses that provide relative concentrations as a
function of chrerological time and stage of gestation and allow application to
either acute or chronic exposures (Sikov 1987; Sikov and Kelman 1989; Morgan
et al. 1991). It is anticipated that these may partially reconcile apparent
interspecies differ-nces. It appears that many differences among concentra-
tion ratios are re.ated to species-specific gestational stages and to the
chronicity of exposure, but maternal metabolic differences remain a potenti-
ally ‘amportant factor. These efforts emphasize the need, however, to develop
an acceptable basis for extrapelating results from animal experiments to the
human and to provide sufficient data for estimating concentrations and
calculat.ng ratios among maternal tissues, fetal tissues, and placentas.

10. Americium

Intravenous 1nJect109 of rats (Sikov and Mahlum 1969; Weiss and Walburg
1980) with high dises of ““’Am during the late embryonic and fetal pericds
demonstrated that average maternal-to-fetal concentrations and americium
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cont;nt during the early postimplantation/organogenesis period was especially
complex.

As reviewed by Sikov (1987), mean concentrations of lead are signifi-
cantiy higher in pregnant women from urban than from rural environments, but
were not related to stage of gestution, and overall mean concentrations in
neonatal cord plood were similar to those in maternal blood. There was a
h1gh correlation between lead levels in mothers and corresponding infants
A highly significant correlation between lead concentrations in cord and
maternal blood has been alse found by other research groups, and some also
detected a weaker but statistically significant cerrelation with the concen-
tration in the olacenta. These results on placental Tead concentrations are
the most common findings, although up to fourfold greater placental concen-
trations have been reported.

Radiation after direct exposure is not usually an important considera-
tion for lead because the radioactive isotopes are rarely used other than as
tracers in biological experiments. To the extent that lead serves as surro-
gate for related radicactive materials, however, one would e pect that
embryo/fetal radiation absorbed doses would be approximately equal to those
received by the pregnant wuman, irrespective of the route and multiplicity of
exposure. Lead may deposit through radon decay, in the placenta or in
hematopoiete, and & role in late effects has been sugges.ed by Richardson

et al. (1990).
b. FPolenium

It was reported more than 60 years ago th” saits of polonium deposited
in the chorionic epithelial cells of placent: .yncytium after injection did
not pass into the fet;? tissues. More recent reports confirmed the lack of
transfer of injected %o in rats; some of these studies also found intense
labeling of Reichert’'s membrane and visceral yolk sac, but placental depusi-
tion was detected consistently. These results are compatible with the few
observations in human materials, where elevated concentrations were measured
in placentas from populations who consumed reindeer and caribou meat during

the 1L.we when fallout was important.

It would appear }q;t there i5 a minimal average radiation dose to the
embryo or fetus from o in the body of the pregnant woman, and that most

of the dose would be localized to the bone marrow. The placenta and fetal
membranes might receive a radiation dose on an average basis. This could be
intense on a local or microscopic basis, as discussed for other radionuclides.
Polonium would be formed by decay of radon within the conceptus, and its decay
would result in desorption of energy; this would seem to be more a theoretical
than measurable event, and dose calculation would be difficult.

¢. Kaden

Despite recent interest in health effects associated with exposure to
radon and its decay pro .-ts in the home environment, there is essentially no
direct information abou prenatal radiation associated with exposure of
pregnant women, and there are few data from studies of pregnant experimental
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animals. Examination of conclusions from data obtained over 60 years ago
suggest that they may yield acceptable correlations with extensive information
concerning the behavior of other noble gases. Despite some differences in
solubility in Yipid, it may be inferved that radon would readily cross the
placanta in both directions, but that predominant fractions of the radiation
exposure from the radon per se would cease following the inhalation period.

From the behavior of lead and radium, it wou'd appear that some of the
radon decay products might cross the placenta and could enter or leave the
fetus. This i1s in contrast with polonium and other radionuclides not
considered here, which show marked deposition in the placental structures but
only minimal accessibility to the fetus from blood. On the contrary, it may
be surmised that these other nuclides might not cross the placenta after
formation in thz fetal compariment.

As a genera)l expectation, with support from a recent experiment in which
rats were exposed to radon and progeny, it is not unreasonable to accept that
the radiation dose to the embryo/fetus from the radon would be similar to, or
less than, that in the pregnant woman. The situation concerning the decay
products has not becn completely analyzed, but some of the dosimetric con-
siderations relative to the human embryo/fetus have boen discuss.d by
Richardson et al. (1989).

d. Radium

farly studies failed to detect radioactivity in placentas or fetuses
after intraperitoneal injection of rats with dissolved radium chloride. It is
not cleur to what extent the nuclide was absorbed into blood under these
conditions, and the findings do not correlate with studies of human tissues.

A recently reported analysis of the skeletal remains of a 7-month human
fetus and its mother, a former radium dial painter who had died from compli-
catiors of the ;c-egnancy, estimated that about 0.06% of thi radium in the
mother had baen transrerred to the fetus. Based on tota) ““Ra contents, Ra/g
Ca measurements in maternal and fetal bone, and fatters from ICRP models, it
was calculated that there was a 1.4-fold-greater placental transfer of radium.
IQ;s is in good general agreement with earlier repurts of measurements of
“"Ra content of bones and soft tissue of large numhars of human fetuses and
placentas. The specific activity of bone ash {107°° Ci/g) was independent of
stage of gestation, and thus identical for fetal and adult bone. Concentra-
tions in fetal soft tissues and placentas were similar (107 Ci/g) and did
not change throughout gestation; the total content of the fetuses increased
during ge.tation as a result of increasing fctal mass.

A series of evaluations of childien borne to women 1?0 had been employed
as radium dial painters detected burdens of less than 10" g of radium. These
were considered to be in the normal range, even though the mothers had signifi-
cantly great radium burdens that subsequently became symptomatic.

Although minima) prenatal dose is probably associated with early stages
of gestation, it would seem reasonable to accept that radium concentrations in
fetal and maternal bone are similar. This would seem to pertain bot. for
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multiple occupational or continued environmental exposures. Continuing dif-
ferences in bone composition relative to stage of gestation might be expected,
which would influence the associated radiation doses. There would be con-
current changes in the size and shape of anatomic features, and their rela-
tionships would interact with composition. Thus, it would require detailed
analyses to even consider use of a fetal to maternal radiation dose ratio

other than unity.

C. FACTORS INFLUENCING DOSIMETRIC APPROACH

Operational health physicists have encouraged us to provide information
in simplified formats that would help them comply with regulstions. Some
health physicists have hoped that derived levels based on objective criteria
might consclidate the extent of placental transfer, fetoplacental concentra-
tions, and potential for radiation exposures from radionuclides and might be
expressed in more usual chemical forms and patterns of intake. Such summaries
could also help to identify materials for which information was inadequate,
and could also lead to guantitative tables, aomograms, or microcomputer
programs that would facilitate interpolation and calculation.

In ad- "tion to direct calculational approaches, which are described in
this repor. the information that provided the basis for the synopses and
calculations is being used more directly to prepare tentative collations. One
such simplified collaticn is Table £2, "Generalized Estimates of Fetal te
Maternal Concentration and Radiation Dose Ratios for Selected Doses for
Selected Interna)l Radionuclides in Humans." However, this collation includes
primarily the most commoniy encountered radicisotopes and forms of the
elements, but will remain incomplete because of limits to our knowledge. This
collation is an attempt to qualitatively predict radiation doses that would be
received by the conceptus relative to the doses received by the pregnant
woman; the relationships are presented with respect to exposure pattern and
stage of gestation. Clearly, additional data and calculations would be
required to define specific quantitative relationships. Despite these
shortcomings, Table E2 may provide 2 basis for obtaining the relative impact
of the radiation dose to the embryo or fetus from radionuclide deposition in
the mother at various stages of gestation.

The results of another approach, summarized ... Table E3, "Simplified
Categorization by Placental Transfer and Biokinetic Features," presents an
overly simplified categorization by intrauterine ' haviors. This tabulation
typifies one approach toward using similarities ur dosimetric fealures and
identifying areas of uncertainty. We also have begun initial efforts toward
simplification and use of surrogate measures (see Appendix F).

It is important to emphasize the uncertainties that arise from the lack
of quantitative agreement among reports, the incompletely defined effects of
deposition and kinetics of various gestational stages, and the potential
inexactness of extrapolations. These unceriainties underscore the need for
further research to obtain more definitive relationships.
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V. CONCLUSIONS AND RECOMMENDATIONS

A.  CONCLUSIONS

It is evident from the materiai presented throughout this report that
there are difficulties in accurately determining radionuclide concentrations
and activities in the conceptus an’ surrounding Lissues of the pregnant woman.
Calculation of radiation absorbed doses to the embryo/fetus from internally
deposited radionuclide activity is the sum of two primary components: dose
imparted from the mother and dose originatirg from the embryo/fetus.
Estimation of activity in dosimetrically important maternal organs and
consequent doses to the embryo/fetus uses straightforward extensions of
currently accepted methodologies. This component could be termed the radia-
tion dose equivalent to the embryo or fetus from radionuclides in tissues,
organs, and cavities of the declared pregnant womar. Of greater importance to
our efforts, however, is tho radiation dose equivalent to the embryo/fetus
from radionuc)ides that are contained within the embryo/fetus and adjacent
structures. Based on currently available concepts, and until further informa-
tion is available for reasonable expansion, it seems prudent to calculate or
estimate absorbed deses in primary units of rad or Gy, and to multiply by
apprepriate values of quality factor to obtain dose eguivalents (rem or Sv).

To extend and enhance evaluations for additional radionuclides, we
suggest tentative approaches of calculations in operational situations in the
remainder of this section. Stage-related tabulations of the results for
selected radionuclides of current interest are presented in Appendixes C

and 0.

B. ESTIMATION OF RATTATION DOSE

On an interim basis, we suggest . conservative approach for those
radionuclides for which there are lit..2 or no data, even though this may
sometimes yield an overestimate of dose to the conceptus. Except for
situations in which unique metabolic characteristics may be anticipated or
some information is available, we should assume that the average embryo/fetal
concentration is the same as that of the pregnant woman or of her soft tissue
mass. The generai biokinetic and dosimetric approaches that we have pres<sied
often can be used to estimate the corresponding embryo/fetal activity and the
resulting corresponding self-dose under these circumstances. As an alterna-
tive approach, this dose could be assumed to be the same as the dose to the
uterus or ilerine contents shown in Tabla F2.

Parenthetically, many human radionuclide exposures may relate to the
production and use of n@dioph rmaceuticals. Several of these materials,
especially those with "'C- or “H-labels, pose unique problems, such that we
rannot generalize about their ability to cross the placenta, Much of this
literature has been reviewed and summarized by Kistner et al. (1987). Further
informa*tion on radionuclides that are used in nuclear medicine because of
their characteristic localization in specific tissues is being collected and
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evaiuated (Dak Ridge Associated Universities, Oak Ridge, TN 37831; Atomic
Energy Control Board uf Canada, Ottawa, Ontario).

C.  RESEARCH NEEDS

Research needs presented here include some that were mentioned in fore-
going sections, and many involve evaluations currently in progress or expected
to be undertaken under this or other projects.

1. Absent and Inadeguate Data

Additional data would increase confidence in conclusions that are based
on limited data from human experience. For most radionuclides, the major
source of data is experimenis with animals, and the accuracy of estimation is
related to data availability and the validity of extrapolations to humans.
There are limitations to current approaches, and methodologies yor enhancing
extrapolations should be develojsed and validated. Formal strategies are
needed tg obtain the additional quantitative and biokinetic information that
is needed.

2. Evaluation of Dosimetric Factors and Concepts
a. Jemporal Distribution of Dose

Temporal distribution of dose has marked qualitative and quantitative
effects on resgonses to prenatal irradiation; fractionation or protraction of
exposures usually lessens the incidence and/or severity of developmenta)
effects. This influence is superimposed on the phenomenon that is commonly
quantified as the dose rate reduction factor (DREF). This problem is of
special concern for internal radionuclide exposures, where a single intake
will result in lower dose rates at successive developmental stages. Because
many froninent effects of prenatal exposure are related to gestational stages
of relatively brief duration, concepts parailei to DREF should be developed to
facilitate expression af dose.

b. Dogimetric Concepts for Short- and Long-Term Effects

Currently, dosimetry concepts and the basis for intrauterine dose limits
are based on prenatal exposures and radiation doses that p oduce effects on
the embryo/fetus. However, residual radicaclivity at birth may produce con-
tinuing doses and additional erfects, which are of importance to radiation
protection, It is, therefore, necessary to develop raticnal concepts and
methodologies to combine postnatal doses from resicual radicactivity and their
effects with prenatal doses and their effects.

c. Dose to Organs and Tissues

Many radicactive materials have specific organ or tissue afrinities or
focalize in the conceptus and fetoplacental unit. Calculation and assignment
of the associated radiation doses are complicated by the interplay of
affinities, .ranslocations, and growth. The absence of persistent tissues
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that can be identified as the target for either dose or response may pose
constraints. Concentrated efforts are necessary to decide how to apportiun
these organ and tissue doses at subsequent times, and when the exposed tissues
have differentiated into other structures and are no longer present in the
state in which they were irradiated.

d.  Multiple or Chronic Exposures

fssentially all transfer between the fetus and the pregnant woman takes

place across the placenta but no single term has been developed and validated
for fractional placental transfer. Values comparable to the f, values that
are used to express fractional absorption of radionuclides from the gastro-
intestinal tract or lung would be useful. Develooment of this concept would
pose difficulties; although numerical values could change throughout gesta-
tion, values should be established that pertain to broad periods of gestation
and incorporate the role of relevant target tissues and their metabolic

capacities.

Entry of radionuclides into the human concepius generally results from
1) maternal burdens prior to conception, 2) chronic or multiple low-level
exposures associated with intake during pregnancy, or 3) single accidental or
purpnseful administrations. The biokinetics associated with these different
scenarios need to be defined.

3. QDevelopment of Biokinetic Concepts
a. [Extrapolation

C(arrelations of animal data with human data, which often do not involve
comparable exposure patterns, form the basis for extrapolations that are used
in calculating or estimating energy deposition and determining radiation
absorbed dose. Current approaches are not completely acceptable because they
do not fully incorpurate the contribution of mobilization from maternal
tissues, repeated intakes, and growth of the embryo/fetus. Interspecies
comparisons at the kinetic and quantitative levels should be performed to
develop and test rational hypotheses.

b. Nonuniform Fetal Deposition

There are theoretical problems with calculating average radiation doses
to the embryo/fetus when the radioactivity is not uniformly dist-ibuted
throughout the embryo/fetus. Nevertheless, this approach currently is
required from a regulatory standpoint. Methodology that will allow calcula-
tion of radiation doses to individual organs or tissues of the embryo/fetus

should be developed.
c. Exiraembryonic Deposition

Some radicactive materials, such as thorium, are deposited in the
placenta, which restricts their entry into the fetus, while others, such as
actinides, deposit in the chorionic and yolk sac placentas as well as in the
embryo/fetus. The progenitor cells of the gametes and hematopoietic lines
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APPENDIX B

DOSIMLTRIC ASSUMPTIONS, FACTORS. AND TABULATIONS

This appendix presents the assumptions used to derive dosimetric factors
for calculating radiation doses to the embryo/fetus from selected isotopes
and chemical forms of the priority radioelements. It has been designed to
summarize and extend the dosimetric information presented in Section IV of
the report, and follows the same sequence. For consistency, in most cases
this information has been divided in three sections: (a) gioloqical aspects,

(b) biokinetics, and (c) dosimetry.

Responses %o the diaft for comment suggested that it would be useful to
provide more extensive illustration of the results using the recommended
dosimetric approaches, t{ptcal desimetric factors, and the impact of fro. apic
characteristics. The illustrations include tubulations of the calculated
fractions o. administered activity in the embryo/fetus (Appendix C) and the
resulting dose rates and doses to the conceptus in the mouths following
instantaneous introduction of unit activiiy (] wCi) 'nto the first transfer
compariment of the pregnant woman, as determined at successive stages of
gestation. These tables were prepared directly from the computer outputs,
which led to the vilues generally being expressed to three significant
figures. This clearly is greater accur.cy than is warranted by the dosimetry
mode!, but the results are presented in this form to fucilitate comparisons

with caiculations by others.

1. Inorganic Tritium and Carbon
Ingrganic Tritiun

a. Biological Aspects

It is assumed that wator vapor and hydrogen gas readily cross into the
capillaries of the lung, and do so equally in both directions. In air, how-
ever, most free hydrogen (stable or tritium) forms water, as does some of that
which is absorbed, but 1iitle tritiem is actually present in the body as gas.
An arbitrary value could be selected for dissolved gas, Lut the behavior of
this small fraction would not be markedly different from that of water and

does not require a separate calculation.

As was mentioned, proportional fetal hydration is greater than that of
the adult, but the magnitude of the difference is small in comparison to
sources of uncertainty. The dos‘metric impact would be relatively small,
and it 15 unlikely that a consistent difference could be established. Accord-
ingly., it will be considered that the concentration of tritium in the concep-
tus is the same as that of the pregnant woman, it would readily be excreted in
parallel with its loss from her body, and activit’ s in the conceptus could e

calculated on that basis.
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¢ Desimetry

The dose rates and monthly doses to the embryo/fetus associated with
inhalation of CO,, represented by introduction of 1 uCi of ¢ as bicarbonate
into the woman's blood circulation are shown in Yable D2,

2. Iritium and Carben in Organic Compounds (General)
i, Blelegical Aspects

Orgarnic compounds usually require digestion prior to gastrointestina)
absorption, but they will be considered only in Lhe form that is in blnod
after they have been absorbed, and form the woman’s inftial 1.0 wCi burden.
There ae essentially no available concentration data for *M-glucuse or
C.glucose that are directly applicable to radiation dosimetry in the emoryo/
fetus. However, from the high placental permeability to glucose, 1ts high
catabolic rate, and the rapid clearance of its metabolic products, the maximum
fetal and maternal concentrations can be assumed to be similar. There is
inadequate evidence regarding other labeled he<oses, but it may be inferred
that fetal concentrations would be substantially lower than those in pregnant

women .

After labeled amino acids have been incorporated into protein during
organogonosis or the growth phases of gestation, it is assumed that higher
proportional retention of activity, as compared tu the mother, is balanced by
concurrently reduced concentration as the consc?uenca of dilution by further
incorporation of amino acids; major deviations from maternal concentration
would not be cxpected. Oxidation of *M-labeled amino acids produces tritiated
water which exchanges and distributes throughout the intracellular and extra-
cellular water pools in both maternal and feta) compartments. Smal) amounts
of 'C-labeled amino acids may enter the carbohydrate poo) after oxidation,
but the predominant fraction foims '*C-carbon dioxide, which is rapidly elimi-
nated, as described in a previous section. It is assumed that the fetal con-
centration of most amino acids, such as leucine, that enter & pregnant woman
will be similar to average concentrations in her metabolically 2ciive tissues,
frrespective of whether they are labeled with * or 4,

b, Bickinetics

The mass of distribution of both * or ' sugars and amino acids are
assumed to be the body of the woman, exclusive of the skcleton; in early
precuancy, glucose is uniformly distributed in soft tissues, including uterus
and uterine mucosa. At 2 to 3 months and later, glucose readily crosses to
the fetus, and ti+ concerntration is not considered significantly different
from the woman’s erage. Fetal concentration of some other hexoses may be
less, but for generic considerations the same average is assumed, recognizing

the possibility of overestimation.

For calculational purposes, it is assumed that one-half of the maternal
and embryo/fetal glucose is instantaneously catubolized for energy. The
products are tritiated water, which is retained with the 10-day half-life
used above, and carbon dioxide, which is considered to crogcs the placenta
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within minutes after formation and to leave via the woman't lung. The other
hatf of the glucose may be assumed to bo converted to glycogen or other
structural materials, and retained through the remainder of gestation.

There is added uncertainty in pooled considerations of the behavior of
amino acids, as suggested by the ranges in the figures of Avpendix A. We
assume that amino acids behave the same as glucose, with uniform initial
distribution at the same concentration as that in the soft tissues of the
woman. Thus, whes weighted over the feta! period, about 5C% may be consicered
to be synthesized into proteins and retained throughout gestation. The
partition of this activity changes during tissue differentiation, so that an
assumed uniform fetal distribution is considered appropriate. The comparable
vaiue for catabolism of amino acids for energy production may be expucted to
he higher in the pregnan’ woman, but there is a lack of human data relating
metabolism to stage of gestation. As a time-weighted average, it 1s assumed
that 50% of the amino acids in the embryo/fetus are catabolized to water or
€O, during the first day. The calculated values of the retained fraction in
th‘ embryo/fetus after acministration of ™ or ' as hexose or amine acid are
shown in Tables €2 and C3, respectively, for administration at successive
months of gestation.

¢. Dosimetry

The dose rates g?d integral doses to the embryo/fetus from introduction

of unit activity of as typical organic compounds into the woman’s transfer

fQ?partnnnt are shown in Table D2. When the organic compeand $s labeled with
the dosimetric values are presented in Table D3.

3. Jritium and Carbon as Thymidine
a. Bielogical Aspects

The overall metabolism of thymidine is variously defined. ICRP Pubiica-
tion 30 and other scurces give gastrointestinal absorption values ranging from
one-tenth to one-fifth, while NCRP Repori Mo, 62 suggests that one-eighth of
available thymidine is absorbed from the gastrointestinal tract. However, an
accurate value is not reguired because calculations will be based on introduc-
tion of 1 wCi of activity, as thymidine, intoc maternal biood.

b. Bigkinetics

Although various standards give conflicting values and ranges for
thymidine mctabolism in adults, a common scenario assumes the half-time in
maternal bloed to be 1 hour (or less), and that rou?hly one-half of the
activity in maternal blood is incorporated into proliferating cells. Indi-
vidual tissues have a wide range of proliferating fractions; this would pri-
marily relate to adult dosimetry, and requires consideration only to obtain
the mass of distribution.

Although data are not available to directly estimate nlacental transfer,
it can be approximated by assuming that 10% represents the adult mass of
distribution (NCRP Report No. 63, p. 71, Table §), i.e., 5.8 kg in a 58 kg
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nonpregnant woman. The uterine mucusa and embryo begin proliferating at or
wefore the time of implentation, and could be ‘ncluded in this compartment,
for 2 to 3 months of gestation withnut affecting its mass.

Thymidine wou'd be expected to partition with roughly equal parcici-
pation of the uterine contents (placenta and fetus, primarily), so ihat
fractiona' activity should progressively increase through yestation. Pio-
liferation is rapid and the proliferating fraction 1s large, so reutilization
is high in the fetus. A definitive value is not available, but an assumption
of 80% as the fractional retention through the remainder of gestatior should
bo acceptable. This fraction will change with the stages of gestation,
Precision in calculacion will be reduced by the pattern of division in which
one of twe daughter cells eaves the proliferati~g pool, by programmed cell
death, and by other similar developments, parti uiarly during the decreased
growth-rate period near term. The contribution of isotope mass effect and the
differential reutilization of tritium- 2nd carbon-laheled thymidine are folt

to be minor problems.

¢. Dosimetry

Thymidine dosimetry involves urcertainties that are independent of
placental transfer but which are germane to prenatal dosimetry and effect.

Irrespective of the isotopic label, the thymidine is contained alhmst
entirely in the chromosome., FEecause of the short path length of the
B-particle, the primary dose is to the cell nucleus; with "°C, the exposure
to the labeled cell is more uniform. Irrespective of the specific volume in
which the energy is absorbed, the circumstances that lead to the dose calcu-
lation wiil influence the dosimetric approach. The energy may be averaged
over the nucleus, the whola cell, the tissue, or the organ, and over the
entire body mass of the conceptus for calculation of average dose to the

embryo/fetus.

In the absence of more specific information, it is necessary to assume
that the initi«l concentration in the conceptus after a single exposure (or
after each increment of multiple exposures) would be similar to that in pro-
liferating tissues of the pregnant woman; this ascumption providas a basis
to calculate activities. Because of the long retention time, and the embryo/
fetal growth that takes place during this period, the concentration would
decrease more rapidly in the cunceptus than in the adult, although the tota)
activity would not be affected. These several unknowns, uncertainties, and
variables make it inadvisable to present dosimetric tabulations at this time.

4. Cobalt
a. Biolegical Aspects

A1l relevant considerations were presented in the text. Attention is
drawn, however, to the fact that cobalt may be accidently or environmentally
ingested in inorganic form, and deliberately administered as vitamin B-12 in

nuclear medicine procedures,
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b. Biokinetics

ICRP Pubicatinn 30 (ICRP 1979) gives the fractional uptake and
retention equations, that, althcugh sinilar for inorganic and organic cobalt,
have important differences. Of cobalt that enters the transfer compartment,
one-half goes directly to excreiion; of the remainder, hepatic concentration
is four-times that of the rest of the body, for both inorganic cobait and
vitamin B-12. Feti] concentrations are considered equa. to the extrahepatic
maternal corcentrations, which amount to 45% of the activity initiaily ir the
transfer compartment. It is assumed that there is the same retention curve
for inorganic cobalt in all tissues. The curve involves three components,
with fraction sizes and half-lives of 0.6 for 6 days, 0.2 for 60 days, and
0.2 for BOO days. However, a single excretion rate, with a half-life of
60 days, can be used for vitamin B-12 in the fetus and the woman.

¢. Dosimetry

The most important radicactive isotopes of cobalt are *Co, "o, and
®Co. Tables C4 to C12 show the retained fractions of the ionic forms of
these isotopes, in compartments relevant to ~alculation of dose to the embryo/
fetus. The corresponding dose rates ond #-co Lo the embryo/fatus are shown in
Tables D4 to D6.

The isotopes used for preparation of vitamin B-12 are “Co and ®Co.
The bickinetic differences described above will affect the retained fractions
after intravesous injection of “Co and ™o i~ the form of vitamin 3-12.
Initial and retained fractions are shown in Tables C13 to C18 and the corres-
ponding dese rates and monthly doses to the embryo/fetus are presented in
Tables D7 and D8,

5. Strontium
a. Biglogical Aspects

Most of the relevant considerations were presented in the text. The
ICRP and other organications employ adult models that consider the skeleton as
the major compartment. We also presenled the role of the developing skeleton,
which becomes increasingly important throughout gestation on placental trans-
fer kinetics and embryo/fetal concentrations and activities. Through 2 menths
of gestation, therefore, it may be assumed that after tissue redistribution
has been completed, a maximum of 10% of the woman's burden will be distributed
throughout soft tissues, including the uterus. This distribution pattern does
not pertain through the ecbryo/fetus/placenta compariment at t = 0, as will be
discussed below.

b. Rigkinetics

A generally accepted yestational stage-related model for entry of
strontium into the embryo/fetus is not available. A simplified mode) was used
to illustrate a reasonable calculationa) approach that might be cunsistent
with the regulatory needs. Accordingly, calculations are based on the assump-
tion that the concentration of strontium in the embryc/fetus becomes the same
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would be expected to influence the dosimetric implications of d..+ to the
embryo/fetu:

b. Biokinetics

Based on ICRP Publication 30 (rart 2, p. 35) it is assumed that only
small amount of ruthenium is absor'sd from the gastrointestinal tract and
enters blood. Fifteen percent of uthenium 1ng0cted into the first transfer
compartment is excreted with a half-1ife of 0.3 days. The olher B5% is
assumed to be uniformly distributed in all tissues. This presumably would
include uterus and mucosa. Thus, initial dose in the early embryo, with a
relatively greater contribution from maternal activity, could be different
from dose to the fetus. The retained activity (B85%) has three components with
biological nalf-lives of 8 days (for 35%), 35 days (for 30%), and 1000 days
(for 20%). The placental transfer coefficient has not yet n determined but
is considered to be minimal. We tentatively assume that the amount trans-
ferred is such that it will give an initial average fetal concentration that
is 5% of the average concentration in the pregnant woman, with stage-sdjusted
activity.

€. Rusimetry

A conservative approachis to tentaiively arsume that the amount trans-
ferred will give an initial average fetal concentration of 5% of the average
cencentration in the pregnant woman, with stage-adjusted activities calculated
from £Eq. 8 of this report. A decay product of '"™Ryu, ™Rk is also radioactive
and decays by emisston of a high energy B-particle (3.55 MeV). The contribu-
tion of %0, ¢ the eubryo(fctus dose has to be included in any calculations.
The retained fractions of '"™Ru (in equilibrium with '%8h) in the pregnant
woman and her embryc/fetus are presented in Tables C23 and C24. The corres-
ponding total dose rates and doses are shown in Table D11,

7. ledine
a. Biological Aspects

Most reievant considerations were discussed in Section 1V of the report.
Prior to active fetal thyroid function (90 days), the iodide in the maternal
blood may be assumed to be available to the embryo by diffusion. Embryo/fetal
concentrations and activities are calculated as proportiona) te maternal blood
levels at these times, adjusted for differences in body weight.

b. Biokinetics

fhe biokinetics of iodide in the fetus have been discussed 'y Book

(1978), Johnson (1982, 1987), Roedler (1987}, and Elsasser (1986), among other
researchers. The biokinetic mod2ls these researchers empioyed range from
simple empirical ratios of fetal to wmaternal tnyroid concentration, to recyc-
Vg culgnrt-.ntll models with time-dependent transfer coefficients. There is
not cont ete a?roonont among these authors concerning the various paramcl rs,
al1though calculations of the concentration of iodide in the fetal thyroid
using the methods of Book (1978) and Johnson (1982) yield similar results at
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3 and 5 months of gestation, even though they differ by nearly » factor of

5 at 8 months. Several reviews and analyses of the available data are in
progress; complete consensus has not been reached concerning the most appro-
priate mode! and parameters, and in the interim, a biokinetic mode) based on
that developed by Johnson (1982) has been employed.

The availability of several radioisotopes of iodine, moreover, 11jus-
trates the effects of physical half- ife and decay scheme on biokinetics,
which can have a substantiall{ greater effect than other variations in param-
eters used in the model. Tables in fppendix C present retained fraction in
the fetal and maternal thyroid glands, as well as in their tolal bodies.

c.  Dosimetry

Published dosimetry data have been mostly concerned with the radiation
doses from radiciodine to the fetal thyroid. Doses to fetal thyroid have been
calculated from localized activity in thyroid, a fetal organ that is not
considered to exist prior to 3 montks of gestation. For a thyroid of a given
size, our radiation dose calculations agree well with those of Johnson (1982)
and Elsasser (1986). Current reguiations require calculations and expression
of the radiation dose to the whole fetus. To perform this calculation, we
determined the retained fractions of several isotopes of iodine in maternal
body and thyroid, as well as in fetal thyroid and the embryo/fetus exclusive
of its thyroid; ‘htﬁf V'Lyos e showq.}n Tables (€25 through C54. The short
half-Tives of the 'y, 31 11 ang =% isotqpes lead to extremely low
retained fractions n subsequent months. For '*°1 and '*'I, which have longer
radioactive half—li»es‘ the lﬂ't\l} fractlg@s are presented as values at 1 day
after injection. For "M, 181 U4 and "1, which have shorter half-lives,
the initial fractions are shown as values at 1 hour after injection. In addi-
tion, for the radioiodines with short half-Tives, the tables present peak
fractions in the maternal and fetal thyroid and the tiwes at which peak frac-
tions cccur. Linear increase was assumed thiough the peak, followed by a
decrease that reflects the physical half-time. The corresponding dose rates
and doses to the embryo/fetus and the fetal thyroid after radiciodine intro-
duction sto the trarsfer compartment are presented in Tables D12 through D23.

8. Cesium
a. Biplogical Aspects

The general aspects of the biological behavior were presented in the
text.

b. Biokinetics

The biological half-1ive of cesium isotopes is B4 days in non-pregnant
women (NCRP Report No. 52&. Cesium is uniformly distributed throughout the
entire body mass (ICRP Publication 30 [ICRP, 1979]). The concentration of
cesium in the embryo/fetus and surrounding uterine tissues is assumed to be
equal to the concentration in the maternal tissues. Thus, all tissues are
considered to be a single metabolic compartment.
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To be consistent with previous approaches to calculation, we use 58 kg
4s the woman's mass av 3 months of gestation (see Table 2), the same or
slightly less at conception (0 months), and proportionately consistent weights
at subsequont times. It is accepted that the biological half-life decreases
to 50 days in pregnant women, bul we assume that this change does not occur
until after 6 months of gestation. The biological half-lives that are assumed
were: 0-5 months - 84 days; 5-6 months - 70 days: 7-9 months - 50 days. Ffor
a singie gcute introduction into the transfer component the initial concen-
trations are asscoed to be the same (equilibrium) in ewbryo/fetus and woman
(C/C. = 1), The half-lives are the same, an’ the embryo in early gestation
could reasonably be approximated by the uterus.

¢. Desimetry

The dose to the embryo/fetus was assumed to consist of the sum of the
dose due to photons emitted by the radiocesium (and progeny) in the maternal
whoie body plus the dose due to the betas and photons emitted by the radio-
cesium (and progeny) in the embryo/fetus. This distinction was made in the
dose calculations, because S-values for photons were available for only two
gestationll stages (nongravid and three-montths prcgnan%&. Tables C55 through

58 contain the initial and retained fractions of the (s and '*’Cs burden
remaining in the pregnant woman and in the embryo/fetus following introduction
into the transfer compartment. The corresponding radiation dose rates and
doses to the embryo/fetus are presentzd in Tables D24 and D25,

9. Uranium
a. Biological Aspects

The primary relevant considerations were presented in the text.

b. Biokinetics

the data from experimental animal studies succcst that the distribution
pattern of uranium 16 similar to that of plutonium, especially at the early
stage of gestation. Tne biokinetics of plutonium (see Section 0, follawing)
provide an acequate model for uranium. Accordingly, concentralions of uranium
in the embryo/fetus are token to be the same as those in the "oiler” maternal
tissue (all soft tissues excluding Lthe kidneys) during the first twe months,
1.5 times greater ot 3 months, 2 times greater at ©§ months, and 3 times
greater at 6 months., (he factors by which these conceniration ratios are
multiplied, however, neeu to be ac justed for uranium. In particular, the
fraction of activity that is retained in the "othe," tissues is 0,12 (compared
to 0.1 for plutonium), and the biological nalf-life is 6 days (ICRP 1479)., In
addition, the few animal data and humen measurements suggest that the tenta-
tive estimates of the transfer fractions to the embryo/fetus sre only nne-half
of the stage-related transfer fractions of plutonium. Follouwing transfer into
the embryo-fetus, uranium activity is assumed to bte distributed uniformly and
to remain without excraotion. These factors have been introduced into the
calculations The resuiting initial and retained fractions of uranius in the
emb;yo{fetus after introduction to the maternal transfer compartment are shown
in Table C59.
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We assume constant activity in the fetus at all times subsequert to
exposure, As & result of the assumed relations to plutonium, dose calcula-
tions can be performed using these fetal activity values, which are 0.6 times
the multipliers that were used for plutonium, These doses are presented in
Tables D26 through D2% for four isolopes of urarium.

10, Plutenium
a. Biological Aspects

The primary relevant considerations were presented in the .ext.

b. 2iokinetics

Irrespective of uncertainties relating to extrapolations and exposure
patterns, the radiation doses in the embryonic stages would be relatively
homogeneous, they would be a small fraction of the doses received by the
pregnlnt woman when averaged over all tissues, and would constitute an even
smaller fraction of the dose to any tissue in which there was specific
deposition. High localized concentrations throughout the placental struc-
tyres, including yolk sac, may result in radiation absorhed doses that are as
great or greater thin those to any of the maternal tissues, Because of their
short path length, alpha particles from extra-embryonic areas would not reach
the embryo, but beta emissions could irradiate adjacent extra-embryonic areas.
As discussed elsewhere in this report, however, it is during the embryonic
stages that deposition in the yolk sac might have the greatest potential sig-
nificance for prodicing delayed deleterious effects,

As gestation progresses, there ,. an increase in the relative concen-
tration in specific fetal tissues. There are uncerta‘nties in the appropriiie
values to be used far concentration and dose ratios relative to species and
chronicity, as was discussed in Section IV of the repo-t. For our tent-tive
approach, however, it wili be appropriate to consider the average
concentration during the embryonic stages as being roughly the same as that in
soft tissues of the woman after a single introduction into the first transfer
compartment. For intakes on a continued or undefined basis, the few experi-
mental animal and human data suggest that the average concentration i¢ higher
in the fetus during the second or third trimesters than in soft tissues of the
pregnant woman, exclusive of the liver. This concentration obviously wouid be
significantly less than that in maternal tissues of primary depcsition, the

bone and )iver.

Following introduction into the transfer compartment, plutonium is
assumed Lo be distributed according Lo the description given in ICRP 30
(1973). Ten percent of the plutonium in the woman is distributed to the
*other® tissues (all soft tissues excluding the gonads and liver). The activ-
ity in the embryo/fetus is assumeu to be uniformly distributed, at concen-
trations that relate to the "other" maternal tissue, but with values that
allow for increasing relative concentrations as pregnancy progresses. The
concentrations are assumed to be the same as that in the "other® tissues of

B-11



e o R TP, — R I TR TR, - - R A IR LI~

the woman during the first two months of pregnancy, 1-1/2 times greater at
3 months, twice at 6 months, and thrice at 8 months. following transfer into
the embryo/*etus, the activity 1« assumed to remain, without excretion,

¢ Dusimetey

The alpha particles emitted by ™9y would be the major contributor to
the radiation dose received by the embryo/fetus when the activity is contained
within the embryo/fetus, The S-value for photons is about five orders of mag-
nitude less than that for alpha particles.

Table C60 shows initia)l and retained fractions of the activity in the
embryo/fetus after administration at successive stages of pregnancy. The
cons~quent radiation doses for activj£¢ contained in the embryo/fetus are
presented in Tables D30 and D31 for Py and 9Py, respectively.

11, Americ)
a. Biglogical Aspects

Many relzvant aspects of biological behavior were considered in Sec-
tion IV of the report. It is to be noted, however, that clearance measured in
perfused placentas is similar to that of plutonium, but rapid hlood clearance
in the woman decreases the amount transferred to the embryo/fetus to about
one-¥1fth to one-tenth that of plutonium (Sikov 1987). The evidence indicates
thar essentially all activity remains in the embryo/fetus after entry.

b. Biekinetics

Following the depocition pattern suggested by ICRP 30 (ICRP 1979), we
will assume that there is no activity in the general soft tissue ov the woman,
but there is the indicated 0.45 fraction in the liver and in the skeleton.
This pattern does not provide a means to estimate activities in the embryo/
fetus, but these can be extrapolated from plutonium biokinetics. Therefore,
w2 will assume that the initial fractional activity in the conceptus is
one-fifth of the plutonium activity, with the same pattern of stage-reclated
activity only, and that all activity remains thereafter. The resulting values
for the initial and retained activities of ®Am in the embryo/fetus are jre-
sented in Table C61.

¢. Dosimetry
Using calculational procedures similar to the those described for plu-
the

tonium, dos« from ?*'Am in the embryn/fetus have been determined. These
are shown in Table D32,
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Table C1. Fraction of activity in the embryo/fetus initially and fractions at start of subsequent
30-dav periods after introduction of ™, as tritiated water, into the maternai transfer

compartment (Dlood)

Days of
Gestation at

Introduction ¢ 30 60 0 __ _ 120 30 180 _2i0 240 270
0 1.36E-11 1.69E-12 2.10E-13 2.61%-24 3.25E-15 4.04E-16 5.03E-17 6.26E-18 7.78E-19 9.A9E-20
30 6.20E-CG7 7.71E-05 9.606E-09 1.192-09 1.49E-10 i.B5E-11 2.30€-:2 2.86E-12 3.56F-14
60 9.65E-05 1.20E-05 1.49€-G6 1.86E-07 2.31E-08 2.58E-09 3.58E-10 4.46E-11
%0 S.ISE-0¢ ~ J1E-05 7.97E-06 9.92E-07 1.23E-07 1.54E-08 1.91E-09
120 2.66E-03 3.31E-04 4. 12E-05 5.12€-06 6.376-07 7.93E-08
150 7.60£-03 9.45E-04 1.18E-04 |.46E-05 1.82E-06
180 1.53E-02 1.90E-03 7.37E-04 2.95E-05
210 2.50E-02 3.12E-03 3.88E-04
240 3.59£-02 4.46E-02
270 4.67£-02

Z Table ©2. Fraction of activity in the embryo/fetus initially and fractions at start of subsequent
30-day periods after introduction of M, as a hexose or amino acid, irto the maternal
transfer compartment {(blood)

Days of
Gestation at : Stage of Gestation (Initial Dav of Period)
Introduction 0 30 60 9  _J20 150 10 2IC 240 270
] Nl N ] L] ~ " N N [ N

30 6.20E-07 3.476-07 3.12E-07 3.06E-07 3.04£-07 3.03E-07 3.01E-07 3.00E-07 2.99¢-07
&0 9.656-05 5_40E-05 ¢.86F-05 4.77E-05 4.74F-05 4.72E-05 4.69E-05 4.67E-05
90 5.156-04 2.88E-04 2.59E-04 2.550-04 2.53E-04 2.526-04 2.51E-0¢
120 /.6G6E-03 1.49-03 1.346-03 1.31€-03 1.31£-03 1.30€-03
is0 7.60¢-03 4.256-03 3.826-03 3.756-03 3.73(-03
180 1.536-0Z 8.57E-03 7.70€-03 7.56E-03
210 2.506-02 1.40E-02 1.26€-02
240 3.596-02 2.01E-02
270 4.676-02

{a} N indicates that the metabolic pattern is such that a negl igible fraction is present throughout
gestation when activity is administered immediately after fertilizat.on. Fractions resulting
from administration later during the first month can be approximated as shown on page C-1.






Table C5. Fraction of activity in the maternal body (excluding liver) initially and fractions

at start of subsequent 30-day periods after introduction of Co int( the maternal
transfer compartment (biocod)

Days of
Gestation at Stage of Gestation (Initial Day of Feriod)
Introduction 0 30 _60 90 120 }50 180 210 240 270
0 §.50F-01 1.48E-01 1.12E-C! 9.14E-02 7.60E-02 6.42E-02 5.486-02 4.73E-02 4.11£-02 3.59E-02
30 9.50E-01 1.48E-01 1.12E-01 S.12E-02 7.56F-02 6.376-02 5.43E-02 4 .676-02 4.06E-02
60 9.50E-01 1.48(-01 1.12E-01 9.07:-02 7.51£-02 6.31€-02 5.37E-02 # S2F-02
g0 S.50E-01 1.48E-01 1.11E-01 9.00E-02 7.43E-02 6.24E-02 5.31E-02
12¢ 9.47E-01 1.476-01 1.10E-01 B.91E-02 7.356-02 6.17¢-02
150 9.43E-01 1.46E-01 1.09E-C1 B.81E-02 7.27¢-02
i80 9.35E-01 1.44E-C1 1.08L-01 B.71E-02
210 9.26E-01 1.43E-01 1.07€-01
140 S.16E-C1 1.4iE-0]
270 $.06E-01
< Table C6. Fraction of activity in the embryo/fetus initially and fractions at start of subseguent
- 30-day periods after introduction of 1 uCi of (o into the maternai transfer compartment
(blood)
Days of
Gestation at Stace of Gestation {initial Day of Period}
Introducticn LA 30 60_ 90 120 150 i8¢ 210 = 24C g70
0 nial 9.176-08 1.08E-GS 4.71E-05 2.03E-04 4 91E-04 8.52E-04 1.21E-03 1.53E-03 1.76£-03
30 S5.89E-07 1.43E-05 5.77€-05 2.43E-04 5.79£-04 9.90E-04 1.39E-03 1.74£-03 1.99t-03
6. 3.17E-05 7.62E-05 2.98E-04 6.94E-04 1 17¢-03 1.62E-03 2.00t-03 2.26E-03
S0 4 .89E-04 3 93E-04 8 52E-04 ] 40E-03 [.91E-03 2.32E-03 2.60£-03
120 2.53E-03 1.126-03 1.72€-03 2.29€-03 2.73E-03 3.02£-03
150 7.226-03 2.26E-03 2.81E-03 3.28E-03 3.56£-03
180 i.45€-02 3.71€-03 4.02E-02 4.27E-03
210 2.38£-02 5.31E-03 5.23t-03
240 3.41E-02 6.91E-03
270 4 A4E-02

{a) N indicates that the metabelic pattern is such tnat a negliaible fraction is present fnigially'yhen
activity is administered immediately after fertilization. Fractions resulting from administration
later during the first month can be approximated as shown cn page C-1.
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Table Cll. Fractiom of activity in the maternal body (excluding liver} initialiy and fractions

at start of subsequent 30-day periods after introduction of ™o into the maternal
transfer compartment {blood)

Days of |
Gestation at v |
Introduction _ @ 30 60 S0 120 150 180 210 240 270 |

Y 9.50E-01 1.S8E-01 1.28E-01 1.11€-01 9.90E-02 8.S2£-02 8.14£-02 7.50£-02 €.966-02 6.51E-02 |
30 9.50E-01 1.58E-01 1.28E-01 1.11E-0] 9.85€-02 8.86E-02 8.06£-02 7.426-02 6.88¢-02 |
60 9.50£-01 1.58E-01 1.28€-01 1.11E-01 9.77E-02 B.77€-02 7.97€-02 7.336-02 |
90 9.50E-01 1.58E-C1 1.27¢-01 1.10E-0i 9.67€-02 8.67E-02 7.89£-02
120 9.47E-C1 1.57E-01 1.26€-01 1.09€-01 9.57€-02 8.58¢-02
150 9.43E-01 1.56E-01 1.256-G1 1.07€-01 9.46E-02
130 $.35E-01 1.54E-0! 1.23E-01 1.06E-81
219 S.26E-01 1.52E-01 1.22£-01
24¢C 9.16E-01 1.51€-01
270 $.06E-C1

©  Table C12. Fraction of activity in the embryo/fetus ‘nitially »d fractioms at start of subsequent
= 30-day periods aftur introduction of *Co into the maternal transfer compartment {tlcod)

Days of |
Gestation at stage of Gestation {imitial Day of Period) |
Iatroduction (Il 30 €0 9% 120 150 180 _2iC 240 270 |

0 Nl®) 9. 80F-08 1.23E-05 5.73E-05 2 64E-04 6.83E-04 1.276-03 1.936-03 2.596-03 3.196.6°
30 5.89E-07 1.53E-C5 €.59E-05 7.966-04 7.54£-04 1.386-03 2.076-03 2.766-03 3.376-03
60 9.17E-05 8.14E-05 3.407-04 B.46E-04 ].52¢-03 2.256-03 2.97E-03 3.59¢-02
90 4.89E-04 4.206-04 9.726-04 1.706-03 2.49¢-03 3.236-03 3.86F-03
120 2.53E-03 1.20€-03 1.96£-Nn3 2.796-03 3.56F-03 4.20£-03
15¢ 7.226-03 2 426-03 3.20£-02 4 .00F-03 ¢4.636-03
180 1.45E-02 3.96E-03 4.58£-03 5.20£-03
210 2.386-02 5.67¢-03 5.97¢-03
240 3.416-02 7.386-03

3
-
5
=

{a) N indicates that the metabolic patiern is such that a negligible fraction is present initially when
activity is administered immediately after fertilizatien. Fraction vesuliting from 2dministration
later during the fi-st month can be approximated as shown on page (-1.
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Table C15. Fraction of activity in the embryo/fetus initially

and fractions at start of subsequent

35-day periods after introduction of *Co, as vitamin B-12, into the maternal transfer

compartment (blood)

Days of

Gestation at ion (Initial Day of Period) .
Introduction 9 30 60 % _J20 150 180 219 240 27¢
0 Nia) 3.65E-07 3.72E-05 1.30€-04 4 40F-04 8.23F-04 1.096-03 1.16F-03 1.096-03 9.31E-04

30 5.58£-07 5.69E-05 1.99E-04 6.72(-04 1.25¢-03 1.666-03 1.78F-03 1.676-03 1.426-03

o0 8.58E-G5 3.04E-04 1.03E-G3 1.926-03 2.53E-03 2.71€-03 2.55¢-92 2.176-03

S0 §.64E-04 1.57€-03 2.93E-03 3.876-03 4.156-03 3.8%£-03 3.317-03

120 2.39E-03 4.48£-03 5.91E-03 £.336-03 5.94£-03 5.06F-02

150 6.84E-03 9.02€-03 9.67E-03 9.06E-03 7.73f-03

ise 1.38E-02 1.48BE-02 1.38€-02 1.1BE-0

21 2.256-02 2.11£-02 1.80£-02

2. 3.23¢-02 2.75E-02

raly 4 .208-02

Table C15. Fraction of activity in the maternal liver initiall

y and fractions at start of subsequent

30-day periods after introduction of "o, as vitamin B-12. inte the maternal traasfer

compartment (blood)

Days of
Gestation at

Introduction 0 30 &0 90

ion ) i
420 150 180 210 240 270

0 1.00E-01 7.C0E-02 4.89E-02 3.42€-02 2.39£-02 1.67E-02 )1.17E-02 8.20F-03 5.736-03 4.01E-C3
30 1.00E-01 7.0GE-02 4.89E-02 3.42€-02 2.39E-02 1.67€-02 1.17E-02 8.20E-03 5.73£-03
60 1.00E-01 7.00E-02 4.89E-02 3.42E-02 2.39E-02 1.67€-02 1.17E-02 8.20£-03
S0 1.00E-01 7.00E-02 4.89€-02 R.42E-02 2.39€-02 1.676-02 1.17E-02

120 1.00E-0] 7.00E-G2 4.89€-02 3.42£-02 2.39¢-02 1.67£-02
150 1.00E-01 7.00E-02 4.89€-02 3.426-02 2.39E-02
180 1.00E-01 7.00E-02 4.89E-02 3.42¢-02
2i0 1.00E-01 7.00E-02 4.89E-02
240 1.00E-01 7.00E-02
27 1.00E-01

{a) N indicates that the metabolic pattern is such that a negligible fraction is present initially when

activity 1s administered immediately after fertilization.
later during the first month can be approximated as shown

fraction resulting from administration
on page C-1.
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Table C29. Fraction of activity in the maternal body {excluding thyroid

at start of subsequent 30-day pericds after introduction of )’! into the maternal

transfer compartment {blood)

initially and fractions

h;w—wmwN—-O

3

W~y
~.~§
v
RIRIIARBER

O-‘O’i
.

2
'T‘

ZRBER

Days of
Gestation at t i ay of Period)
Introduction 0 30 6¢ 9% )20 150 180 210 240 270
0 4 53E-0z 1.45E-03 1.14E-04 7.73E-06 S.12E-07 3.376-08 2.22E-09 1.46E-1C
30 4.84E-02 1.45E-03 1 14E-04 7. 73E-06 5.126-G7 3.37E-08 2.22E-08
80 4. 84F-02 1.45E-03 1.14E-04 7.73E-06 5.12€-07 3.37E-08
Q0 4 B3E-02 1.45E-03 1.195-04 7.73E-06 5.11E-07
120 4 .43E-02 1.44E-03 1.13E-04 7.67E-06
150 4 04E-02 1.42E-03 1.12tE-C4
180 3.65E-02 1.41E-02
210 3.27E-02
240
270

T TYable C30. Fraction of activity in the maternal tﬁyroid initially and fractions at start of subsequent

30-day periods ifter introduction of 13

I irte the maternal transfer compartment (blood)

O\
Days of
Gestation at Stage of Sestation {Initial Day of Period)
Introduction 0 30 50 S¢ __j20 3¢ 180 _ Z2i0 240 270
4] 2.37E-01 1.776-02 1.16E-03 7.62€E-05 S5.01€E-06 3.30E-07 2.17E-08 1.43E-08 9.40E-1] 6.18E-12
30 2.376-01 1.77€-02 1.16E-03 7.62E-05 5.0iz-06 3.30€-07 Z2.17E-08 1.437-09 S.40E-11
60 2.37E-01 1.77E-02 1.16f-03 7.62E-05 S.01E-06 3.30t-07 2.17E-08 1.423£-09
9n 2.37€-01 1.77E-02 1.16E-03 7.62E-05 5.01€-06 3.30E-07 2.178-08
120 2.36E-01 1.75E-02 1.156-03 7.56E-05 4.98E-06 3.28E-07
150 2.350-01 1.74E-02 1.14£-03 7.51E-05 4.95¢-C6
180 2.346-01 1.72€-02 1.13£-03 7.46:-G5
2190 Z2.33E-0! §.71E-02 1.12E-03
240 2.32E-07 §.70E-Q2
270 2.31E-01

B TSR

I



Table C£31. Fraction of activity in the embryo/fetus {excluding fetal thyroid) initially and fractions
at start of subseguent 30-day periods after in‘roduction of '] intc the maternal
transfer compartment (blood)

Days of

Gestation a Stage of Gestation (Initial Day of Period)

Int-oduction R 30 ___ 60 90 120 150 186 210  _24c _ 270

] niai 1.79E-11 2.20E-10 7.92€-11 4.30E-11 1.76E-11 3.99F-12 €.31£-15 7.98€-14 8.67E-15

3t 2.94E-08 2./9E-09 1.18E-09 6.482-10 3.476-1C 6.05E-11 9.58F-12 1.21E-12 1.326-13

60 4.5BE-06 1.4SE-08 S.40£-09 3.956-09 9.06(-10 1.44F-10 1.83F-1) 1.9%E-12

90 2.44E-05 3.20E-07 9.20E-08 1.72€-08 2.50£-09 3.03E-19 3.218-11

120 1.20E-04 1.22E-05 1.57€-06 1. 58E-07 1.41E-G8 1.3i86-09

150 3.18E-04 3.65E-05 3.88:-06 3.37¢-07 2.67E-08

150 5.84E-04 7. 17E-0% 6.83E-06 5.38:-37

2i0 8.63E-04 1.17E-04 1.53E-05

240 ‘ 1.11E-03 1.70£-04

279 1.27E-93

7 Table €32. Fraction of activity in the fetal thyroid initially and fractions at start of cubseguent
- 30-day pericds after introduction of ! into the waternal transfer compartment {bloed}
Days of
Gestation at _Stage of Gestation {initial Day of Period)
Introduction 0 30 g _ 8 __ _I1» 1% _ 1% 2 @ 2% 270

¢ - - - 8.B7E-12 1.69€-09 4 32E-10 6.216-1) 6.92E-17 6.64E-12 5.755-14

30 - - - 1.31E-10 Z.53E-08 €.54E-03 9.41E-10 1.056-10 1.01E-11 8.73E-13

&0 - ~ - 1.65£-09 3.62E-07 S.67E-08 1.41E-08 1.58E-0% 1.52E-10 1.328-11

b 14 - - - 1.56E-04 1.74E-05 2.218-06 2.626-07 2.706-08 2.496-09 2.131t-10

120 3.B1E-03 3.17E-04 2.225-05 1.55E-06 !.06E-07 7.13E-09

150 7.42E-03 5.74E-04 3.83E-05 2.50F-0€ 1.59€-07

180 1.10E-0Z 8.08E-04 5.13E-05 3.17E-0¢€

210 1.45E-02 1.02E-03 6.15¢-05

240 :.BOE-DZ 1.20£-03

270 2.156-02

{a} N indicales that the metabelic pattern is such that a negligiole fraction is present initiall;
when activity is administered immediately after fertilization. Fraction resulting from admini-
stration later during the first month can he approximated as shown on page C-1.




Table £33. Fraction of activity in the maternal body (excluding thyroidL!initially and fractions
at start of sucsequent 30-day periods afier introduction of '32] into the materral
transfer compartment (blood:

Days of
Gestation at 3

Stage of Gestation {Initial Day of Peried)
Introduction € 30 60 9¢ 120 150 186 210 240

0 6.65E-01 0 0 ¢ 0
30 6.56E-01 ¢ 0 ¢
50 6.66E-01 0 2

0
36E -

80 6.56E-01

120 6.66E-01
150 6.65E-Cl
180 6.65E-01
210 6.65E-01
240 6.65E-01
270 €.64¢

OO0
OO0 OO
OO OO
DoCOoOoOOO
OO0 OOOOO

o

é; Table (34, Fraction of activity in the maternal Eﬁyroiﬁ initially and fraction: at start of subseguent
I

30-day periods after introduction cf into the maternal transfer compartment (bloocd)

F

-01

Days of
Gestation at Stane of Gestation {Initial P.' of Peried)
Introduction ___C 3G 60 90 120 _js0 180  _2j0 240 270
0 1.89F-02 0 0 0 ) ¢ 0 0 0 e
30 1.89£-02 0 0 0 o 0 0 0 0
60 1 87-02 0 ¢ e 0 c 0 0
90 1.85£-02 0 0 0 0 0 0
120 1.89€-02 0 0 0 0 0
150 1.89€-02 0 0 0 0
180 1.8%€-02 0 0 0
210 1.89€-02 ¢ )
240 1.89€-02 0

270 ' 1.89F

-02

e e



Table C35. Peak fraction of activity in the maternal thyroid at 3 hours and fracticns at start

of subsequent 30-day periods after introduction of 3] inte the maternal transfer
compartment (blood)

Days of
Gestation at Stage of Gestation (Initial Day of Period)

Introduction 0 30 60 20 120 150 180 210 240 7270

0 2.78E-02 0 0 i} ¢ 0 0 G 0 ¢

30 2.78E-02 c n 0 0 0 0 0 0

60 2.78E 02 0 0 c 0 0 e ]

99 2.78E-02 0 0 0 0 0 0

120 Z.78E-02 0 ¢ 0 ¢ 0

150 2.78E-02 0 0 0 ]

180 2.78E-02 0 0 0

210 2.78E-02 0 ¢

240 2.78E-02 0
270 2.78E-02

T Table C36. Fraction of cctivity in the embryo/fetus {excluding thyroid) initially and fractions
© at start of subsequent 30-day perinds after introduction of '] into the maternal
transfer compartment (blood)
Days of
Gestation at Stage of Gestation {Initial Day of Period}

Introduction 0 20 50 _ 90 129 150 180 210 2490 270

¢ Nia) 0 0 0 0 0 0 90 0 0

3¢ 4.13F-07 e D 0 0 0 0 e ¢

60 6.43E-05 0 J 0 0 ¢ e 0

90 3.437-C4 0 0 0 0 0 0

120 1.77€-03 0 0 0 0 0

150 5.06E-03 0 0 0 0

180 1.02E-02 0 0 0

210 1.67E-0c 0 0

240 2.38E-02 0
270 3.10E-02

{a) N indicates that the metabolic pattern is such that a negligible fraction is present initially
when activity is adminisicrsd immadiately after fertilization. Fracticon resulting from
adminict~ation later during the first month can be approximated as shown on page C-1.

SR § I L -




Table C37. Fraction of activity in the fetal thyroid initially and fractions at start o€ sudseguent
30-day perieds after introduction of 31 into maternal ‘ransfer compartment {iYcod)

Days of
Gestation at Stage of Gestation (Initial Day of Peried)
Introduction Q 30 60 N A AN . 28 2. 8. .
0 - - - 0 0 e 0 0 0 0
30 . - - 0 L 0 0 0 0 0
60 - - - 0 g 0 0 0 ¢ 0
S0 - - - 1.98E-07 0 0 4] ¢ ¢ ¥
120 2.91E-04 0 0 0 0 ¢
150 5.82E-04 0 0 0 0
180 8.73E-04 0 0 0
210 1.16£-03 0 0
240 1.45E-03 0
270 1.75€-03
tﬂ
S Table €38. Peak fract on cf activity in the fetal thyrecid at 3 hours ard fractions at start of
subsequent 30-day periods after introductien of '*[ into the maternal transfer
compartment {blood)
Days of
Gestation at Stage of Gestation (Initial Day of Period)
Introduction Q 30 60 9C 120 159 80 210 240 279
0 - - 0 1] (4] 4] 4] 9 3
30 - - - 0 0 o e 0 0 ¢
80 - - 0 ] 0 0 o 0 0
S0 - - - 8.46E-37 0 0 C 0 0 0
120 4.31E-04 0 0 0 0 0
150 8.605-04 0 0 0 0
180 1.29€-03 0 0 e
210 1.726-03 (¢ [+
240 2.15£-03 0

270 2.57E-03



Table C39. Fraction of activity in the maternal body (excluding thyroidbnin!tialiy and fractions

at start of subsequent 30-day periods after introductien of I into the materra,
transfer compartment (blood)

Days of

Gestation at Stage of Gestation (Initial Day of Period)
Introduction __ 0 30 60 90 120 150 e 210 _Zi0 20

0 8.72E-01 v 0 0 0
30 §.72E-01 0 0 0
Y 4

¢

80 8.72:-01

DOO0CO0O
(=R e = ]

150 8.72E-01
120 8.72E-01
210 8.71E-01
240 8.71E-01
270 8.71-01

COQODOO
OO0 oOoOO00
oooooOoOOoOo

o

é: Tahle C40. Fraction of activity in the maternal Egyroid initially and tractions at start of subsequent
?0-day periods after introduction of 3] into the materna: transfer compartmeat {biced)

Days of
Gestation at Stage of Gestation {Initial! Dav of Peried)
Introduction {4 30 60 90 120 150 180 210 240 270
¢ Z2.47E-02 0 0 1 G 0 v} 0 ¢ 0
30 2.47¢-02 0 0 0 0 Q 0 0 0
60 2 .47F 2 0 0 0 0 0 0 C
90 2.47E-02 6 4 0 0 0 0
120 2.47E-02 0 ¢ 0 0 0
i50 2.47E-02 0 0 4 0
180 2. 47E-0C U ¢ ¢
210 2.47E-02 0 0
240 2.47E-02 0
270 2.47E-02

R —



Table C4i. Peak fraction of activity in the maternal thyrcid at 13 hours and fracticns at start of
subsequent 30-day periods after introduction of '] into the maternal transfer
compariment {(blood)

Days of
Gestation at Stage of Gestation (Initial Day of Periog)
Introduction 0 30 __60 i MO e L R [ O 210

0
0
0

~
3

0 1.22E-01 0 0

30 1.22£-01 e

60 1.22€-01

90 1.22¢-01
1?20 1.22E-01
150 1.22¢-01
180 1.22€-01
219 1.22E-01
240 1.22E-01
270 1.22E-01

0 0
0 0
0 )
0 c
0

COoOO0OOO O
MOCTO0O0OOO
OO0 O0OO00

DO OLDOMDOVO

i e SR TR Sl S T
i .
|
|
|
|
|
|
\
|
|
|
|
|
|
|
|
|
l
|
|
|

©  Table C42. Fraction of activity in the embryo/fetus {excluding thyroid) initially and fractions
s at start of subsequent 30-day periods after introduction of I inte the maternal
transfer compartment {blood)

Days of
Gestation at Stage of Gestation {Initial Day of Period} ,
Introducticn 0 30 60 90 120 150 180 210 . 2%0 _ 210
0 Nie) e 0 0 o 0 0 0 0 e
3C 5.41E-07 0 0 ¢ ¢ 0 0 ¢ 0
60 8.42¢-05 0 0 0 0 0 0 0
90 4 4%E-04 0 0 0 0 0 0
120 2.32e-03 ¢ 0 0 0 ¢
150 6.62E-03 0 0 0 0
180 1.33E-62 0 0 0
210 2.188-02 0 G
240 3.12€-02 0
270 4, 06E-02

{a) N indicates that the metabolic patiern is such that a negligibie fractior is present initially
when activity is idministered immediately after fertilization. Fractions resuiting from
administration later during the first menth can be approximated as shown on page C-1.



Table C43. Fraction of activity in the fetal chyroid initialiy and fractions at start of subsequent
30-day periods after introduction of 1331 into the maternal transfer compartment (bicod)

Days of
Gestation at tage of Gestation {lnitial Dav of Peried)
Introduction __ * _ _ 30 60 20 _ 120 350 _]80 210 240 270 _
0 - - - 0 0 v ¢ ¢ 0 C
3¢ - - - 0 0 0 0 0 0 ]
60 - - - 0 0 ) 0 o 0 0
30 - - 2.60E-07 0 2 0 0 0 0
120 3.81E-04 0 0 0 0 e
150 7.82E-04 0 0 ¢ 0
180 1.14£-03 ¢ 0 0
210 1.52£-03 3 0
250 1.90€£-03 0
270 2.88t-07
f': Table C44. Peak fraction of activity in the fe‘al thyroid at 13 hours and fractions at start
() of subseguent 30-day periods after introduction of 3] inte the maternal transfer
compartment {blood)
Days of
Gestation at _ St 147 -
Introduction ¢ 30 60 90 120 150 189 210 240 270
0 - - - 0 0 ] 0 0 0 0

30 - - 0 9 0 0 3 0 0
60 - - - 0 o 0 ¢ 0 9 0
50 - - - 1.64E-05 0 ¢ 0 g o 0
120 1.90F-03 0 ¢ 0 0 c
150 3.78E-03 0 0 0 0
180 5.65€-03 0 0 8
210 7.51€-03 0 0
240G 9.37¢-03 0

270 1.12€-02



¥2-)

T.ole C45, Fraction of activity in the maternal body (excluding thyroid&u‘nitially and fractions

at start of subsequent 30-day periods after introduction of
transfer compartment {blood)

I into the maternal

Days of
Gestation at . Stage of Gestation (Init‘al Dav of Period)
Introduction 0 30 37 9¢ 120 150 180 210 240 270
0 4.06E-01 0 0 0 v} 0 0 0
30 4.06£-01 0 0 0 0 0 0
60 4 05E-0. 0 9 0 0 0
90 4.06E-01 0 0 0 0
120 4.06E-01 0 0 0
150 4_.06E-01 0 0
180 4 _.05E-01 0
210 «.95¢-01
240
270

OO0 COOoO0

4.05E-01

SOoOCcCOoOOOoOO

4.05E-01

Table C46. Fractior ~f activity in the maternal anroid initially and fractions at start of suosequent

30-day p+«* .ods after introduction of
Days of

I into the maternal transfer compartment (biood)

Gestatior at Stage cf Gestation {(Initial Day of Period]
Introduction 0 30 €0 50 _J20 130 180 2190 240 270
] 1.10E-02 0 0 ] 0 0 0 0 0 0]
30 1.10E-02 1] 0 0 4} 0 0 [#] a
&0 1.10€-02 0 1] G 0 (1] 0 0
el 1.10E-02 0 g 0 0 4] (¥]
120 1.10€-02 0 d 0 0 0
i50 1.10E-0? 0 0 a 0
180 1.1G€-02 0 ¢ (¢
210 I.10E-C2 ) ¢
240 1.10E-02 0
1.10€-02

27¢



Tablr C47. Fractien of activity in the embryo/fetus {excluding thyroid) initially and fractions at start
of subsequent 30-day periods after introduc:iion of 3] inte the maternal transfer compartment

{bload)
Days cf
Gestation at _Stage of Gestation (Initial Day of Period)

Introduction 9  AREONEN S SESNER:  TUNONNE | TN R TR 210

0 nisl c 0 0 0 0 0 0 0 G

30 2 52¢-07 4] 0 0 0 0 0 0 0

60 3.92¢-05 0 0 0 0 0 0 0

90 2.09E-04 0 0 0 0 0 0

120 1.08E-03 0 0 ] 4] J

150 3.08E-0? o o 0 n

180 6.20E-03 0 0 ¢

2190 1.02¢-02 0 9

240 1.45£-02 0
270 1.89€-02

<’ Table C4B. Fraction of activity in the fatal thyroid initially an¢ fractions at stari of subsequent

o 3C-day periods after intioduction of '] ‘nto the mater-:1 transfer compartment {blood)

Days of
Gestation 2t _ _Stage of Gestation (Initial Day of Period)

Introducticn 0 30 8¢ % 120 150 180 210 240 270 _

0 - - - 0 H 0 0 0 0 0

30 - - ? 0 0 0 0 0 0

60 - - - G 0 0 0 0 0 0

90 - - - 1.15E-07 0 e Y 0 0 0

120 1.70£-04 ¢ 9 v 0 0

i50 3.40c-2¢ 0 0 0 0

180 5.10E-04 (¥ 2 0

210 6.80E-03 0 0

240 8.50E-04 0
270 1.028-03

(a) N indicates that the metabolic pattern is such that a negiigible fraction i< present initially
when activity is administered immediately after fertilization. Franction resultine from
administration later during the first month can be approximated as shown on page C-1.



Table C49. Fraction of activity in the materna! hody (excluding thyroid
at start of subsequent 30-day pericd: after intrcduction of
transfer compartment {(blood)

Days of
Gestation at

Introduction

¢
30
6n
90
120
152
180
210
240
270

~y

= %
2.13€-01 0 0
€.13E-01 0

8.13E-01

i TR TR

0

2

0
8.13E-01

:'3.’ Table C50. Fraction of activity in the maternal

30-day periods after introduction of !

¥

Days of
Gestation at Sta
Otroduction 0O 30 60 90
0 2.30£-02 0 ¢ 0

30 2.30E-D2 0 0
60 2.50E-02 0
90 Z.30E-02
120
150
180
210
240

270

ial Day of Period)
16 180 210

g

0

¢

Y
8.13E-01

MODOCODO

8.1 £-01

oo oo

8.12E-01

i
120 130 180
0 0 0
0 0 0
c 0 0
0 0 0
2.30E-02 0 Y
2.30E-02 ¢

2.30€-02

2 initially and fractions
51 into the maternal

280

¢ 0

0 o

0 0

0 0

0 0

0 0

¢ Y
8.12€-01 0

8.11E-01

|

F

OO0 OODOOO

§.11E-91

roid initially and fractions at start of subsequent
1 intoc the maternal transfer compartment (blood)

210 _ 240 210
0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0
2.30E-02 0 e
2.30E-02 0

2.30E-02



Lan ]
.
~
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Table C51. Peak friction of activity in the maternal thyreid at 7 hours and fractions at start

of subsequent 30-day periods after introduction of 3] into the maternal transfer

compartment (blood)

Days of
Gestation at ign

Stage of Gestation (Initial Day of Pericd) e
introduction 0 30 80 90 120 150 180 210 240 270

" 6.40E-02 0 0 0
30 6.40E-02 0 e
6C 6.10E-02 0
30 6.40E-02
120 £.40E-02

150 6.40E-02

29
230
240
270

0
0
¢
0

0
0
6.39E-L2

[ =R = .+ R o ]

6.39E-02

OO0 ODOOO

6.38E-02

OO0 O0OO

6.37E-22

1able C52. Fraction of activity in ihe embryo/fetus (excludina thyroid) initially and fractions at
start of subsequent 30-day periods after introduct on of 3] into the maternal transfer

compartment (biood)

Days of
Gestation at

Stage of Gestation (Initial Day of Pericy)
Introduction __ © 30 __ 60 9¢ 120 150 _}80 _2j%9 240 270

0 plal 0 9 0 e
30 5.04E-07 0 0 0
69 7.84E-05 o 0
%0 4.196-04 0
120 2.168-13

150 6.17£-03

240
270

0
0
0
0
0

OO0V O

1.24E-02

OO0 0COoOCD

2.03E-02

OO0 O0OO0ODO G

2.91E-02

PDOO0ODDOOOOOD

3.79€-02

{a} N indicates that the metabolic pattern s such that a negliigible fracticy is present initially when
Fraction result'ng from administration

later during the fiist month can be approximated as shown on page C-1.

activity is administered immediately after fertilization.



T=ble C53. Fraction of activity in the fetal thyro!d initially and fractions at start of subsequent
30-day periods after iniroduction of '**I into the maternal transfer compartment (blcod)

Days of
Gestation at Stage of Gestaiion {Initial Day of Period)
Introduction _ O 30 60 _ 30 120 150 180 210 2¢C 210
0 - : - 0 0 0 0 0 b 0
30 - - - 6 0 0 0 0 0 0
60 - : - 0 0 0 0 0 0 0
90 - - - 2.42%-07 0 0 0 0 0 0
120 3.55t-04 0 0 0 0 0
150 7.106-08 O 0 0 0
180 1.076-03 0 0 0
z10 1.426:03 0O 0
240 1.77€-03  ©
270 2.13£-03

Table C54. Peak fraction of activity in the fetal thyroid at 7 hours and fractions at the start of
subsequent 30-day periods after introduction of '®I into the maternal transfer
compartment (bloed)

Days of
Gestation at _ Stase of Gestation {Initial Day of Peried)

Introduction € 30 34 90 120 150 180  _2i¢ 280 270

0 . - . 0 0 0 b} 0 0 0

10 . . . ] 0 0 ) 0 0 0

60 : . : 0 i) 0 0 0 o 0

60 - . 2 5.20£-06 0 0 0 0 0 0

120 9.G2E-04 0 0 0 0 0

150 1.98£-03 0 0 0 0

180 2.96E-03 0 0 0

210 3.956-03 0 0

240 4.92€-03 0
5.90£-03






Table C57. Fraction of 4. ity in the maternal body initially and fractions at start of subsequent
30-day periors a:' -~ introduction cf ¥Cs into the materna! trans,er compartment (blood)

Days of
Gestation 2t _Stage of Gestation {Initial Day of Period)
introduction g 3 50 90 120 150 189 216 240 10
L+ 1.00E+0C 7.79E-01 6.07E-01 4.73E-01 3.68E-01 2.85E-01 2.20E-C1 1.62E-01 1.05E-C1 ©.836£-02
30 1.00E400 7.79C-01 6.C7E-C! 4.72E-G1 3.66E-01 2.83t-01 2.08E-C) 1.35€-01 8.81E-02
60 1.00E40C 7.79E-01 6.06E-01 4.70E-01 3.63E-01 Z2.57E-01 1.74E-01 1.13€-01
S0 9.99E-01 7.77E-01 6.03E-01 4 66E-0) 3.42F-01 2.23E-0]1 1.45F-01
120 9.97E-01 7.73E-01 5.98E-01 4.39F-01 2.86E-01 1.86£-01
150 9.92E-01 7.67E-01 S.63E-Ci 3.67E-01 2.39E-01
180 9.85£-01 7.23E-01 4.71E-01 3.07¢-01
2i0 9.75£-01 6.356-01 4.13€-01
240 9.74E-01 6.28€-01
270 9.53E-91

2 Table C58. Fraction of activity in the embryo/fetus initially and fractions at start of subseguent

S 30-day periods after introduction of '*Cs into the maternal transfer compartment (blood)
Days of
Gestation at Stage of Gestation {[Initial Dav of Period)

Introduction O 30 6¢ 99 120 150  _ '8C 210 240 279

¢ Na) g 83F-G7 5.86£-05 2.44E-04 9.80F-04 2.18E-03 3.43E-03 4.16£-03 3.92E-03 3.36£-03

30 6.20E-07 7.52E-95 2..3E-04 1.26E-03 2.80E-03 §.40E-03 5.34E-03 5.03E-03 4 .31E-03

60 9.656-05 4.01E-04 1.61E-03 3.59E-03 5.54E-03 6.85E-03 €.46E-03 5.53£-03

S0 5.156-04 2.07E-03 4.61E-03 7.24E-03 8.79E-03 8.29E-03 7.10E-03

120 2.66E-03 5.92£-03 9.29€-03 1.13E-02 1.06E-02 9.12E-03

150 7.60€E-03 1.190 02 1.45£-02 1.36E-02 1.17€-02

180 1.536-02 1.86E-02 1.75E-02 1.50E-02

215 2.50E-02 2.36E-02 2.02E-02

240 3.59€-02 2.07E-02

270 4.67:-02

(a) N indicates that the metabolic pattern is such that a negligible fraction is present initially when
activity is administered immediately after fertilization. - -action resulting from administration

later during the first month can be approximated as shown on page C-1.



Tabie £4G traction of in the embrvo fetus init ially and fract s at siart of ._j.l'\,'pt‘;\v(_;r,'
introduction of uranium inte the materna transfer compartment (blood;

Jd Y
i * + - ¢ Lo Pes
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Introduction v sY oY U 240 &LV
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o §.06E-08 4.06E-08 4.06E-08 4.06F £-08 4.06E-08 4.06£-08 & 06E-08 4.06i
” 6 I5F-96 6.35¢ 6. 350 £-06 5.356-06 6.35E-06 6.35€ 06 €.35E-06
90 € 5.11¢ £-05 5.115-05 5.11E-05 5.11E-05 5.11E-0¢
: 2.65F £-08 2.656-04 2.65£-04 2.65E-04 2.65E-04
5 cCr N4 7 656-04 7.65F-04 7.656-04 7.65E-04
1" 2 03 2.08E-03 2.08E-03 2 ‘
s 7 - . ~a ¥ ~
! 3 47F 03 3.476-03 5.47E-03
4 7 656-0G3 7.65¢-03
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inty tice { 30 bC 90 126 190 | giu 240 F

6. 776 & 75F-08 6.75E-08 6.75¢ 6. 74F-08 6.74E-08 6.73E

&l 1.06E-05 06E-05 1.06E-05 1.06F-05 1.05£-05 1.05E-0
8 S1E-05 05 8.50f 8 49F-05 B.49FE-(5 8. 48BE-05
¥ 4 42E-04 04 4 426-04 4. 426-04 & 4E-04 4 G]E-0A
15C »87-03 1.276-03 1.27E-03 1.27€-03 1.27E-03
1 A 3.47E-03 3 03 3.47E-03 3.46E-03
€l 5.79€-03 5.78E-03 5.78E-03
’ 3 ' 12 *71E .00
241 1 2TE-0¢ ¥
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administration later durin y be approximated as shown i
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Table C61. Fraction of activity in the embryo/fetus initially and fraction at start of subsequent
30-day periods after introduction of ?'Am into the maternal transfer compartment (blood)
Days of
Gestation at Stage of Gestation {initial Day of Period)
Introduction 0 30 60 90 120 130 _ i8¢ 210 240 270
0 N N N N N N N N N N
30 1.35E-08 1.35E-08 1.35E-08 1.35€-08 1.55E-08 1.35E-08 1.35E-08 1.35£-08 1.35E-08
60 2.12E-06 2.12E-06 2.12E-06 2.12E-26 2.12E-06 2.12E-06 2.12E-06 2.12E-06
90 1.70E-05 1.70E-05 1.70E-05 1.70E-05 1.70E-05 1.70E-05 1.70E-05
120 8.B5E-05 8.85E-05 8.85E-05 8.84E-05 B.B4E-05 8.84E-05
150 2.55E-04 2.55E-04 2.55E-04 2.55E-04 2.55E-04
180 6.94F-04 6.94E-04 €.94E-02 6.94E-04
210 1.16E-03 1.16E-03 ..16E-03
240 2.55E-03 2.55E-03
270 7.44E-03

(a)

N indicates that the metabolic pattern is such that a2 negligible fraction is present throughout
gestation when activity is administered immediately arter fertilization. Fraction resulting
from aiminist-ation later during the first month can be approximated as shown on page C-1.



| APPENDIX D

RADIATION ABSORBED DOSE RATES AND DOST TO THE EMBRYO/FETUS OR INDICATED
STRUCTURES FO'.COMING INTRODUCTION OF SPECIFIED RADIONUCLIDES
AND CHEMICAL FORMS INTO THE MATERNAL TRANSFER COMPARTMENT



APPEWDIX D

STRU.TURES FOLLOWING INTROPUCTION OF SPECIFIED RADIONUCLIDES
AND CHEMICAL FORMS INTO THE MATERNAL TRANSEER COMPARTMENT

The :ntries in the tables presented in this appendix, for selected radio-
nuclides and chemical forms, were calculated from the corresponding fractional
activities given in Appendix C and the dosimetric models presented in Appen-
dix B, and are based on the operational methodology given in Section II1.C.

It has been assumed that 1 4Ci of activity is introduced into the materna)
transfer compartment and that this represents the values which would be
obtained using the approaches described in Subsection 1, Assumptions. The
f.actional depositions in the embryo/fetus (Appendix C) were determined using
the methodologies presented in Subsection 2, Method. Thesea methodolngies were
employed for calculating the dose rates and doses presented in Appendix D.
Pregnancy was assumed to begin at the time of fertilization, roughly 2 weeks
after menses, and gestation was considered to consist of nine 3N-day months.

Radiation absorbed dose rates were calculated from the initial fraction
that was present after a single administration at the start of each of these
months or on the assumed final day (£70) of gestation. Monthly doses were
determined by integrating under the curve relating the fractiun of the activ-
ity in the embryo/fetus at the start of each month after administration and
the fraction at the heginning of the subsequent month of gestation, and are
shown for the inclus.ve periods. expressed in days. Doses to the embryo/fetus
from radionuclides in maternal organs were calculated; when appropriate, these
are included to provide tote® radiation absorbed doses. The tabulated values
of cumulated doses were deter ined as the sum of the monthly doses.

As was noeted in Appendix C, ICRP Publication 30 emnloys a metabolic model
in which a fraction of activity in the first transfer compartment often is
assumed to go immediately to excretion. Because of the minuscule mass of the
conceptus immediately following fertilization, for some materials the biokin-
etic model thus predicts that there would be neg' 3ible initial activity in
the embryo after administration at that time, and that there would be minimal
activity at later times. As a consequence, the dose rate and doses also would
be neglig.ble; this is indicated by N in the table.

It sometimes may be desirable to know the dose rates or doses to the
embryo/fetus after intakes during the first month (0-30 days, o pregnancy.
These mas » estimated by expressing time of intake as a fraction of 30 days
{e.g., 15 vays/30 days or 1/2) and multiplying this by the corresponding dose
rate or monthly dose presented for administration at 30 days.

D-1



¢-Q

Tabie D1. Radiation dose rates and doses to the embryo/fetus from 1 4Ci of H, as tritiated water,
introduced into the maternal transfer compartment (blcod)

Davs of
Gestation at ___ Dose F
Introduction 0

0 2.256-07 6.09E-13 4.85E-16 1.12E-17 2.69E-19 §.16E-20 7.09E-22 5.29(-23 4 . 43E-24 4.13E-25

30 2.24F-07 1.78E-10 4.13F-12 9.906-34 4 .27E-15 2.60E-16 1.94E-17 1.65E-18 1.52E-19

6C 2.23(-07 5.17E-C9 1.24£-10 5.34F-12 3.26F-13 2.43E-14 2 06E-15 1.90f-16

90 2.226-07 5.316-09 2.29€-10 1.406-11 1.04E-12 B.R4E-14 B.16E-15
120 2.206-07 9.51F-09 5.80F-10 4.336-11 3.67E-12 3.38E-13
150 2.18E-07 1.336-08 9.94E-10 8.42E-11 7.77€-12
180 2.16E-07 1.61E-0% 1.36E-09 1.26E-10
210 2.126-07 1.79€-08 1.66E-09
240 2.06E-07 1.90F-u8
270 1.99£-07
Days of Cumulated
Gestation at _ Dose {(rad) to the Embryo/Fetus During Indicated Gestation Periods (cays) _Dose
Introduction _ 0-30 30-60  60-90  50-12J 120-15C 150-180 180-2)0 210-240 240-270 _ 90-270
0 9.03FE-06 3.96E-11 7.67E-14 2.00E-15 5.31E-17 2.63E-18 1.72E-19 1.34E-20 1.18E-21 9.03E-06

30 1.77E-05 2.64E-08 7.506-10 1.94E-11 9.70F-13 6.30€-14 4.94£-15 4.33E-16 1.77£-05

60 3.93F-05 B8.96F-07 2.476-08 1.215-09 7.91€-11 6.176-12 5.41£-13 4 02E-0°

90 3.82F-05 1.06E-06 5.196-08 3.396-09 2.64E-10 2.32E-11 3.93E-05
120 4.S0F-05 2.147-06 1.41E-07 1.10E-08 @ 63F-.0 4.73E-05
i50 4. Q8F-05 3.22E-06 2.53E-07 2.2VE-08 5.33E-05
180 5.286-0% 4.08F-C 3.576-07 5.72£-05
210 5.40£-05 4.70£-06 5.37€-05
5.28E-05 5.28E-05

Z4cC
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Radiation dose rates and doses to the embryo/fetus from 1 xCi of ', as bicarbonate or as
2 hexose or amino acid, introduced into the maternal transfer compartment (blood)
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Introdyction

Table D3.

-t P P e
~8B85385¢
EMEEEE (¥% ]
Wy

BRI TRBED

.........

e O W e N D e

S888555E

o bl (P
=RYAEEERE

e BN e D s V5 D e
~28855
¢ 1 8- 4 ¢+ % 4

L wad L e A L

«mmmmmm
=gERILES
8”2‘221

--------

A AD O e e 00
88583333
NM%HHE%M&

o O\ e ) P

e NN D
8855233
"E{E{E (¥ o)
B b g $
285823
M Gl A
o 1 EE 13

......

Cumulated

|
R R Rl

'
L
“BIERE

......

L e L St Al L A A
D e ™ Eaoond
~ ™ 0 S NWn
o vt D VY rea ™MW M 0D
o r~ wss
— L= oo
1] ' L) 1 1 ] ] )
d bt b bid A G b
N‘““Z QW
o~ o o -
O O v - O e WD
MTI Lt A
.o 00.0
. L} 1
At g Gl A
FL ™ WO e
0 ) QW
"t - - W0 o
vl
> &8 83
)
s W G bad
"3“ o~y
™~ r~
D e .
M -+
- (=]
Lad [*%)
. =~
N (=}
- —
-— —
) L)
- —
= =
-
<
-
S8
000%000000 vy OO OoOLDOO
™ WO L R e Vi e % WD ON OV D D e
e ol et O O\ N > oy pem OV N
Ll
5%z

ern is such that the dose rates and doses would be negligible
Approximations
h are described on page D-1.

is administered immediately after fertilization.

N indicates that the metabolic patt
activity
dministration during the first mont

of doses resulting from a

broughout gestation when

-
-

3}



X

N\

%

Q

%

4
O

P e

4

NN

&

“

IMAGE EVALUATION
YEST TARGET (MT-3)

|i—"|—.—3
i <

|
il

i1 2
o

ez
ML

| —_—

7
o -
4

(:>\) AN

|

_,
f
-




IMAGE EVALUATION
TEST TARGET (MT-3)

i 16

ufh

l.4

o =J s

& |

!

150mm

R <

£ 7 T ﬂlh 3 }..,I




IMAGE EVALUATION




IMAGE EVALUATION
TEST TARGET (MT-3




. . . . n 57 3 B &
Table D4. Radiation dose rates and doses to the embrve/fetus from I (1 cf ¥, introduced into
maternal transfer compariment {(blood)

Days of
Gestation at ___ Dose Rate (rad/hr) to the Embryo/Fetus at the Indical
Introduyction ___ 0 30 60 90 120 :

0 . 06 1£-07 3. 07
30 .99E-06 72E-07
60 3.00L-06
80
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150
180
210
240
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Radiation dose rates and doses to the embryo/fetus from 1 uCi of "o, introduced into the

maternal transfer compartment (blood)

Table D5.
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Radiation dose rates and doscs to the embryo/fetus from 1 uCi of Co, as vitamin B-12,

introduced into the maternal transfer compartment (blood)

Table D7.
3

----------

P vt e N WD O e O
555555888

EEEEE

REREEEEnS

.........

e N OO\ N

Ll el Sl

38558383
e b
Y. Mol VO
~ W0 SN oNN™m

........

N O™

5555888

-------

Cumulated

MmO m
oo oooooo

SEEEEEEES

.........

L A B AR B B
§3333838s
- M

705‘6

---------

D =t e ON ™ AD QD e e

333338

O%wuﬁwom

........

O ) A QD e e

3333253

......

ooooo



ay

.
3

«

SN
£ -
e
-
~

.

- L
ol O
Q¥

N
=
par
-
-
-
- L
.
£
“
L
.
-
-
&
o
s
M
- -
< OX
e
2 W
- N
o X
~ ¥
VN o
@ £
D e
’

ot

Y

(Y

) 3
£
> )
o L
- »
o
t
» !
)
M
* -
X 3
[ -

LD oW O w
~ D
% 0 £
8 i - < .
r D w O ™M w
y -
< o= T
C -t (& |
- p




3,

B 5

1 ' 00

rtmen

&

V.
.

L

[

-
-
A
-
-
O
e

r N
< y & a
¢ \
CD »= O 0D o '
T mw i
W.
w » ¥ - O -
o0 4 O r . D
o O O O C
O -t O v s
D ™ D ¢
J o e 4
" 8 e P O L ¢
- O O O« o f )
¢ . ) ¢ o £ .
4 & O £ J -
D M~ s O 8 )
L4 - <7
-
‘ - v -
O h oo t
. o
r Y
- v

v ¢ 3
€O
- vy X <
W - é
Ta N, 3
O
i b o
. o
r
o]
- - < .
£ '

41

qf

.
" 3 > .
NS A e W ) .
J «r < !
- » o0 r -
WO wr F MM ¢
o O {
o bad b - :
f or . &0
oh QO W 2 ~
- L g -
i e ~
O O O
~SO O Y
w O - ¢ o
o —_—
o - -
2 o MO L
or
®
" . o
-
w w O
¢ )
o L
- '
-







fetus

embryo

compariment

transfer

v
i

~
-
o
-
©
) B

the

o
e

introduc

3\
i

B0 h

10







stage of Gestation (Jdays)

—A80 210 240 270

Radiation dose rates and doses to the fetal thyroid from 1 4Ci of 51, introduced into the

maternal transfer compartment (blood)

Days of

Gestation at ___ Dose Rate (rad/hr) to the Embryo/Fetus at the Indicated
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Table D17. Radiation dose rates and doses to the fetal thyroid from 1 4Ci of I, introduced into the
maternal tv.nsfer compartment {blood)

Days of
Gestation at ____ Dose Rate (rad’hr) to the Embrvo/Fetus at the Indicated Stage of Gestation (davs)
Introductien '] 30 60 2 120 150 180 210 2¢ 270
0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0
60 0 0 0 0 0 0 0
50 3.17€-05 0 0 0 0 0 0
120 2.55£-03 0 0 0 0 0
150 2.45£-03 G 0 0 0
180 1.97€-93 0 0 )
210 1.53£-03 0 0
240 1.19€-03 0
270 9.447-04
Days of Cumulated
Gestation at _ Dose (rad) to the Embryo/fetus During Indicated Gestation Perjods (days) __ __ Dose
Introduction _0-30 30-60 60-90  90-120 120-150 J50-i8C 120-210 210-240 240-270 _ 0-270
0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0
60 0 0 0 0 0 0 0
90 1.876-04 0 0 0 0 0 1.87£-04
120 2.19€-02 0 0 0 0 2.1%96-02
150 2.10£-02 0 0 0  2.10£-02
180 1.68£-02 0 0  1.68£-02
210 1.30€-02 0  1.30E-02
240 1.025-02 1.026-02
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Table Di9. Radiation dose rates and doses to the fetal thyroid from 1 uCi of "1, introduced intc the
maternal transfer compartment (blood)

Days of

Gestation at Mmmmmmmwm
Introduction 180 210 240 2

o0 Co g
-k -1 F|

D f ]
Gesa: *gﬂ at _ Dose (rad) to the Embryo/Fetus During indicated Gestation Periods (days) cmmu;;d
Introduction _ 0-30  _30-60  60-90 _90-120 120-150 ]50-180 }80-2]0 210-240 240-270 _ 0-27C

0 0 0 0 0 0 0 0
30 0 0 Y 0 0 0 0

60 0 0 ¢ 0 0 0 0
90 1.35€-02 0 0 0 0 0 1.35€-02
120 6.01E-01 0 0 0 Y 6.01E-01
150 5.64E-01 0 0 0 5.64£-01
180 4.34£-01 0 0 4. 34E-01
210 3.33E-01 0 3.33E-01

240 2.53E-01 2.53E-01
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Radiation dose rates and doses to the embryo/fetus from 1 4Ci of (s, introduced into the

maternal transfer compartment (blood)

Table D25.
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Radiation dose rates and doses to the embryc/fetus from 1 uCi of %, introduced into the

maternal transfer compartment (blood)

Table D27.

A

A

90

Days of

Gestation at

283588883
~SREERFLRE

Nt RO e NN ™

< ~ WD
=8888283¢
. L}
MEEEEEEE
= ) vt et P (¥) e D

oooooooo

OV ) O o 1Y) o s )
=83838%8

ot £ 1111

......

-----

0
30
60
90

120
150
180
210
240

270

Days of
Gectation at

ool
~
o«

Cumulated
—Dose

LEEEELE
2o mBENERS
s Serthr e Bt D bt

e NN NN N

Ll MmN
8333883

........

o vt et 00 ON WD e NG
~ mMmmed
8898589
. (TR —

N3M73“W8
L S I Y ]

.......
......

.....

1.40E-03

Approximations

b-1.

first month are described on page

that the dose rates and doses would be negligible

administered immediately after fertilization.

iiting from administration during the

indicates that the metabolic pattern is such
station when activity is

throughout ge
of doses resu

{a) N



Table D28. Radiation dose rates and doses to the embryo/fetus from 1 4Ci of 2%, introduced ints the
maternal transfer compartment (blood)

Days of
Gestation at
Introduction 0 30 80 90 120 150 180 210 240 270
0 Nl * A N N N S N . “
10 1.15€-05 7.38E-08 1.38£-08 2.65¢-09 9.18E-10 4.50E-10 2.70E-10 1.84E-10 1.36E-10
60 1.15E-05 2.156-06 4 14E-07 1.44E-07 7.04E-08 4.226-08 2.88F-08 2.136-08
S0 1.73E-05 3.33€-06 1.16E-06 5.66E-07 3.40E-07 2.31E-07 1.726-07
120 1.73E-05 6.00E-06 2.94F-06 1.76E-06 1.20E-06 8.91F-07
150 1.73E-05 8.48L-06 5.09-06 3.476-06 2.57¢-06
180 2.31E-05 1.38E-05 9.43E-06 6.99F-06
210 2.31E-05 1.57E-05 1.17€-05
240 3.46E-05 2.57E-0%
270 3.46E-05
o
': Days of Cumulated

Gestation at _ Dose (rad) tc the Embryo/Fetus During Indicated Gestation Perieds (days)  _ Dose
Introduction _0-30 30-60 60-90 90-120 120-150 150-18¥0 180-210 210-240 240-270 _ 0-270 _

(] Nl N N N

N N N N N N
30 1.29€-03 2.11E-05 4.84E-06 1.09E-06 4 _60E-07 2.48E-07 1.59E-07 1.13€6-07 1.32£-03
60 3.93E-03 7.19E-04 1.73E-04 7.18E-05 3.88E-05 2.49E-05 1.77E-05 4.98€-03
90 5.75£-03 1.39€-03 5.78E-04 3.12€-04 2.00£-04 1.43E-04 8.37¢-03
120 7.40E-03 2.97E-03 1.62E-03 1.04E-03 7.41£-04 ]1.38E-02
150 8.70E-03 4.67E-03 3.00t-03 2.]4E-03 1.85€-02
180 1.28E-02 8.12E-03 5.82E-03 2.67E-02
210 1.36E-02 9.69E-03 2.33E-02
240 2.17€-02 2. 17€-02

(a) N indicates that the metabolic pattern is such that the dose rates and doses would be negligible
throughout gestation when activity is administered immediately after fertilization. Approximations
of doses resulting from administration during the first month are described on page D-1.
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Table D29. Radiation dose rates and doses to the embryo/fetus from 1 uCi of 7y  introduced into the
maternal transfer compartment (blood)

Days of
Gestation at
Introduction
0 Nl N N N N ~ N N N N
30 1.10E-05 7.03€-08 1.31E-08 2.52¢-09 B8.756-10 4.29E-10 2.57E-10 1.75E-10 1.30E-10
60 i.10E-05 2.05E-06 3.95E-07 1.376-07 6.71€-08 4.02E-08 2.74E-08 2.03E-08
an 1.656-05 3.18E-06 1.10E-06 5.40E-07 3.24E-07 2.20E-07 1.63E-07
120 1.65E-05 5.72€-06 2.80E-06 1.68E-06 1.15E-06 8.49€-07
150 1.65E-05 B.09E-06 4.85£-06 3.30E-G5 2.45E-06
180 2.20E-05 1.32E-05 8.99€-06 6.65E-06
210 2.20E-05 1.50E-0G5 1.11€E-05
240 3.30E-05 2.45E-05
270 3.30E-05
Days of Cumulated

Gestation at

Dose (rad) to the Embryo/Fetus During Indicated Gestation Periods (days) Dese
Introduction _0-30 30-60  60-90  90-120 ]20-]50 150-180 ]80-2]0 2]0-240 240-270 _ 0-270

0 Nl ~ N ~ 5 * N A ~ N
30 1.23F-03 2.01E-05 4.596-06 1.04E-06 4.38E-07 2.36E-07 1.51E-07 1.08£-07 1.26£-03
60 3.756-03 6.86F-04 1.54F-04 6.83E-05 3.706-05 2.37E-05 1.69€-05 4.75£-03
90 5.496-03 1.326-03 5.49E-04 2.956-04 1.906-04 1.36E-04 7.986-03
120 7.066-03 2.8B3E-03 1 556-03 9.91F-04 7.08E-04 1.31E-02
150 8.30E-03 4.45F-03 2.86E-03 2.04E-03 1.77E-02
180 1.226-02 7.76E-03 5.54E-03 2.55E-02
210 1.30E-02 9.23E-03 2.22€-02
240 2.07€-02 2.07€-02

{a) N indicates that the metabolic pattern is such that the dose rates and doses would be negligible
throughout gestation when activity is administered immediately after fertilization. Approximations
of doses resulting from administration during the first month are described on page D-1.
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Tabie E2.

Pre and EU’!] &:—
Implantation

Embrye _Iransitiee  Fetus _Gestation  or Orgam

<«
s
5

(contd)

NA
Yes?
Yes?

Potential for Selsclive - ailude
Tissue  Stage or Pi .nta or
_Time

Membranes

FFE ¥E:

.................................................................

........................................

D S o == U ol e " S T S S A R S SRR L L i

i
L

Overall
<< NA
s Yes?
s Yes?
< L1
5 No?
S o
< Yes?
s Yes
$ Yes
€ o7
“« No?
<« No?
sa'el Yes?
s Yes
5 Yes
€« ?
s Yes
. Yes
s No
b3 N
S No
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Exposure Dosing
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Isplantation  Embrys

Table £2. (contd)

Jransition  fetus _Gestotige

.....................................................

................................................................

..................................................................

.................................................................

(a} Applicable to longer balf-lived isciopes only.

? Indicates there is no basis for decision
Exp anation of 3ymbols and Ranges

BT e
k-

3

«<

<<

Range of Range of
Baties  Swmbel _Baties
0.7-1.% B ({Ix0.7 to 1+0.7})
0.2-0.7 > 1.5-2.%

0-0.2 » 2.5=

B ¢ 8 B
s? 5 s
§7 s S S
«<? «? «<? <«
<< ELS <« <<
<< <« << <<
<« < < <

8 B B 8
El B B 8

< S s S
<? S s S
<7 s s s
<« < <« KA
< s$?7 > ?
<? <? <? Yes?

Yes? or No? indicate weak empirical results, or inferrential evidence only.




and biokinetic featurs

ree transfer with unifores concentration the embry
fetus that is MI1Ar 10 Lthal in Lhe womar EXAAMPLE S
tritium (most Torms ), arbor most form gball an
‘ 11

roe trat fer with t ghet 2 entrat ' r ¥
parabls rgal f the embryvo/fetus thar n those T the
wOma’ {)‘!\N;.} inoraani {od{de 'k 4 ¢ apparer "
the :“.'l Case &1 thougr L""‘i' hnetate released f rom
radiopharmaceuticals may follov a similar patterr The
fetal thyroid dose from radioiodines may be higher at
ome gestationa ‘)14'."5' than the thyrd 1 dose L L he
woman, butl average whole body dose might not be orres
pondingly greater
Moderate transfer with deposition pattern n the
embryo/fetus that are imllar ! Jeposition patier
"m‘a’ﬂ[' ¢ q>~..““. 01 the womar I‘A)‘}\Np[‘t%: ttfront i
jead, and radium

mited transfer with most tissue concentrations n
the embryvo/fetus less than in tissues of the womar
EXAMPLES plutonium, polonium, and thorium
Selective deposition in extra -embryonic structure
independent of extent of transfer LXAMPLES rutheniun
polonium, and plutonium This category involves dosim
etric concepts that are not currently included among

regulatory concerns, but they may warrant subsequent
consideration

Placental transfer and biokinetics are still undefined
thit category includes radionuc!ides that have not yel

been evaluated, and others for which inadequate informa
tior 5 available gantitative relationships have been
nferred for some materials in this category, based or

avatlable information and homologies, but more adequate
approaches must be estat shed for these and other groug

f radionuciide
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Table F1. (contd)
Hy s M s

. Nuclide (rem/uCi) Nuclide (rem/uCi)
In-119M 1.39(-0» Te-127M ].82E-03 Ba-13IM 1.32(-05
Sn-110  2.11E-02 Te-129 2.35(-0% Ba-133  1.27¢-02
Sn-111 B8.BiE-04 Te-129M 3.39E-03 Ba-133M B8.77L-04
Sn-113 2.63£-02 Te-131 2.18E-04 Ba-135M 7.03E-04
Sn-11/M  1.57E-02 Te-131M 6.64£-03 Ba-139 4 .55E-05
Sn-119M 2.29E-03 Te-132 B.57E-03 Ra-140 1.54£-02
Sn-121  3.70E-05 Te-133  3.26E-05 Ba-14] 9.47E-05
Sn-121M 5.70£-03 Te-133M 5.48F-04 Ba-142 2.74E-04
Sn-123 6.35(-03 Te-134 3 .98E-04 La-131 3.77t-02
Sn-123M 2.48E-04 1-120 9.36F 05 La-132 5.07¢-01
Sn-128 2.37E-02 I1-120M  8.73E-08 La-135 3.43f-02
Sn-126 2.35£-01 1-121 1.79t-05 La-137  7.55E-02
Sn-127 1.14£-02 1-123 2.27¢-0% La-138 7.B4L+00
Sn-128 7.14£-03 1-124 ¢. 16k 04 La- 140 2.32E+00
Sb-115  Z2.00£-04 1-125 1.09€-04 La-141  §.43E-03
Sb-116 1.59E-04 1-126 2.230-04 La-142 1.91€-01
Sb-116M ]1.49E-03 1-128 5.25E-06 La-143 2.B5£-03
Sb-117  3.34E-04 1-129 5.11F-04 Ce-134 3. 13E+00
Sb-118M 6.59t-03 1-130 2.29€-04 Ce-135 4 44£+00
Sb-119 2.08E-04 1-131 1.59E-04 Ce-137 7.13E-02
Sb-120 3.70E-05 1-132 9.95E-05 Ce-1370 3.31£-0]
Sb-120 3.42t-02 1-1328  6.]4E-05 Ce-139 1.156+00
Sb-122 5.85£-03 1-133 1.396-04 Ce-141 5.56E-01
Sb-124 2.98E-02 1-134 4.59E-05 Ce-143 1.05E+00
Sb-124k 4 .8B8L-05 i-135 1.42€-04 Ce-184 3.79E-01
Sb-125 8.51E-03 Cs-125 1.33E-05 Pr-136 4.12E-02
Sb-126 4.37E-02 Cs-127 5.96f-05 Pr-137 1.26£-01
Sb-126M 1.69E-04 Cs-129 2.13E-04 Pr-138M 9.61E-01
Sb-127 9.66E-03 Cs-130 6.99€-06 Pr-139 1.16£-0)
Sb-128 1.33f-04 Cs-131 2.27¢E-04 Pr-142 1.36£-01
Sh-128 B.73E-03 Cs-132 2.10£-03 Pr-142M ]1.73E-03
Sb-129 3.36£-03 Cs-134 B.258-02 Pr-143 4 .53E-08
Sb-130 9.40E-04 Cs-134M 2.66E-05 Pr-144 B 44F-04
Sb-131  3.36E-04 Cs-135 7.07¢-03 Pr-145 1.4]E-02
Te-116 1.45€-03 Cs-135M 2 .42E-05 Pr-147 1.95(-02
Te-121 4.87E-03 Cs-136 1.428-02 Nd-136 3.59E-01
Te-12!M 7.90E-03 Cs-137 5.33t-02 Nd-138 8.26£-0)
Te-123  3.09E-05 Cs-138 2.95E-05 Nd-139 4.11E-02
Te-123M 2.94E-03 Ba-125 1.14E-03 Nd-139M |.74£+00
Te-1258% 9. 75(-04 ba-128 1.17¢-092 Nd-14]1 4. 33E-02
Te-127 6.3%1E-05 Ba-131 7.40€-03 Nd-147 §.45E-01

Fo4



Table F1. (contd)

. Hy 50 Hy 50 M %
Nuclide (rem/m(Ci) Nuclide (rem/pCi) Nuclide (rem/mCi)
Nd-149 1.37E-0]) Gd-149 2 . 47E+00 Tm-166 2.37E400
Nd-151 2.53E-02 Gd-151 4.9%E-01 Tm-167 1.03£+00
Pm-141  3.63£-02 Gd-152 0.00£-0) Tm-170 5.38E-02
Pm-143  1.79£400 Gd-153 B8.92£-01 Tm-171  8.13E-03
| Pm-144  8.68E+00 Gd-159 1.52E-01 Tm-172  1.89€+00
| Pm-145 2.58E-01 Tb-147  6.76L-01] Tm-173  5.88E-01
| Pm-146 4 34£400 Tb-149  1.27E+00 Tm-178 2.70E-02
| Pm-147  3.49(-05 Tb-150 1.01E+00 Yb-162 8.97E-02
| Pm-148  2.60E+00 Tb-181  2.33E+00 Yb-166 6.08E+00
Pm-148M 1.08E+0] Tb-153  1.16E+00 Yb-167 1.23£-02
Pm-149 4.70E-02 Tb-154  5.65£+00 Yb-169 2.47E+00
Pm-150 6.86£-01 ib-15% 9.52E-01] Yb-175 2.10£-01
Pm-151 1.11E+00 Th-156 8.65E£+00 Yb-177 6.98E-02
Sm-141 4.])E-02 Tb-156M 9.32£-01 Yb-178 4.11E-02
Sm-141M 1. 42£-0] Th-156M 2.89E-01 Lu-169  3.60£400
Sm-142 2.11E-01 Tb-157 2.38E-02 Lu-170 B.42E+00
Sm-145  5.56£-01 Tb-158 4.79E+00 Lu-171  3.726+00
Sm-146  0.00E-0] ip-160  6.08E+00 Lu-172  9.20E+00
Sm-147 0.00E-01 Tb-161 2.64E-01 Lu-173  1.10E+00
Sm-151  1.26E-05 Dy-155 1.08E400 Lu-174 8.93(-0]
Sm-153  3.54£-01 Dy-157 5.81£-01] Lu-174M 5 54£-0]
Sm-155 5.65t-03 Dy-159 4.19E-01 Lu-176  3.45€+00
Sm-156 3.55(-01 Dy-165 1.38E-02 Lu-176M 1.53E-02
Eu-145  2.00E+00 Dy-166 3.56E£-01 Lu-177  2.24E-01
Eu-146  3.38E+00 Ho-155 1.41E-01 Lu-1778  6.80E+00
Eu-147 B8.51E-0] Ho-187 2.57€-02 lu-178 8.18E-03
Eu-148  3.53E+00 Ho-159 3.47E-02 Lu-178M 5.54E-02
tu-149 1.40E-0] Ho-161 4.70E-02 lu-179  3.03E-02
Eu-150 2.92E-02 Ho-162 4.66E-03 Hf-170 4.74E-01
Eu-150 3.02E+00 Ho-162M 1.43E-0] Hf-172 4.63E-01
Eu-152 2. 20£+00 Ho-164  3.10E-03 Hf-173  2.26E-01
Eu-152M 1.38E-C1 Ho-164M  1.32E-02 Hf-178 3.70E-01
Eu-154  2.2BE+00 Ho-166 1.04E-0] Hf-177M  5.22E-02
Fu-155 1.60€-01 Ho-166M 1.07E+01 Hf-178M 2.94(+00
Eu-156 1.90E+00 Ho-167 2.38BE-0) HF-179M 8.51E-01
Eu-187 2.01E-01 Er-161 6.29t-01 Hf-180M 1.71£-01
Eu-158 3.56E-02 Er-165 1.12E-01 Hf-181 4.96E-01
Gd-145 1.089E-01 Er-169 1.34E-04 Hf-182 1.16E+00
Gd-146  4.11E+00 Er-171 5.88E-01 Hf-182M 2.61E-02
Gd-147  4.91E+00 Er-172  2.59E+00 Hf-183 2.33f-02
Gd-148 0.00£-01] Tm-162 6.87(-02 Hf-184  ].94£-01

F-5
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Hy s
Nuclide (rem/pCi)

Ta-172
Ta-173
Ta-174
Ta-178
Ta-176
Ta-177
Ta-178
Ta-179
Ta-180
Ta-180M
Ta-182
Ta-182M
Ta-183
Ta-184
Ta-185%
Ta-186
W-176
w-177
w-178
W-179
w-181
W-185
W-187
w-188
Re-177
Re-178
Re-181
Re-182
Re-182
Re-184
Re-184M
Re- 186
Re- 1 B6M
Re-187
Re-188
Re-188M
Re-189
0s-180
O0s-181
Os-182
0Ds-185

4.07E-02
1.94E-01
4.25€-02
4.96E-01
8.25E-0]
1.30E-01
1.47€-01
9.40£-02
1.16E+00
3.47E-02
2.15E+00
2.65E-03
5.44E-01
7.40E-01
9.25£-03
7.03E-03
6.55L-04
3.66E-04
6.43F-04
8.12E-06
2.80E-04
51E-07
.04E-03
.68E- 04
A49€-25
.37E-06
61E-04
. 56E-04
.92E-03
.64E-03
31E-03
.53E-04
.43E-04
.B82E-06
J3E-04
19E-06
.46E-04
.78E-03
.75E-02
.07E-01
.33E-01

Bt ot et et 03 0D G2 et YD B et et et B B OO vt et s (D

Table F1. (contd)
Hy %
Nuclide (rem/pCi)
Os- 1894 S5.11E-0F
O0s-191  1.99E£-02
Os-191M 1.12€-03
0s-193  8.55£-03
Os-194 B.69E-02
Ir-182 2.23E-03
Ir-184  3.24£-02
Ir-185 3.85E-02
Ir-186 1.12E-01
Ir-187 2.08E-02
Ir-188 1.60E-01
Ir-189 1.96€-02
Ir-190 2.52€-01
Ir-190M 1.01E-03
Ir-192 1.63£-0]
Ir-192M 8.99t-02
Ir-194  7.55(-03
Ir-194M 4 55¢(-01
Ir-195 1.24£-03
Ir-195M 1.03E-02
Pt-186  ¢.06E-02
Pt-188 1.21€£-01
Pt-189 2.08E-02
Pt-191  4.88E-02
Pt-193 1.07E-04
PL-193M 2.71€-03
PL-195M ].58E-02
Pt-197 2.64L-03
PL-197M 1.12¢-03
Pt-199 5.40t-04
Pt-200 2.04E-02
Au-193  1.63E-03
Au-194 1.10E-02
Au-195 2.35£-03
Au-198 5.66E-03
Au-198M 1.05E-02
Au-199 1.68L-03
Au-200 1.01E-04
Au-200M 1.61E-02
Au-201 ) .15E-05
Hg-193  4.BBE-05

F-6

1.%
Nuclide (rem/uCi)
Hg-193M 3.23E-04
Hg-194 1.861E-0]
Hg-195 7.47E-0%
Hg-195M 5. 4BL-04
Hg-197 2.38E-04
Hg-197M 2.87E-04
Hg-199M 7. 55€-06
-203  5.33t-03
T1-194  6.44(-06
T1-194M 2.16£-05
T1-195  3.4%E-05
T1-197  3.85E-05
T1-198 1.94(-04
T1-198M B8.36E-05
T1-199  5.55€-C5
T1-200 6.55E-04
T1-201 2.48E-04
T1-202 1.38E-03
T1-204 2.43E-03
Pb-195M |.65E-04
Pb-198  3.92(-04
Pb-199 6.51E-04
Pb-200 3.37E-03
Pb-201 1.78E-03
Pb-202 €.77E-02
Pb-202M 1.91E-03
Pb-203 2.02E-03
Pb-205 3 .63E-04
Pb-209 9.93E-06
Pb-210 2.31E+00
Pb-211  3.63E-04
Pb-212 3.29E-02
Pb-214  5.64E-04
Bi-200 1.66E-03
Bi-201 4.07¢-03
Bi-202 4.83E-03
Bi-203 2.54{-02
B1-205 4.82E£-02
Bi-206 9.03E-02
Bi-207 4.88E-02
Bi-210 1.46£-03
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f‘551r066F1*35;(r1b03 approaches for calculating and expressing radiation doses to the
embryo/fetus from internal radionuclides. Information was obtained for selected. occupa

tionally significant radionuc!ides to provide metabolic and dosimetric characteristics

Fractional placental transfer and ratios of concentration in the embryo/fetus to that
in the woman were calculated. This information was integrated with data from biokinetic
transfer models to estimate the levels of radiocactivity in the embryo/fetus &s a function
of stage of pregnancy and time after entry The MIKL methodologies were extended to
describe detaills for calculating radiation doses to the embryo/fetus o accommodate
the stage dependence of geometric relationships and biological behaviors, calculations
were performsd for a representative situation of an introduction of | WL into a woman's
transfer compartment (blood) at successive months of pregnancy. Detailed ta es of the
initial and retained fractions of activity in the embryo/fetus. and the corresponding
radiation dose rates and doses are presented. These approaches yield radiation absurbed
doses, and multiplication by quility factor (Q) converts thes to dose equivalent This
15 the most common quantily for stating prenatal dose limits and is appropriate for the
unique effects of prenatal exposure. Our knowledge is currently inadequate to warrant
the use of effective dose equivalent or committed dose equivalent
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radionuclides in Lthe pregnant woman

radiation doses to embryvo/fetus 1
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prenatal dose calculations

radionuc!ide metabolise in pregnancy
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