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MATHEMATICAL MODELS FOR CALCULATING RADIATION DOSE TO THE FETUS

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

ABSTRACT

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

INTRODUCTION

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

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

BACKGROUND

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

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

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

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

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

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

THREE-MONTH MODEL

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

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

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

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

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

SIX-MONTH MODEL

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

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

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

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

By the end of the second trimester, the fetus has a skeletal system with
a significant amount of structure (ICRP 1975, Ivy 1942). Because the areas of
high calcium concentration were expected to affect the scattering of photons
differently from a homogeneous mixture, a heterogeneous model was felt to be
needed. Although the model for the six-month fetus is simple, it consists of
fetal skeletal tissue and fetal soft tissue contained inside the uterus. The
fetal skeletal tissue which is represented by a cylinder of skeletal tissue
surrounded and filled by fetal soft tissue is assumed to have the composition
and density of Cristy and Eckerman's adult female phantom (Cristy-V5 1987). The
model of the fetus is symmetrical about the long axis of the uterus because of
the frequent changes in the orientation of the fetus.



119

In the six-month model, the placenta is modeled as the small portion of
a cylindrical shell capped at the top end by a hemispherical shell. The placenta
resides next to the uterine wall in the upper hemisphere of the uterus. The mass
of the placenta model is 310 g and is consistent with the information in ICRP
Report No. 23 (ICRP 1975).

NINE-MONTH MODEL

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

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

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

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

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

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

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

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

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

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

FETAL THYROID MODEL

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

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

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

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

RESULTS

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

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

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

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

DISCUSSION

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

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

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

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

Answer: Yes, we did.

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

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

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

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

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

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


