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

Pu in liver and bone was observed while the distribution of Po in the
fetus was fairly uniform. In utero doses to haemopoietic tissue have been
calculated taking account of transfer to the blastocyst/egg cylinder, yolk sac,
liver and bone marrow. From animal data, the concentration ratios relative to
maternal liver for these tissues were taken to be 0.1, 2, 0.01 and 0.02,
respectively, for 2 3 9Pu and 1, 2, 0.1 and 0.1, respectively, for 2 1 0Po. These
concentration ratios were applied to periods of human gestation of 0-2.5 weeks,
2.5-6 weeks, 6-12 weeks and 12-38 weeks, respectively, and used to calculate
fetal tissue doses for chronic maternal intake by ingestion of 1 kBq 2 3 9Pu or 2
kBq Po in the year of pregnancy (1 ALI for a member of the public). On this
basis, the total in utero dose to haemopoietic tissue was about 1 |j.Sv from Pu
and 60 JJ-SV from Po compared with red bone marrow doses to the mother in the
year of 19 |iSv from Pu and 160 JLSV from Po. The yolk sac and bone marrow
dominated in utero doses from both nuclides. For Pu, because of its long
physical and biological half-lives, an important consideration was activity
present in the offspring at birth and committed dose equivalents to red bone
marrow in the child and mother. The total dose to haemopoietic tissue in the
offspring to age 70 years, including in utero doses, was calculated as 13 u,Sv
compared with a maternal dose to red bone marrow of 1400 |i.Sv. For Po, because
of its short physical and biological half-lives, consideration of activity in
the offspring at birth, and committed doses to the child and mother make
negligible differences to dose estimates.
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For Pu and Po, the risk of leukaemia in the year of pregnancy was
estimated to be of the same order for mother and fetus. For Pu, the overall
risk, to 70 years of age, was 2 orders of magnitude higher for the mother than
her offspring. For Z 3 9Pu, an acute intake of 1 kBq by ingestion during the
period of yolk sac haemopoiesis would result in the highest in utero dose,
estimated at about 20 JLSV. However, activity at birth would be lower and the
overall risk would be similar to the risk after chronic intake.

INTRODUCTION

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

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

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

RADIONUCLIDE TRANSFER IN RELATION TO FETAL DEVELOPMENT

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

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

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

Pro-embryo/early embryo stage

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

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

Yolk sac

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

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

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

Period of fetal growth

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

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

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

DOSE ESTIMATES

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

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

•J O Q 9 1 f)

In utero doses to haemopietic tissues from Pu and Po

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

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

pan

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

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

In utero dose to liver and skeleton from Pu

n o Q

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

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

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

The activity of 2 3 9Pu and Z10Po present in the offspring at birth was calculated
using animal data for whole-body fetus:mother concentration ratios at different
stages of gestation, as shown in Tables 2 and 3 and discussed above, and human
data on fetal mass (Reference Man, revised data; Boyd and Hamilton, 1970). A
maternal body weight of 58 kg was used (ICRP, 1976). In practice, accumulation
in early gestation makes a negligible contribution; activity present at birth
could be simply estimated by applying the fetus:mother concentration ratio at
birth to the mass of the fetus of 3.4 kg.
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Committed dose equivalents from age ly to age 70y for Pu were calculated
taking account of the different distribution of activity in the fetus at term
compared to adults. For the adult, the ICRP (1986) values for fractional
retention of 0.45 in the liver and 0.45 in the skeleton were used, while the
animal data on distribution in the fetus suggest fractions of about 0.2 for the
liver and 0.7 for the skeleton. On this basis, retention of 0.0025 Bq 239Pu at
birth was estimated to result in a committed dose equivalent of 12 p.Sv to the
red bone marrow of the child from birth to age 70y compared with a maternal dose
of 1400 |xSv (Table 7). Committed doses to the liver and bone surfaces were
estimated to be 8 and 146 (JLSV, respectively. For 2 Po, retention of 0.7 Bq at
birth made a negligible contribution to the overall dose to haemopoietic tissue
(Table 7).

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

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

DISCUSSION

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

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

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

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

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

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

Gestation periods in the rat, guinea-pig and human

Gestation period
Rat

Days after conception
Guinea-pig Human

Implantation

Germ layer
differentiation and
development of fetal
membranes

Embryonic period
(organ development)

Fetal period

5-10

9-15

15-22

6-13

12-26

26-70

7-21

15-56

56-266

Important stages
for dose calculations

Period of yolk sac
haemopoiesis

Appearance of
embryonic liver

Onset of liver
haemopoiesis

Onset of ossification

Onset of marrow
haemopoiesis

9-13

10-11

11

16

16-17

13-35

16

20?

25

25-26?

19-63

30

42

56

70-77

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

Summary of animal data on the fetal uptake of plutonium

Species

Baboon

Guinea-pig

Rabbit

Rat

Mouse

Day of gestation
injection

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

analysis

23/24
39/40
107
17

birth
27
37

birth
57
61

birth
10
20
6
9

10
birth

11
10
12
14
18
20

birth
12
14
16
18
20

birth
20

birth
14
16

birth
17

birth
birth
birth
birth
birth

18

Pu
membranes

z g-1

0.007
0.04
0.09
0.7
-
0.04
0.04
-

0.3
0.18
-
-
-
0.5
0.13
0.19
-
3.03
_

0.3-1.9
0.5-2.1

-
0.34
_

19.5
10.8
1.9-6.2
11.5
2.8
-

3.2-11.5
_

37.1
51.3

-
-
-
_
-
-
-

5.5-12.3

concentration
fetus fetus .-mother

2 g"1

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

0.0006
0.08
0.1

0.006-0.1
0.005-0.03
0.004
0.003
0.003
0.05
0.025

0.01-0.04
0.02-0.04

0.03
0.02

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

ratio

3.75
0.13
0.04
0.14
0.002
0.0006
0.0075
0.006
0.054
0.035
0.035

-
-

0.35
0.5
0.0015
0.2
0.22

0.015-0.25
0.013-0.075

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

0.12-0.19
0.04

0.11-0.48

Ref.

1

2

3
2
4

2

5
2,3,6

6
5
3
5
2

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

2,3,7,8
5
9

10

9,10

11

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

Animal data on the fetal uptake of polonium

Species

Rat

Guinea-pig

Day of gestation
injection

6
9
14
18

30
50

analysis

9
12
17
birth

37
57

Po concentration
membranes

2 g"1

0.6
4.1
1.7
-

0.2
0.2

fetus

z g"1

0.06
0.006
0.03

0.01
0.01

fetus -.mother
ratio

0.5
0.1
0.01
0.05

0.1
0.1
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TABLE 4

Fetal tissue : maternal liver Pu concentration ratios

Tissue
Day of gestation

Species injection analysis
Concentration

ratio Ref.

Blastocyst/
decidua

Egg cylinder

Embryo/
yolk sac

Embryo?

Embryo/
membranes

Yolk sac

Yolk sac

Liver

Rat

Femur

Rat

Rat

Rat

Baboon

Rat

Guinea-pig

Mouse

Rat

Guinea-pig

Baboon

Mouse
Guinea-pig

Baboon

6

7

9

23

8
9
11
11

10

13
13
13
14
18
30
50
60
105

13
50
60
105

9

10

10

24

11
12
12
14

17

14
16

birth
17

birth
37
57

birth
106

birth
57

birth
106

0.15

0.04

0.06

0.03

0.4

1.0
1.0
5.5
3.0

0.6

0.05
0.1
0.15
0.015
0.07
0.0015
0.0021
0.0025
0.0085

0.026
0.023
0.015
0.018

2

3

4
1

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

Fetal tissue : maternal liver Po concentration ratios

Tissue
Day of gestation

Species injection analysis
Concentration

ratio

Egg cylinder

Yolk sac

Liver

Femur

Rat

Rat

Rat

Guinea-pig

6

9
14

14
17

50

9

12
17

17
birth

57

0.6

3
1.3

0.04
0.07

0.06



150

TABLE 6

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

Tissue

Blastocyst/
egg cylinder

Yolk sac

Liver

Bone marrow

Gestation
period, wks.

0-2.5

2.5-6

6-12

12-38

Plutonium-239
Concn.
ratio*

0.1

2

0.01

0.02

Dose equiv.
jiSv

0.02

0.8

0.01

0.4

Polonium-210
Concn.
ratio*

1

2

0.1

0.1

Dose equiv.
|i.Sv

0.6

24

3

30

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

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

Mother/child

Mother

Fetus/child

Dose equivalent, \LSV
Plutonium-239 Polonium-210

Year of
intake

19

1

To age 70y Year of
intake

1400 160

13 60

To age 70y

160

61
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TABLE 8

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

Tissue

Liver

Skeleton

Animal
species

Rat/mouse

Guinea-pig

Baboon

Mouse/
Guinea-pig/
Baboon

Human gestation
period, wks.

5 -
20 -

5 -
15 -
25 -

5 -

8 -

20
38

15
25
38

38

38

Concentration
ratio*

0.025
0.1

0.015
0.002
0.0025

0.009

0.02

Dose equiv.
(tSv

1.5

0.1

0.3

0.6

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

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

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

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

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

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

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

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

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

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

Ansver: Tes. Ve just used 10~3.

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

Ansver: No.

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

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

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

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

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

Answer: All that information will be included.

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

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

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

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

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

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

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

Answer: Yes, but it's all there in the paper.


