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Approximately 4000 women per year in the United States require radiotherapy during pregnancy.
This report presents data and techniques that allow the medical physicist to estimate the radiation
dose the fetus will receive and to reduce this dose with appropriate shielding. Out-of-beam data are
presented for a variety of photon beams, including cobalt-60 gamma rays and x rays from 4 to 18
MV. Designs for simple and inexpensive to more complex and expensive types of shielding equip-
ment are described. Clinical examples show that proper shielding can reduce the radiation dose to
the fetus by 50%. In addition, a review of the biological aspects of irradiation enables estimates of
the risks of lethality, growth retardation, mental retardation, malformation, sterility, cancer induc-
tion, and genetic defects to the fetus.
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mors located in the breast, uterine cervix, and thyroid. Ra-
diation therapy is often a treatment of choice for these
patients.

Each pregnant patient presents a unique set of circum-
stances that the physician must evaluate before deciding
whether and how to treat her. Ideally, the chosen treatment
should control the tumor and give the fetus the best chance
for a normal life. The challenge is to achieve the optimum
balance between the risk and the benefit.

This report describes techniques and presents data that
can aid the medical physicist who needs to plan and execute
the radiation therapy of a pregnant patient using photon
beams. The out-of-beam data presented in this report were
measured by members of this task group to provide dose
estimates that are both consistent and comparable. In gen-
eral, these collected data agree well with other published
data. Electron beam therapy is not considered specifically,
even though the same type of measurements and shields
could be used for these treatments. Brachytherapy is not dis-
cussed because shielding usually is not an option and the
dose to a fetus can be estimated by calculation.

This report also summarizes the biological effects of fetal
irradiation. The effects of radiation on the fetus are not fully
understood and cannot be predicted with certainty in a par-
ticular case. However, the severity and frequency of adverse
effects increase with total dose. Because it is impossible to
eliminate all radiation to the fetus during radiation therapy,
the best advice is to plan the treatment regimen to reduce the
dose to the fetus as low as is reasonably achievable, thereby
reducing the potential risk.

Adequate shielding of the fetus during radiation therapy
requires a commitment by the medical physicist and the ra-
diation oncologist to have the needed resources. Treating
pregnant patients requires advanced consultation among the
patient’s radiation oncologist, medical oncologist, obstetri-
cian, and medical physicist. This planning procedure often
results in construction of equipment not available commer-
cially. Even in large institutions, radiation therapy depart-
ments may see only one or two pregnant patients per year.
An efficient allocation of resources may be for all pregnant
patients in a geographic region to receive radiation therapy at
one institution. For other institutions, the best management
of a pregnant patient would be referral to an institution
where she can receive treatment under optimal conditions.

Il. PHYSICAL BASIS OF DOSE OUTSIDE PHOTON
BEAMS

The principal sources of dose outside a treated volume are
(1) photon leakage through the treatment head of the ma-
chine, (2) radiation scattered from the collimators and beam
modifiers, and (3) radiation scattered within the patient from
the treatment beams. For higher-energy (>10 MV) photon
beams there is an additional contribution from neutrons ema-
nating from the treatment head, neutrons produced from pho-
toneutron interactions in the patient, and radioactive isotopes
produced in photoneutron interactions.

The relative contributions of collimator scatter, head leak-
age, and patient scatter to peripheral dose have been
investigated.'~” Fraass and van de Geijn' found that collima-
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tor scatter plus leakage is of the same order of magnitude as
patient scatter and that for some machines the leakage com-
ponent can vary by a factor of 2, depending on the collimator
angle. Kase et al.* also indicate that near the beam the col-
limator scatter contributes 20% to 40% of the total peripheral
dose and that leakage becomes the main contributor at
greater distances from the field edge. Greene er al.” found
that collimator scatter was the dominant component of the
peripheral dose. As discussed by Fraass and van de Geijn," it
is important to know the magnitude of the leakage and the
components of collimator scatter that contribute to the dose
outside the field because these components can be reduced
by placing a lead shield over the critical area.

The use of wedges and other beam modifiers can increase
the peripheral dose. Published data®~® show that wedges in-
crease the dose near the beam by a factor of 2 to 4. The use
of lead shielding devices can increase the peripheral dose by
a factor of 2 to 5.”® As with head leakage and collimator
scatter, these components can be reduced by shielding the
critical area.

A. Total dose outside beams

Figures Al through A7 in Appendix A show measured
values of the peripheral dose-—the dose outside of treatment
beams—in tissue-equivalent phantoms (water or polysty-
rene) for several radiation therapy machines. (These mea-
surements do not include contribution from photoneutrons,
as discussed in Sec. II B below.) Measurements were made
without special shielding or blocking devices. The beams
include %'Co gamma rays, and 4-, 6-, 10-, 18-, and 25-MV x
rays for field sizes from 5X5 to 25X 25 cm? at depths from 2
to 15 cm. These and other published data'™7 are summa-
rized below.

The most important determinant of the peripheral dose is
the distance from the radiation field edge, with the dose de-
creasing approximately exponentially with distance from the
field edge. In Fig. Al, our measurements for a given depth
and field size show that the peripheral dose for photons from
4 to 25 MV is the same order of magnitude and is qualita-
tively similar. In contrast, the peripheral dose from OCo at
distances greater than 10 cm from the field edge is consider-
ably higher because of a larger amount of head leakage. Sev-
eral sets of measured data'*® agree with our data in Appen-
dix A. However, peripheral doses calculated by Keller ez al’
show that the total dose outside the beam decreases as energy
increases.

Most published data'*® show that the change in the pe-
ripheral dose with depth is small. Our data also show a small
change in dose with depth; e.g., Figure A2 shows similar
doses at depths ranging from 2 to 15 c¢cm for a 6-MV beam
with a field size of 10X 10 c¢cm?. However, other published
data’ show a greater change in dose at depth for a %Co unit.

The peripheral dose increases as field size increases; this
effect is more pronounced closer to the beam edge and is due
to the scatter within the patient from the treatment beam.
Figures A3 through A7 show the change of dose with field
size for 4-, 6-, 10-, 18-, and 25-MV photon beams; similar
data were reported previously.'*
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B. Photoneutron contamination

As mentioned above, incidental neutrons are produced by
linear accelerators where photons are generated by electrons
with energies greater than 10 MeV. The walls of the wave-
guide, the x-ray target, filters, collimators, and the patient are
all potential sources of photoneutrons.lo'l2 In and near the
treatment beam, the contribution of neutrons to the total dose
is small; at greater distances from the beam, the total dose is
much smaller but the percent of neutrons in the total dose
may be as high as 40%. The contribution of photoneutrons to
total dose increases as the megavoltage is increased from 10
to 20 MV but remains approximately constant above 20 MV.
Although the relative biological equivalence of neutrons is
controversial, there are radiobiological data that suggest that
the quality factor for late effects may be as high as 20."

The National Council on Radiation Protection'* considers
the risk of long-term biological effects of incidental neutrons
from linear accelerators to be negligible for most patients.
Data that deal specifically with the risk to the fetus do not
exist; however, it is prudent to treat a pregnant patient with
photons generated by electrons less than 10 MeV if this mo-
dality is adequate to treat the tumor.

In summary, the dose outside a beam is a function of the
distance from the beam edge and the field size and depends
on primary radiation energy and depth within the patient.
Although variation exists among machines, the major com-
ponents of the out-of-beam dose within 10 cm of the beam
edge are typically scatter off the collimator and scatter from
the useful beam within the patient. In the region 10 to 20 cm
from the field edge, collimator scatter decreases so that the
major component of the out-of-beam dose is scatter within
the patient; however, collimator scatter and head leakage also
contribute to the dose. At about 30 cm, scatter in the patient
and head leakage are approximately equal, and beyond that
point, head leakage predominates. Scatter from special
blocking devices, such as wedge filters, increases the dose
near the beam edge by a factor of 2 to 5. Measurements to
separate the dose components in a formal way are not nec-
essary, but the medical physicist should be aware that the
out-of-beam dose includes radiation from several sources,
some that can be reduced by shielding (head leakage and
collimator scatter) and some that cannot (scatter within the
patient).

ll. TECHNIQUES TO ESTIMATE AND REDUCE
FETAL DOSE

Planning of radiation therapy should be based on esti-
mates of the size and location of the fetus at the beginning of
treatment as well as the expected change during the course of
therapy. Points of dose estimation should be selected that
will reflect the range of dose throughout the fetus. Three
points commonly used are the fundus, symphysis pubis, and
umbilicus (or midpoint between the fundus and symphysis
pubis), as shown in Fig. 1. Other points may be of clinical
interest depending on the orientation and size of the fetus.
Figure 2 shows the height of the fundus during various
stages of gestation.
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Fic. 1. Points of dose estimation: the fundus, umbilicus (or midpoint), and
symphysis pubis.

The dose to the fetus can be reduced in two ways: by
modifying the radiation therapy technique and by using lead
shielding devices.

A. Modification of treatment techniques

The first and simplest step in reducing dose to the fetus is
for the medical physicist and radiation oncologist to modify
the usual treatment technique, by changing field angles, re-
ducing the field size, choosing a different radiation energy,
etc. The peripheral dose can be reduced further by treating
the patient so that the lower collimator defines the field edge
nearest the fetus. Also, trimmers should be in the lowest
position where this is an option.

In addition, it is common practice to increase the field
length during double-exposure portal filming. Because it is
desirable to maintain fetal dose at as low a level as possible,
it is important not to expose sensitive areas when performing
this technique.

B. Use of special shields
1. Design of shields

The design of any shielding device must allow for treat-
ment with anterior, posterior, and lateral fields, above the
diaphragm and on the lower extremities. Constraints due to
weight usually make it more difficult to treat with oblique
fields while using special shielding.

Safety is the overriding consideration in the selection and
design of equipment to reduce the dose to the fetus. Shield-
ing, by necessity, involves the use of heavy materials and the
medical physicist should carefully plan all aspects of the
equipment to eliminate the possibility of injury to patients or
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FiG. 2. (a) Anterior and (b) latcral views of height of the fundus at various times during pregnancy.

personnel. Methods of supporting the shielding material and
the number of times and ways in which shields will be
moved are important considerations.

Three types of shielding arrangements are described be-
low, in terms of their complexity, ease of use, cost, and use-
fulness with other treatment aids.

a. Bridge over patient. The simplest shielding design
consists of a bridge over the patient’s abdomen that supports
four to five half-value layers of lead (Fig. 3)."° (Four to five
half-value layers of lead is approximately 5 to 7 cm of lead
or 6 to 8.5 cm of Cerrobend.) This type of shielding is shown
in Fig. 4, with a phantom in position for measurement. Sche-

matic diagrams of the shield are shown in Figs. 5 and 6.
(Engineering drawings are available from The University of
Texas M. D. Anderson Cancer Center, Department of Radia-
tion Physics-544, 1515 Holcombe Blvd., Houston, TX
77030.)

For treatment of an anterior field, the patient lies in a
supine position with the bridge and lead placed over the
abdomen. To treat a mantle field, the superior edge of the
lead is placed approximately 2 cm lower than the lower edge
of the field to decrease the contribution of head leakage and
collimator scatter. For the treatment of a posterior field, the

Fi6. 3. Photograph of a bridge used to support shielding material.
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FI1G. 4. Photograph of shielding with phantom used for measurements.
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FIG. 5. Diagram, including measurements, of a bridge used to support shielding material.

patient lies prone on a false table top, with the bridge and
lead placed over her.

The bridge shield can be constructed easily within a ra-
diation oncology department at a modest cost of a few hun-
dred dollars. One must take care to place the bridge so that it
cannot slide off the edge of the couch or treatment table.

b. Table over treatment couch. Another shield design
consists of a single unit that protects the fetus during treat-
ment with anterior, posterior, and lateral fields. Typically, the

FiG. 6. Diagram of a bridge used to support shielding material.
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single unit consists of a table that rests upon the treatment
couch. A Mylar opening enables the treatment of anterior and
posterior fields. The unit has a reinforced wooden bridge
upon which lead can be placed on the top or sides, depending
on field orientations (Fig. 7). Schematic diagrams are shown
in Fig. 8. The bridge must be wide enough to straddle the
entire abdominal area. Posterior fields are treated by rotating
the gantry and raising the treatment couch. Because posterior
fields can be treated with this design, lead must be placed

Fic. 7. Single-unit bridge, shown in Fig. 5, with patient in treatment posi-
tion.
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FiG. 8. (a) Diagram of a bridge used to support shielding material; (b) side view, (c) end view, and (d) top view of bridge on a cart used to transport it.

beneath the abdomen by means of a small sheif that contains
lead sheets and is attached to the bottom of the table. Clinical
use of this shielding has been published.'®

The single-unit shield can be constructed for about $1000,
with the largest expense being the purchase of a table that
will straddle the treatment couch. The wooden bridge and
lead can be easily added to the purchased table. The principal
advantage of this design is that the patient can remain in the
supine position for treatment of anterior, posterior, and lat-
eral fields. The main disadvantage to this design is its weight.
Typical use of this unit requires placing approximately 4 cm
of lead over and beneath the abdomen in addition to the 4-cm
lead block suspended vertically to reduce collimator scatter.
The total weight of the table and lead, excluding the weight
of the patient, may be approximately 200 kg, which exceeds
the design limits (typically between 125 and 180 kg) of most
commercially available treatment tables. As a result, addi-
tional support for the treatment couch should be used to en-
sure that no movement occurs during treatment. Another dis-
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advantage of this shield is that the lead must be positioned
properly each day, which increases the possibility of injury to
the patient or technologist.

¢. Mobile shields. Another design consists of single mo-
bile shields for the anterior and posterior fields. A single
anterior shield can be constructed such that it does not rest
upon the existing treatment couch. Photographs of this shield
are shown in Figs. 9 and 10 with a schematic diagram shown
in Fig. 11. (Engineering drawings are available from the
Mayo Clinic, Department of Therapeutic Radiology, 200 1st
St., SW, Rochester, MN 55905.) The shield must be verti-
cally adjustable (motorized) to allow for treatment at source
to skin distances of 80—125 cm and must be easily movable
by the staff. The weight of a unit with 4-cm lead blocks on
the top, front, and sides will be approximately 200 kg.

At a cost of approximately $2500, this design is more
expensive than the previous designs and requires substantial
time for a machine shop to construct. The greatest advantage
of this design is the ease with which the shield can be posi-
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Fi1G. 9. Photograph of mobile support to hold shielding material independent
of treatment couch.

tioned over the patient without having the weight of the
shield on the treatment couch or requiring personnel to lift
the lead blocks above the patient. In addition, this design is
suitable for shielding critical organs during treatment of
other patients.

For the treatment of posterior ficlds, a single posterior
shield must fit between the existing treatment couch and
head of the treatment machine, be vertically adjustable, and
be easily moved and attached by personnel. The shield can
be stored on a wheeled cart which is aligned with the treat-
ment couch and then the shield is attached to the side rails of

FIG. 10. Photograph of mobile shicld positioned over treatment couch.
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FiG. 11. Diagram of mobile support to hold shielding material independent
of treatment couch.

the couch and lifted from the cart. Bearings allow for easy
positioning anywhere along the couch side rails. In addition,
proper abdominal shielding may require angulation of the
lead shield. A photograph is shown in Fig. 12, with sche-
matic diagrams in Figs. 13(a) and [3(b). (Engineering draw-
ings are available from the Mayo Clinic, Department of
Therapeutic Radiology, 200 1st St., SW, Rochester, MN
55905.)

2. Dosimetry with shields

The medical physicist is responsible for making the mea-
surements necessary to estimate fetal dose before treatment.
As a practical approach, the physicist should first estimate
the dose to the fetus without special shielding. The total dose
outside a beam can be measured in a phantom (water, poly-
styrene, or anthropomorphic) using an ionization chamber,
diodes, or thermoluminescent dosimeters (TLDs). The phan-
tom should simulate full-scatter geometry. The unshielded
dose to the fetus can then be reduced with special shields as
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F1G. 12. Photograph of mobile support to hold shielding material.

discussed in the following section. Normally, the physicist
would use the maximum amount of reasonable shielding,
usually four to five half-value layers of lead.

Out-of-beam data and patient examples in this report can
be used as guidelines but should not be used as the only
means of estimating the fetal dose. Points of measurement
should be sufficient to estimate the range of dose to the fetus
and should include at least the fundus, symphysis pubis, and
umbilicus (or midpoint) (Fig. 1). During treatment, dosim-
eters can be placed at these three points on the surface of the
patient with appropriate build-up material to monitor fetal
dose. Because the fetal dose cannot be measured directly,
measurements on the surface of the pregnant patient com-
pared with the same points on the phantom help to ensure
that the phantom measurements are valid for the patient’s
treatment. Dosimeters on the patient also monitor the accu-
racy of the shield’s placement each day.

The physician needs information regarding the fetal dose
as related to gestational period. As the pregnancy progresses,
the height ot the fundus uteri increases with respect to the
symphysis pubis (Fig. 2). Because wide variations may be
expected in the location of the umbilicus, this point should
be used only as a rough guide. However, the fundus and the
symphysis pubis do delineate the extremes of the fetal posi-
tion.

Before beginning any measurements it is important to
gather as much information as possible with respect to the
clinical treatment geometry to be used. In particular, SSD,
field size, and the specific blocking to be used will aid in
providing realistic dose estimations. In addition, measure-
ments should be made with and without shielding; both sets
of data demonstrate the etfectiveness of the shielding.

Several phantom arrangements can be used to simulate
the patient’s treatment. An anthropomorphic phantom simu-
lates the patient more correctly in regard to shape and
anatomy. Diodes or TLDs may be placed at selected points in
and out of the region representing the fetus. The upper torso
of an anthropomorphic phantom coupled with a small-sized
water or solid phantom that accommodates dosimeters or a
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FiG. 13. Diagram of mobile support for shield with (a) support resting on
trolley, (b) treatment table down and shields attached to sides of treatment
table.

full-sized water phantom that can accommodate a larger va-
riety of detectors can also be used for the simulation.

TLDs or other dosimeters may be used for both phantom
and in vivo measurements.'” However, the medical physicist
needs to ensure that the chosen dosimeters can measure low
doses with accuracys; this is particularly important for in vivo
measurements because daily doses are very small. More sen-
sitive dosimeters are needed to measure smaller doses in the
phantom. In addition, if treatment is to be given with high-
energy (>10 MV) photons that give rise to neutron produc-
tion, lithium fluoride may produce spurious results, by being
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TABLE 1. Example 1: Pregnant patient with sarcoma in the left distal tibia.

Planned radiotherapy

Machine: Varian Clinac 600C, 6-MV photons at 100-cm target skin distance
Field configuration: Anterior and posterior, 7w X 15h cm?
Prescribed doses: 27.5 Gy to each field and 50 Gy to tumor

Therapy to be given over 5 weeks
Gestation stage at the beginning of therapy: 25 weeks
Shielding: None

Dose (Gy) to fetus for course of radiotherapy
(10-cm depth)

Point A Point B Point C
Top of fetus Mid-fetus Pubis
Distance from nearest edge of 90 80 70
field(s) to fetal points, cm
Dose to unshielded fetus 0.012 0.015 0.015

Dose to shielded fetus

**XX¥No shielding used*****

too sensitive to the neutron component. However, TLDs
placed on the surface of a patient during treatment can moni-
tor the fetal dose if the phantom irradiation includes the same
surface points.

IV. EXAMPLES OF REDUCTION AND ESTIMATION
OF FETAL DOSE

Tables I-III outline the radiation therapy of typical preg-
nant patients treated for three different cancers (sarcoma of
the tibia, glioblastoma, and Hodgkin’s disease). In each case,
the fetal dose was measured in an anthropomorphic phantom
using TLDs. These examples show that for most patients one
can expect to reduce the fetal dose by 50% by using a rea-
sonable amount of shielding.

V. BIOLOGICAL EFFECTS OF FETAL IRRADIATION

The principal effects of ionizing radiation on the mamma-
lian embryo and fetus include lethal effects in the embryo,
malformations, growth impairment, mental retardation, in-
duction of malignancies, and hereditary defects. The fre-
quency and magnitude of effects differ according to the ab-
sorbed dose, type of radiation, and gestational age at which

exposure occurs, among other factors. Here the effects of
irradiation are discussed in general terms and then are sum-
marized for each of five major developmental phases at dif-
ferent human postconception (PC) time periods.

A. Radiation effects
1. Lethality

Little direct information exists about the lethal effects of
radiation in early human pregnancy because of the uncer-
tainty regarding the existence of a fertilized ovam during the
first month following conception and the naturally high fre-
quency of embryonic loss during the same time interval.
Conclusions are drawn from experiments on animal cells and
animals, in vitro and in vivo, particularly on rats and mice.
Loss of viability is the main, if not the only effect, of irra-
diation during this period. Doses in vitro as low as 0.1 Gy
may cause significant embryonic death at the time of maxi-
mum sensitivity before DNA synthesis begins in the fertil-
ized cell.’® The median lethal dose (LDs) varies from 1 to 6
Gy through the mitotic cycle of the early mouse embryo.'” In
vivo experiments in rats irradiated at 9 to 16 hours after
mating showed a statistically significant increase in fetal

TaBLE II. Example 2: Pregnant patient with glioblastoma.

Planned radiotherapy

Machine: Therac 6, 6-MV photons at 100-cm target skin distance
Field configuration: Right and left lateral, 17w 14h cm?
Prescribed doses: 38 Gy to each field and 60 Gy (midline) to tumor

Therapy to be given over 6 weeks
Gestation stage at beginning of therapy: 13 weeks
Shielding: Three half-value layers, 4.5-cm lead blocks

Dose (Gy) to fetus for course of radiotherapy
(10-cm depth)

Point A Point B Point C
Top of fetus Mid-fetus Pubis
Distance from nearest edge of 44 52 60
field(s) to fetal points, cm
Dose to unshielded fetus 0.030 0.025 0.022
Dose to shielded fetus 0.015 0.013 0.011

Medical Physics, Vol. 22, No. 1, January 1995
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TaBLE Ill. Example 3: Pregnant patient with Hodgkin’s disease.

Planned radiotherapy

Machine: Therac 6, 6-MV photons at 100-cm target skin distance

Field configuration: Anterior and posterior mantles

Prescribed doses: 40 Gy to anterior field, 13 Gy to posterior field, and

38 Gy to tumor
Therapy to be given over 6 weeks
Gestation stage at beginning of therapy: 34 weeks

Shielding: Five half-value layers, 6.7-cm lead blocks

Dose (Gy) to fetus for course of radiotherapy
(10-cm depth)

Point A Point B Point C
Top of fetus Mid-fetus Pubis
Distance from nearest edge of 15.5 28.5 41.5
field(s) to fetal points, cm
Dose to unshielded fetus 0.42 0.14 0.06
Dose to shielded fetus 0.17 0.04 0.02

mortality after exposure to 0.05 Gy, with earlier (embryonic)
deaths observed after exposure to 0.10 to 0.25 Gy.? In these
experiments the increased risk of embryo or fetal mortality
was about 1.5% for doses on the order of 0.1 Gy, but there
was no significant increase in the malformation rate.

Human data on fetal lethality primarily relate to preg-
nancy outcomes in women receiving large therapeutic radia-
tion doses to the abdomen during the embryonic or organo-
genesis period (8 to 56 days PC). For example, 3.6 Gy*! and
5 Gy** delivered during either period induced abortion in a
large majority of cases.

2. Anatomical malformations

Neonatal malformations (congenital anomalies) occur
sporadically in human and all other mammalian populations.
The incidence varies among different populations and among
social groups within populations. The principal cause is
probably the incorrect interplay of many genetic factors. A
widely accepted average incidence of malformation in live-
born children throughout the world is 6%. An increased risk
from exposure to ionizing radiation and many environmental
teratogens has been observed, particularly during early orga-
nogenesis when organs are composed of a limited number of
cells and are particularly vulnerable to damage that can ad-
versely and irretrievably alter growth. The shape of the dose-
response curve for these effects is unresolved and probably
differs for different types of effects. Evidence suggests, how-
ever, that there is a threshold dose for many, if not all, de-
velopmental effects. Evidence, primarily from animal popu-
lations, shows that protracting the irradiation reduces the
frequency of developmental effects.

Most data on the malformation rate as a function of dose
and dose rate relate to experimental animals, particularly
mice. A comprehensive review appears in the 1986 report by
the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR).>* Most dose-response
curves relate to frequency and not to severity of the end
point; severity is more difficult to quantify but generally in-
creases with dose.?’ Dose-response curves are generally sig-
moidal, and a threshold dose on the order of 0.1 Gy or
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greater may apply for most end points. Cell killing, which
accounts for most malformations, is characterized by a
shoulder in the cell survival curve for low linear energy-
transfer radiation.”® This shoulder represents a region of the
dose-response curve in which incremental increases in dose
have an increasingly greater effect. A typical dose-response
curve illustrating this increasing effect is shown in the results
of Tribukait and Cekan®’ (Fig. 14) for single doses of x rays
delivered at 9 days PC in mice. The increase (statistically
nonsignificant with p>0.05) in the total number of malfor-
mations following doses of 0.125 Gy was 0.4% based on
observations of 286 exposed and 291 nonexposed animals.
The malformation rate doubled after doses of 0.4 Gy and
rose steeply at higher doses, with 17% of animals malformed
after exposure to 1 Gy.

Before World War II, human data on radiation-induced
malformation concerned pregnancy outcomes in women re-
ceiving abdominal radiation therapy during the period of or-
ganogenesis. Human data differ from animal data in several
respects. Malformation in humans frequently occurs after
doses exceeding 0.5 Gy, but effects on the central nervous
system (CNS), in particular small head size (SHS), dominate.
(SHS is defined in the Japanese A-bomb survivor studies?® as
a head circumference that (a) in one or more examinations of
children between the ages of 10 and 19 years was at least two
standard deviations below the average for the age and sex of
the patient in each city and (b) was on all previous and sub-
sequent examinations at least one standard deviation below
the average.) Brent®® notes that in all reports of a morpho-
logic malformation induced by radiation exposure in hu-
mans, the individual also exhibited either growth retardation
or a CNS abnormality. This is particularly evident in Deka-
ban’s review® of more than 200 published cases of women
who received therapeutic pelvic irradiation, mostly in early
pregnancy and usually with doses exceeding 2.5 Gy.

The people who were in utero during the atomic bombing
(A-bombing) of Hiroshima and Nagaskai also have provided
a major source of information on significant increases in the
frequency of SHS following irradiation during the first half
of pregnancy. The incidence of SHS was much higher in
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FIG. 14. Dose-response curve for all malformations in C3H mice following
fetal irradiation at 9 days PC with 250 kV x rays. Error bars refer to *1
standard deviation. (The curve is plotted and standard deviations calculated
from data provided by Tribukait and Cekan, Ref. 27.)

Hiroshima, and Fig. 15 shows the distribution of observed
cases by PC age and free-in-air kerma.>! With the T65DR
dosimetry system®” used in this 1976 study, a significant ex-
cess in the risk of SHS occurred at kerma ranging between
0.10 and 0.19 Gy. The risk from radiation exposure is evi-
dently greatest during the embryonic period, smaller during
the second trimester, and even smaller during the third tri-
mester of pregnancy. The incidence of SHS among the
A-bomb survivors for all doses combined was 28% for those
exposed between 4 and 13 weeks PC but only 7% for those
exposed during the remainder of gestation.>!

Otake and Schull®® used the new DS86 dosimetry to re-
evaluate A-bomb survivor data. The excess risk of SHS, with
or without severe mental retardation (SMR), was analyzed
by PC age at exposure and by estimated uterine-absorbed
doses (not dose equivalent). As children, these people were
classified as severely mentally retarded if they were unable
to perform simple calculations, to make simple conversation,
to care for themselves, or if they were completely unman-
ageable or had to be institutionalized.?® For irradiation at PC
ages of O to 7 weeks and 8 to 15 weeks, the incidence of SHS
is well-fitted by either a linear or linear-quadratic dose re-
sponse, with an excess risk of about 40% after exposure to
0.5 Gy. The increase is significant (P<<0.05) for doses be-
tween about 0.1 and 0.5 Gy but not for doses between 0.01
and 0.09 Gy. In the dose range of 0.01 to 0.09 Gy (mean
dose 0.05 Gy) there were 3 SHS cases observed with 1 case
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PERCENT OF CHILDREN
WITH SMALL HEAD SIZE

FiG. 15. Percent of children with small head size irradiated at various dose
levels (kerma, T65D), during the period 2 to 11 weeks PC. During the
period 2 to 11 weeks PC, incidence vs air kerma is approximately 100% for
doses =1.5 Gy, 21% for doses of 0.25 Gy, and 17% for doses of 0.15 Gy.
(After Miller and Mulvihill, Ref. 31.)

expected among 43 subjects exposed at ages 0 to 7 weeks PC
and 1 case observed with 0.6 cases expected among 45 sub-
jects exposed at ages 8 to 15 weeks PC. The data are also
compatible with a threshold dose of a few centigrays (95%
confidence intervals of 0 to 0.13 Gy for those exposed 0 to 7
weeks PC and 0 to 0.10 Gy for those exposed 8 to 15 weeks
PC). In the total cohort with doses up to about 2 Gy, among
those exposed to radiation 8 to 15 weeks PC, SMR occurred
in 12 of 29 children with small heads; however, SMR did not
occur in 17 children with small heads who were exposed 0 to
7 weeks PC. For doses less than 1 Gy received at a PC age
greater than 15 weeks, there was no significant elevation of
SMR or SHS.

3. Severe mental retardation (SMR)

Japanese A-bomb survivors in Hiroshima and Nagasaki
provide the primary source of information on SMR for per-
sons exposed in utero.® This survivor cohort of 1544 ex-
posed people included 30 subjects with SMR compared with
13 expected among the unexposed controls. The risk per gray
from exposure between 8 and 15 weeks was four times
greater than that for exposure between 16 and 25 weeks PC.
Figure 16 shows the relation between the incidence of SMR
and the DS86 uterine dose for all subjects irradiated between
8 and 15 weeks PC and between 16 and 25 weeks PC with
the omission of four cases that probably were unrelated to
radiation exposure (two subjects with Down’s syndrome, one
subject with a retarded sibling, and one subject with Japa-
nese encephalitis). In the 8- to 15-week PC group there were
two cases at doses <<0.1 Gy and one case in the dose range of
0.1 to 0.5 Gy, whereas in the 16- to 25-week PC group there
were no cases in the dose range of 0 to 0.99 Gy.

In contrast to the SHS-sensitive period, SMR was not
observed among the Japanese A-bomb survivors who were
exposed in utero before day 56 PC and was observed only
after exposure between days 56 and 175 PC (weeks 8 to 25).
Dekaban’s report,”® however includes detailed case reports
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FiG. 16. Percent of children with severe mental retardation, excluding
Down’s syndrome, in those irradiated prenatally in Hiroshima and Nagasaki,
including 90% confidence limits. The numbers above or below the data
points are the incidence/cohort size for the mean DS86 doses received by
each cohort. (After Otake, Yoshimaru, and Schull, Ref. 33.)

on 9 of 26 subjects with SMR following therapeutic irradia-
tion at gestational ages between 4 and 8 weeks.

Figure 16 demonstrates a threshold of radiation dose of
about 0.65 Gy for SMR induced in the group exposed be-
tween 16 and 25 weeks PC. For the critical 8- to 15-week PC
group, the data without the exclusion of the Down’s syn-
drome cases can be fitted adequately with linear, linear-
quadratic, and quadratic dose-response models. The risk of
SMR after exposure to 0.1 Gy is 4% with the linear model,
but is 10 times smaller with the quadratic model (i.e., 0.4%),
and four times smaller with the linear-quadratic model.*
However, when the two Down’s syndrome cases are elimi-
nated, the data are also consistent with a dose threshold of
0.39 Gy (95% confidence interval 0.12 to 0.60 Gy) for the
grouped data. With the threshold model, the risk above the
threshold of 0.39 Gy is 0.74 per gray.

The issue of the presence or absence of a threshold in the
8- to 15-week PC period cannot be resolved with current
epidemiological or experimental information.>* Environmen-
tal factors, including malnutrition and disease which fol-
lowed the devastation created by the A-bombs, may have
affected the incidence of SMR and confounded the question.
Nevertheless, because SMR, like malformation, appears to
be a phenomenon arising from multicellular damage, it is
often regarded as a deterministic effect rather than a stochas-
tic effect in which case a threshold is likely.

Another indicator of damage to the cerebral cortex is the
effect of prenatal radiation exposure on the intelligence test
scores of children. Schull and Otake? analyzed this indicator
for children aged 10 to 11 who were exposed in utero in
Hiroshima and Nagasaki (Fig. 17). The substantial drop in
IQ in those subjects who were exposed at gestational ages of
8 to 15 weeks or 16 to 25 weeks PC confirms the risk of
SMR at doses greater than 0.5 Gy. A progressive downward
shift in IQ of about 30 points per gray occurs in the group
exposed at 8 to 15 weeks PC; however, the drop is not sta-
tistically significant for doses less than 0.1 Gy.
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FiG. 17. Mean 1Q scores by PC age and fetal dose, including 95% confi-
dence limits. Numbers in parentheses are the count of several retarded cases
included in the data, defined as children with IQ scores of <64. (After
Schull and Otake, Ref. 25.)

4. Growth retardation

Growth retardation with reduced height and weight has
been observed in mammalian, including human, offspring
particularly when irradiated during orgzanogene‘,sis.29'3()'35
This effect is attributed to cell killing and is less likely to be
produced by irradiation during the fetal stage and then only
after doses exceeding 0.5 Gy.’**® The retardation may con-
tinue into adult life. Growth retardation was apparent 17
years later among the children irradiated in utero during the
A-bombing,®® for fetal irradiation occurring within 1500 m
of the hypocenter (i.e., for T65DR average doses of about
0.25 Gy). No risk estimate is available for this effect, but
there is probably a threshold on the order of 0.1 Gy.

5. Sterility

Sterility has also been observed in persons irradiated dur-
ing the organogenesis and fetal phases of gestation.” Be-
cause of their sensitivity in the immature state, both male and
female gonial cells can be depleted through cell death in the
late as well as the earlier stages of fetal development. Steril-
ity in the male and loss of fertility in the female may there-
fore be produced by a fetus being exposed to a smaller dose
of radiation (e.g., <1 Gy) than that required to produce the
same result in adults. No information on this possibility is
available for the Japanese survivors exposed in utero.>

6. Cancer induction

Cancer may be induced in man following exposure to
radiation in utero. Little is known about the relative risk of in
utero irradiation as a function of PC age; the risk may be
highest during the first trimester.” The risk of excess malig-
nant disease in persons following prenatal irradiation has
been estimated from the results of two categories of epide-
miologic study. The first category comprises several case/
control studies in which the frequency of prenatal radiation
exposure of children dying from cancer was compared with
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TaBLE IV. Risk of cancer after in utero radiation exposure.

Case/control studies following diagnostic x-ray exposure

Cancer incidence/

Age Number Number Number Number Relative 10 000 people per
Source range with cancer irradiated of controls irradiated risk factor gray of fetal dose
Oxford surveys
Stewart & Kneale (39) 0t 10 7649 1141 7649 774 1.56 572 (300 to 800)*
Bithell & Stiller (40) 0to 10 7649 1141 7649 774 1.56 217
Muirhead & Kneale (41) Oto 14 640 (410-1000)*
Twins
Mole (43) 0to 10 161 111 183 101 1.8
Harvey e al. (44) Oto 14 31 12 109 28 24 (1.0t05.9)*
Rodvall et al. (45) Oto 15 95 25 190 39 1.4 (0.8-2.5)
Cohort studies following A-bomb radiation exposure
Cancer incidence/
Age Number Number Number expected Excess Dose 10 000 people per
Source range with cancer irradiated with cancer cancers (Gy) gray of fetal dose
Jablon & Kato (46) 41010 1 1250 0.75 0.25 0.184 10.9°
Yoshimoto (47) 410 15 2 1263 0.73 1.27 0.184 54.6 (0 to 279)**
Yoshimoto (47) 4 to 39 13 920 5.9 7.1 0.279 223 (16 to 492)*

*Confidence Interval=95%.
®Not significant.

that of matched controls who were cancer-free children. The
second category comprises prospective cohort studies of the
observed cancer incidence (or mortality) in Japanese A-bomb
survivors exposed in utero compared with that expected in
the general population in Japan for the same age, sex, and
year. Table IV summarizes the results of both types of study.

In the first case/control study, the Oxford survey of child-
hood malignancies conducted by Stewart et al.,’® the chil-
dren with cancer had a significantly higher probability of
prenatal exposure, usually from pelvimetry of the mother
conducted in the third trimester, with fetal doses on the order
of 0.01 Gy. Stewart and Kneale® later concluded that the
relative risk of cancer mortality before age 10 in exposed
children was about 1.5, with an absolute risk of 570 deaths:
10 000 people per gray of fetal dose and about 50% of the
excess deaths resulting from leukemia. A reevaluation of the
fetal doses reduced this estimate to an absolute risk of 217
deaths: 10 000 people per gray of fetal dose.*’

In a recent expansion of the original Oxford survey, the
revised fetal doses gave a risk of excess cancer incidence in
children before age 14 of 640 cases: 10 000 people per gray
of fetal dose.*! Although a similar association between child-
hood cancer and in utero x-ray exposure was found in sev-
eral later case/control studies, the UNSCEAR report®* and
MacMahon,* in particular, expressed doubt about the causal
nature of the association. One significant problem was the
possibility that the association was biased by the character-
istics of the small fraction of pregnant women selected for
pelvimetric examination. To counter this argument, three
case/control investigations were conducted on childhood
cancer in twins in which the incidence of in utero exposure
was considerably greater than that in singletons.**~* In all
three studies there was an increased frequency of x-ray ex-
amination in twins who developed childhood cancer, and the
deduced relative cancer risk following exposure was similar
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to that determined in earlier singleton studies. These findings
considerably strengthen the evidence that these low x-ray
doses in utero cause cancer.

In the cohort studies of the Japanese A-bomb survivors,
an early investigation®® of 1250 children exposed in utero
found no excess of cancer during the first 10 years of life
following an average fetal dose now estimated to be 0.184
Gy. In a recent follow-up, there were 18 cancer cases among
1630 children in the study period of 1950 to 1984. These 18
cases included two children diagnosed with cancer before
age 15; the remaining patients were diagnosed as adults with
adult-type cancer, of which only two cases were leukemia.*’
The absolute risk of childhood cancer, based on the two
cases, is 55 cases: 10 000 people per gray of fetal dose (up-
per 95% confidence level of 279), which is considerably be-
low estimates from the Oxford surveys (Table IV). For the
entire follow-up period (through age 39), the absolute risk
estimate for excess cancer incidence was 223 cases: 10 000
people per gray of fetal dose, which is also less than the
Oxford survey risk estimates through age 14.*! The Japanese
cancer excess risk following in utero exposure is 6.57 cases:
10 000 people per gray of fetal dose per year over the 34-
year follow-up period and is similar to the cancer mortality
risk for the cohort study of survivors exposed in the first
decade of life (6.2 deaths: 10 000 people per gray of fetal
dose per year after 35 years of follow-up).*® Patients in nei-
ther cohort study have reached the older ages when most
cancers normally appear; therefore, it is likely that the life-
time risk of cancer in the former children comprising the
cohort studies will eventually be greater than the risk to per-
sons exposed as adults. Therefore a reasonable assumption
for the lifetime risk of increased mortality from cancer fol-
lowing fetal exposure is that it will be similar to that pro-
Jjected for children exposed during the first decade of life.
The latter risk, based on age extrapolation, is 1404 deaths:
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TABLE V. Risk associated with irradiation during fetal development (After Brent, Ref. 29).

Early Mid- Late
Preimplantation Organogenesis fetal fetal fetal
Postconception time, days 0to8 9 to 50 51 to 105 106 to 175 >175
Postconception time, weeks 1 2t07 8to 15 16 to 25 >25
Effects
Lethality + 4+ + + —
Gross malformations — +++ + + —
Growth retardation - +++ ++ + +
Mental retardation - - +++ + —
Sterility — + ++ + +
Cataracts — + + + +
Other neuropathology - +++ + + +
Malignant disease - + + + +

— No observed effect.
Demonstrated effect.

** Readily apparent effect.

***Qccurs in high incidence.

10 000 people per gray of fetal dose or 14% per gray.’¢ An
effectiveness factor for the dose rate was not used because
the A-bomb explosion resulted in a single acute dose.

7. Genetic effects

Genetic effects involve hereditary gene mutation and
chromosomal damage that produce deleterious effects in fu-
ture offspring over many generations. Because irradiation of
the germ cells in a male or nonpregnant female introduces a
genetic risk, the abdominal irradiation of a pregnant woman
involves an additional risk to the progeny of the fetus. Be-
cause the number of future offspring of a fetus usually ex-
ceeds that of the irradiated parent, the genetic consequences
of fetal irradiation have greater significance.

Genetic risks were extensively reviewed by the National
Academy of Sciences (NAS),® UNSCEAR,* and the Inter-
national Commission on Radiological Protection (ICRP).#
The risk is commonly expressed as the gonadal dose that will
double the spontaneous incidence of genetic aberrations in a
mammalian population; this is known as the doubling dose.
Although there is considerable uncertainty, the general agree-
ment in the above reviews is that 1 Gy is a reasonable value
for the doubling dose for low dose-rate, low-LET radiation.
This value is primarily based on results from experiments
with mice. The corresponding estimate for the number of
radiation-induced genetic disorders for all generations fol-
lowing 1 Gy of fractionated or low dose-rate exposure of
either parent is 100 incidents: 10 000 live-born children; this
is a risk of 1% per gray. This risk was adopted by the ICRP
in their recent recommendations for radiation protection49
following a review of the estimates in the NAS and UN-
SCEAR reports noted above.

B. Summary of effects by gestational age (PC)

Table V qualitatively summarizes the gestational ages for
the five periods of embryo/fetus development and the rela-
tive magnitude of risk associated with radiation exposure
during each period. The absolute magnitudes of these risks in
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man are small and possibly nil for most of these effects for
low doses on the order of 0.1 Gy. The accuracy of risk esti-
mates improves at higher doses.

1. Preimplantation: 0 to 8 days PC

During the preimplantation period, the death of the em-
bryo or early fetus is the principal effect of radiation expo-
sure, with sensitivity being dependent on cell-cycle stage.*
The maximum risk to the embryo/fetus of rodents suggests a
1% to 2% chance of early death after doses on the order of
0.1 Gy, corresponding to an LDs, of about 1 Gy.® Most
animal studies of irradiation during this period do not show
an increase in the risk of malformation.”’

2. Embryonic period: 8 to 56 days PC

The principal risk during the embryonic period is malfor-
mation of specific organs, including neuropathology, particu-
larly for irradiation during differentiation. In man, a major
risk to the child is SHS in the child but without mental re-
tardation. In Hiroshima the incidence of SHS was 17% for
estimated air kerma of 0.1 to 0.2 Gy (T65DR dosimetry)
received by subjects in the most sensitive developmental pe-
riod of 2 to 11 weeks PC. However, in Nagasaki, there was
no significant increase in SHS for air kerma less than 1.5
Gy A recent re-evaluation using the new DS86
dosimetry28 concluded that the risk progressively increases
with dose above a possible threshold of a few centigrays and
is about 40% for a uterine-absorbed dose of 0.5 Gy. The
incidence at doses below 0.1 Gy received during this period
was not significant (p>0.05). In addition, the incidence for
any dose delivered after this period was not significant. In-
vestigations on rodents suggest an effective threshold dose
for malformation in the range of 0.05 to 0.25 Gy, depending
on the time of irradiation. A risk of growth retardation with a
similar range of threshold dose has also been observed in
mammalian populations, including man. Further, there is a
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possible late cancer risk of 14% per gray for an acute single
dose to the fetus at 8 to 56 days PC; fractionation of the dose
will probably reduce this risk.'*36

3. Early fetal: 56 to 105 days PC

SHS and mental retardation are the principal risks ob-
served in children following in utero irradiation during the
early fetal period. During the first part of this period, the risk
of SHS is similar to that during the organogenesis phase*
but this risk appears to decrease after week 11. The risk of
mental retardation, which was not evident among the Japa-
nese A-bomb survivors irradiated during the organogenesis
phase, reaches a maximum level during the early fetal stage.
The most conservative evaluation of the data suggests a risk
of 40% per gray with a relationship proportional to fetal
dose. The data are also consistent with a threshold of at least
0.12 Gy. Irradiation during this time also carries a demon-
strated risk of growth retardation that is smaller than that for
the organogenesis phase. When the fetal dose is about 1 Gy
or greater, there is also a risk of sterility and a continuing
risk, presumably with no threshold, of subsequent cancer.

4. Mid-fetal: 105 to 175 days PC

Irradiation during the mid-fetal period is not likely to in-
duce gross malformations. During this period, SMR was ob-
served with a threshold of about 0.65 Gy among the people
irradiated in utero during the A-bombing. Some effects on
human development, including SHS and growth retardation
with reduced height and weight, can also be produced during
this stage but only after doses exceeding 0.5 Gy.”**° How-
ever, there is a continuing risk of subsequent cancer devel-
opment. The observed risks of sterility and neuropathology
are smaller than those associated with earlier irradiation.”

5. Late fetal: more than 175 days PC

Apparently, during the final period of pregnancy the risks
of malformation and mental retardation are negligible. The
major risk quantitatively is probably subsequent cancer de-
velopment. The data from the Oxford surveys of childhood
cancer and similar case/control studies®>*"~-#2#%5 mainly re-
late to diagnostic x-ray exposure of pregnant women in their
third trimester. The extrapolated risk for lifetime cancer of
14% per gray for a single acute radiation dose and a smaller
risk for fractionated radiation doses, as noted earlier, will
apply. However, there is a continuing risk of growth retarda-
tion for doses exceeding 0.5 Gy.

C. Conclusions

The three effects that dominate the risk to a fetus follow-
ing exposure to ionizing radiation are malformation (includ-
ing SHS), SMR, and subsequent development of cancer. For
fully developed organisms the risks are likely to be substan-
tially reduced when the exposure is fractionated over a pe-
riod of 4 to 6 weeks, the typical duration of therapy. For a
rapidly developing embryo/fetus, however, there are periods
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of critical sensitivity, and irradiation during these periods
will increase some specific risks. These risks can be consid-
ered initially and conservatively by assuming that the dose-
response relationships for mental retardation and cancer in-
duction are linear with dose and without threshold. A
reasonable assumption for the risk of malformation is a
threshold of 0.5 Gy and a 50% risk at 1 Gy of fetal dose; this
risk becomes linear at doses greater than 0.05 Gy. The as-
sumed risk of SMR would then be 0.4 per gray for exposure
during gestation weeks 8 to 15. Assuming a cancer risk equal
to the lifetime risk for a S-year-old child®® and a dose-rate
reduction factor of 2,% the risk to the fetus is 7% per gray. A
dose of 0.1 Gy would then produce a risk of 1:25 for SMR,
1:20 for malformation, and 1:140 for increased cancer mor-
tality. The malformation risk (including SHS) and the risk of
SMR are clearly dominant with these assumptions.

Less conservatively, a linear-quadratic dose response for
SMR shows a risk of 1% at 0.1 Gy. Furthermore, the likeli-
hood of a threshold dose greater than 0.1 Gy, and perhaps as
high as 0.4 Gy, implies a zero risk in this range of fetal dose
for the most critical 8- to 15-week PC group. Following a
dose of 0.2 Gy, the reduction of IQ in this group would on
average be 6 points, assuming a linear dose response. The
risk of SHS does not appear to be linear with dose above an
assumed threshold; more likely this risk is linear-quadratic in
shape, as much of the animal data show (Fig. 14). The life-
time cancer risk at 0.2 Gy of about 1.5% (1:70) and a risk of
malformation including SHS of about 5% may be the most
critical risks. As currently evaluated, the genetic risk for fu-
ture generations is considerably smaller than these somatic
risks to the live-born child.

It should be evident that accurate specification of risks for
fetal doses of 0.1 to 0.2 Gy is not possible with the present
state of knowledge, particularly for fractionated radiation.
Whatever the risk at 0.2 Gy or even larger doses, consider-
ation should be given not only to the risk for the child but
also to the maternal benefit from the therapeutic procedure.
The conservative recommendation of a limit of 0.005 Gy
during the nine months of gestation as guidance for maxi-
mum fetal dose from occupational exposure of the mother is
not relevant because it ignores the issue of the medical ben-
efit to the mother in the treatment context. The possibility of
substantial fetal risks of malformation and SMR during the
first and early in the second trimesters of pregnancy, however
suggests that planning a treatment regimen around the criti-
cal period of gestation may be appropriate.

Table V is a guide to the PC periods in days and to the
embryo/fetal dose range for which the risk of known effects
is believed to be greater than 5%. Consideration should be
given to the avoidance or reduction of radiation exposure
during these periods. Reducing the fetal dose to less than 0.1
Gy substantively minimizes these risks. Table VI summa-
rizes the risk to the fetus as a function of radiation dose;
however, the user should recognize that this table is a simple
guide which does not take account of different end points
and stages of gestation.
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TaBLE V1. Summary of risk as function of dose.

Dose (Gy) Risk

<0.05 Little risk of damage

0.05-0.10 Risk uncertain

0.10-0.50 Significant risk of damage
during first trimester

>0.50 High risk of damage during

all trimester

6. PROFESSIONAL CONSIDERATIONS

When a pregnant patient is to receive radiation therapy,
the physician should carefully document aspects of the treat-
ment that could affect the fetus, including the basis of a
decision for or against therapeutic abortion. This information
should be made a part of the patient’s record and, at mini-
mum, should include the following:

(1) Time of gestation. The estimate for the patient should
be verified to the extent possible.

(2) Estimated dose to fetus. Measurements and/or calcu-
lations should be documented so that another physicist can
verify the dose estimates. Details should include the geom-
etry of shielding, if appropriate, and the point or points of
dose estimation.

(3) Basis for recommendations to patient. Full reference
should be made to this and other authoritative reports for
dose determination and risk evaluation.

(4) Informed consent. The patient, after discussions with
the physician, should be asked to sign a consent form. A
typical consent form appears in Appendix B; however, any
form should have approval of the institution’s legal counsel
before it is used. Topics that should be discussed with the
patient include the following:

(a) anticipated dose to fetus resulting from therapy,

(b) comparison to fetal radiation dose owing to naturally
occurring radiation,

(c) nondistinction between radiation-caused anomalies in
the child and those that occur naturally,

(d) rate of natural occurrence of abnormalities,

(e) anticipated increase of risk of fetal abnormality result-
ing from radiation therapy to this patient,

(f) citations and statements from authoritative reports re-
garding recommendations for or against therapeutic abortion
in various situations,

(g) written indication that the patient understands the dis-
cussion, with her signature, and

(h) presence of a credible witness to attest that the patient
understood the discussion, with signature of the witness.

Determining the degree of detail appropriate for a discus-
sion with a particular patient is difficult. A simple statement
will not be correct and a complex discourse might not be
understood.

VIl. SUMMARY OF RECOMMENDATIONS

In collaboration with the radiation oncologist, a medical
physicist should perform the following tasks as part of the
management of a pregnant patient.
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(1) Complete all planning as though the patient were not
pregnant. If the fetus is near the treatment beam do not take
portal localization films with open collimators and blocks
removed.

(2) Consider modifications of the treatment plan that
would reduce the radiation dose to the fetus by changing the
field size and angle, selecting a different radiation energy,
etc. For the field edge nearest the fetus, use trimmers in the
lower position where this is an option. If possible, treat a
pregnant patient with photon energies of less than 25 MV.

(3) Estimate dose to the fetus without special shielding
using out-of-beam data measured in a phantom. Usually
there are at least three points of interest: the fundus, the
symphysis pubis, and a midpoint.

(4) Design and construct special shielding if the fetal dose
without shielding exceeds acceptable limits. Usually four to
five half-value layers of lead are appropriate.

(5) Measure dose to fetus in a phantom during simulated
treatment, with shielding in place, adjusting radiation amount
and location.

(6) Document the treatment plan, including special shield-
ing, and discuss the planned treatment with all personnel
involved in patient setup.

(7) Check all aspects of safety, including load-bearing
limits of the treatment couch, support of shields, movement
of shields, etc., to ensure that there will be no injury to the
patient or to personnel.

(8) Be present at the time of initial patient setup and be
available for consultation when the patient receives therapy
to ensure that shielding is placed correctly and safely. Pho-
tograph the setup of each field at least once as part of docu-
mentation.

(9) Monitor fetal size and location throughout the course
of radiation therapy and repeat estimates of fetal dose if nec-
essary.

(10) Document the completion of treatment by estimating
the total dose, including the range of dose, to the fetus during
the course of therapy. Recheck the estimate to determine
whether the documentation includes complete information
regarding the phantom measurements and placement of spe-
cial shielding.

(11) Consider referring the patient to another institution
for treatment if equipment and personnel are not available
for reducing and estimating dose to the fetus as described
above.

APPENDIX A

The data presented in Figs. 18 through 24 are typical for
modern radiation therapy machines. However, the dose out-
side a beam depends on the design and construction of the
machine head and collimators. For this reason the out-of-
beam dose may differ among machines of the same nominal
type and energy. The specific machines used for the measure-
ments in this report were as follows,



79 Stovall et al.: Fetal dose from radiotherapy with photon beams 79

100 100 T
)
o il o \
8 1 8
- 10 4 °c 10
5 - A 5 A.\\
+— — 0
B RCTAMHN P — paid “&\
§<)(< vvvvvvvvvv §é TR
SE-A B . 'S 5O RN
a s o s
© uc> o) 5 1 X\§\
o 13 .38 R
© < C ¢ k{ i
8 ° 3 ° R
» ORI N
8 Qg 8 ¢ \v\\!
ER K‘\ 2% o X
<C [ R U SN SUURT ST < O ULl gompoiissotooo o
| 0.1 R ! SN o
A s N O S, . G o = -
v
0.01 g.01

-10 0 10 20 30 40 50 60 70 80

Distance (cm) from Field Edge

-10 0 10 20 30 40 50 60 70 80

Distance (cm) from Field Edge
Scmx S5cm FS
10 cm x 10 cm FS
15 cm x 15 cm FS
25 ¢cm x 25 cm FS

a Co-60 v 10 MV
® 4 MV 0 18 MV
v 6 MV m 25 MV

® < 4D

FiG. 20. Total absorbed dose in phantom from 4-MV photons for field sizes
of 5X5, 10X10, 15X15, and 25%25 cm? at 10-cm depth, normalized to
100% on the central axis at depth of maximum dose.

FiG. 18. Total absorbed dose in phantom from 10X 10-cm? fields of ®Co
gamma rays and 4-, 6-, 10-, 18-, and 25-MV photons at 10-cm depth, nor-
malized to 100% on the central axis at depth of maximum dose.

100 100

e

on Central Axis
on Central Axis

2,,

max

max

g
,

at D

7

/

0.1

Off-Axis Dose as a Percent of Dose
Off —Axis Dose as a Percent of Dose

0.01 , . 0.01
-10 0 10 20 30 40 50 60 70 80 -10 0 10 20 30 40 50 60 70 80
Distance (c¢m) from Field Edge Distance (¢m) from Field Edge
® 2 cm depth o Scmx 5cm FS
v 5 cm depth v 10 cm x 10 cm FS
v 10 cm depth v 15 cm x 15 cm FS
o 15 cm depth ® 25 cm x 25 ¢cm FS

FiG. 19. Total absorbed dose in phantom from a 10X 10-cm? field of 6-MV FiG. 21. Total absorbed dose in phantom from 6-MV photons for field sizes
photons (Varian Clinac 2100C) at depths of 2, 5, 10, and 15 cm, normalized of 5X5, 10X10, 15X 15, and 25X25 cm?® at 10-cm depth, normalized to
to 100% on the central axis at depth of maximum dose. 100% on the central axis at depth of maximum dose.

Medical Physics, Vol. 22, No. 1, January 1995



80 Stovall et al.: Fetal dose from radiotherapy with photon beams 80

TOOj
jol
%]
o
(]
- 10 +
o]
N ]
g'; )
o
o O
a s
C
O o 1
n ©
O ]
o © ]
2 =
[e] a
[
0 & K
<>(<6 0.1 4 \E‘\*VN"S_
| Y
=
© L J
0.01 T T 1 '

T ' T T T
-10 0 10 20 30 40 50 60 70 80

Distance (cm) from Field Edge

5cmx S5cm FS
10 cm x 10 ¢cm FS
15 ¢cm x 15 cm FS

25 ¢cm x 25 cm FS

® < 40

Fic. 22. Total absorbed dose in phantom from 10-MV photons for field sizes
of 5x5, 10x10, 15X15, and 25X25 cm? at 10-cm depth, normalized to
100% on the central axis at depth of maximum dose.

100 =
. :
)]
o]
o
% 10
— »
C X
o <
e
o O
a5
feng
O @
TN
[ NN
o
o N\.\
O o 1 . &f
O & -
. ]
£ IS
i 0.1 4 \\0\
5] -
%,
1)
0.01 + T T T T i

-10 0 10 20 30 40 50 60 70 80

Distance (cm) from Field Edge
S5cmx 5cm FS

10 cm x 10 ¢cm FS
x 15 cm FS

25 cm x 25 ¢m FS

® < 40
&)
O
3

Fic. 23. Total absorbed dose in phantom from 18-MV photons for field sizes
of 5%5, 10x10, 15X15, and 25X25 cm? at 10-cm depth, normalized to
100% on the central axis at depth of maximum dose.

Medical Physics, Vol. 22, No. 1, January 1995

S

Centrai Ax

on

ff—Axis Dose as a Percent of Dose

.

70 80

T T T

=10 0 10 20 3C 40 50 60

Distance (cm) from Field Edge

o 5cmx 5om FS
v 10cm x 10 em FS
® 2Hh cm x 25 cm bS

F1G. 24. Total absorbed dose in phantom from 25-MV photons for field sizes
of 5X5, 10x10, 15%X15, and 25%25 c¢m? at 10-cm depth, normalized to
100% on the central axis at depth of maximum dose.

Varian Clinac 2100C (6 and 10 MV) S/N 004
Varian Clinac 2100C (6 and 18 MV) S/N 008 and S/N 009

Varian Clinac 4 S/N 157

Varian Clinac 4/100 S/N 60

Siemens Mevatron 74 S/N 01358
Philips SL25 (6 and 25 MV) S/N 5013
Therac 6 S/N 3 and S/N 4
AECL Theratron 780 (cobalt) S/N 35

S/N=Serial number.

All data in this Appendix were measured using TLDs or
diodes. Phantoms used were either water or polystyrene.

APPENDIX B
DISCLOSURE AND CONSENT FOR RADIATION
THERAPY
I hereby voluntarily request and authorize Dr. ____ as my

physician, and such associated technologists and health care
providers as he/she may deem necessary, to treat my condi-
tion which has been explained to me as:

I understand that my condition may be treated with exter-
nal beam radiation therapy alone, with internal radiation im-
plants alone, or with both. Also, radiation therapy may be
combined with surgery and/or chemotherapy.
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The nature and purpose of the proposed procedure, the
alternative methods of treatment, and the risks and hazards if
treatment is withheld have been explained to me by my phy-
sician. I understand that radiation can be harmful to my un-
born child. There is a possibility of miscarriage and there is
also the possibility that the child may not develop or grow in
a normal manner as a result of these treatments. I have had
an opportunity to discuss these matters with my physician
and to ask questions about my condition, alternative methods
of treatment, and the proposed procedure(s). I understand
that no warranty or guarantee has been made to me as to
result or cure.

I further authorize the taking of photographs or placing of
tattoo or skin marks as necessary for treatment.

Patient/Other Legally Responsible Person (Signature)

Date Time

Witness

Address

IB. A. Fraass and J. van de Geijn, “Peripheral dose from megavolt
beams,” Med. Phys. 10, 809818 (1983).

D. Greene, G.-L. Chu, and D. W. Thomas, “Dose levels outside radio-
therapy beams,” Br. J. Radiol. 56, 543-550 (1983).

3D. Greene, P. G. G. Karup, C. Sims, and R. J. Taylor, “Dose levels
outside radiotherapy beams,” Br. J. Radiol. 58, 453—456 (1985).

K. R. Kase, G. K. Svensson, A. B. Wolbarst, and M. A. Marks, “Mea-
surements of dose from secondary radiation outside a treatment field,”
Int. J. Radiat. Oncol. Biol. Phys. 9, 11771183 (1983).
5B. Keller, C. Mathewson, and P. Rubin, “Scattered radiation doses as a
function of x-ray energy,” Radiology 111, 447-449 (1974).

°B. J. McParland, “Peripheral doses of two linear accelerators employing
universal wedges,” Br. J. Radiol. 63, 295-298 (1990).

7S. Sherazi and K. R. Kase, “Measurements of dose from secondary ra-
diation outside a treatment field: effects of wedges and blocks.” Int. J.
Radiat. Oncol. Biol. Phys. 11, 2171-2176 (1985).
8B. A. Fraass, P. L. Roberson, and A. S. Lichter, “Dose to the contralateral
breast due to primary breast irradiation,”” Int. J. Radiat. Oncol. Biol. Phys.
11, 485-497 (1985).

Y. Cohen, M. Tatcher, and E. Robinson, “Radiotherapy in pregnancy,”
Radiol. Clin. Biol. 42, 34-39 (1973).

1%, R. Almond, “Neutron leakage from current machines,” in Proceedings
of a Conference on Neutrons from Electron Medical Accelerators (Natl.
Bur. Stand., Washington DC, 1979), Spec. Publ. 544, pp. 129-138.

UH. Ing, W. R. Nelson, and R. A. Shore, “Unwanted photon and neutron
radiation resulting from collimated photon beams interacting with the
body of radiotherapy patients,” Med. Phys. 9, 27-33 (1982).

124, Ing and R. A. Shore, “Unwanted radiation produced by leakage neu-
trons from medical electron accelerators,” Med. Phys. 9, 34-36 (1982).

3R. Nath, E. R. Epp, 1. S. Laughlin, W. P. Swanson, and V. P. Bond,
“Neutrons from high-energy x-ray medical accelerators: an estimate of
risk to the radiotherapy patient,” Med. Phys. 11, 231-241 (1984).

!4National Council on Radiation Protection, “Influence of dose and its dis-
tribution in time on dose-response relationships for low-LET radiations,”
Rep. No. 64, Bethesda, MD, 1980.

13S. Y. Woo, L. M. Fuller, J. H. Cundiff, M. L. Bondy, F. B. Hagemeister, P.
McLaughlin, W. S. Velasquez, F. Swan, M. A. Rodriguez, R. Cabanillas,
P. K. Allen, and R. J. Carpenter, Jr., “Radiotherapy during pregnancy for
clinical stages IA-IIA Hodgkin’s disease,” Int. J. Radiat. Oncol. Biol.
Phys. 23(2), 407-412 (1992).

M. O’Connor, C. R. Blackwell, and K. Kisrow, “Fetal dose for patients

Medical Physics, Vol. 22, No. 1, January 1995

undergoing mantle irradiation for Hodgkin’s Disease,” Med. Dosim. 12,
9-11 (1987).

YA F McKinlay, Thermoluminescence Dosimetry (Hilger, Bristol, UK,
1981).

8P Jacquet, L. deClerg, and G. Kervyn, “Studies on the sensitivity of the
mouse egg to low doses of x-irradiation,” in Developmental Effects of
Prenatal Irradiation (Gustav Fischer, Stuttgart, 1982), pp. 51-57.

M. Domon, “Cell cycle dependent radiosensitivity in two-cell mouse em-
bryos in culture,” Radiat. Res. 81, 236-245 (1980).

2C. Roux, C. Horvath, and R. Dupuis, “Effects of pre-implantation low-
dose radiation on rat embryos,”” Health Phys. 45, 993-999 (1983).

M. Mayer, W. Harris, and S. Wimpfheimer, “Therapeutic abortion by
means of x-ray,” Am. J. Obstet. Gynecol. 32, 945-957 (1936).

2W. Harris, “Therapeutic abortion produced by the roentgen ray,” Am. J.
Roentgenol. 27, 415-419 (1932).

BR. L. Brent, “Response of the 9-1/2 day-old rat embryo to variations in
exposure rate of 150 R x-irradiation,” Radiat. Res. 45, 127-136 (1971).

2%United Nations Scientific Committee on the Effects of Atomic Radiation,
Genetic and Somatic Effects of Ionizing Radiation, Report to the General
Assembly, Vol. Annex C (United Nations, New York, 1986), pp. 263—
341.

W. J. Schull and M. Otake, “Effects on intelligence of prenatal exposure
to ionizing radiation,” Tech. Rep. 7-86, Radiation Effects Research Foun-
dation, Hiroshima (1986).

%E L. Alpen, Radiation Biophysics (Prentice-Hall, Englewood Cliffs, NJ,
1990), pp. 218-219.

218, Tribukait and E. Cekan, Developmental Effects of Prenatal Irradiation.
Dose-Effect Relationship and the Significance of Fractionated and Pro-
tracted Radiation for the Frequency of Fetal Malformations Following
X-Irradiation of Pregnant C3H Mice (Gustav Fischer, Stuttgart, 1982),
pp. 29-35.

M. Otake and W. J. Schull, “Radiation-related small head sizes among
prenatally exposed survivors,” Int. J. Radiat. Biol. 63, 255-270 (1992).
BR. L. Brent, “The effects of embryonic and fetal exposure to x-ray, mi-

crowaves and ultrasound,” Clin. Obstet. 26, 484510 (1983).

%A, S. Dekaban, “Abnormalities in children exposed to X-radiation during
various stages of gestation. I. Tentative timetable of radiation injury to the
human fetus,” J. Nucl. Med. 9, 471-477 (1968).

3IR. W. Miller and J. J. Mulvihill, “Small head size after atomic irradia-
tion,” Teratology 14, 355357 (1976).

32G. D. Kerr, “Organ dose estimates for the Japanese atomic-bomb survi-
vors,” Health Phys. 37, 487-508 (1979).

3M. Otake, H. Yoshimaru, and W. J. Schull, “Severe mental retardation
among the prenatally exposed survivors of the atomic bombing of Hi-
roshima and Nagasaki: A comparison of the T65DR and DS86 dosimetry
system,” Tech. Rep. 16-87 Radiation Effects Research Foundation, Hi-
roshima, 1987.

W, J. Schull, Report of Risk Task Group of Committee 1. lonizing Radia-
tion and the Developing Human Brain. Annals of the ICRP (Pergamon,
New York, 1991).

%National Research Council, Committee on the Biological Effects of lon-
izing Radiations, The Effects on Populations of Exposure to Low Levels of
lonizing Radiation, BEIR I report (National Academy, Washington, DC,
1980), pp. 441-452, 479, 483.

*National Research Council, Committee on the Biological Effects of Ion-
izing Radiations, Health Effects of Exposure to Low Levels of lonizing
Radiation BEIR V report, (National Academy, Washington, DC, 1990),
Table 4-3, pp. 175, 359-360.

37). F. Bithell and A. M. Stewart, “Prenatal irradiation and childhood ma-
lignancy, A review of British data from the Oxford survey,” Br. J. Cancer
31, 271-287 (1975).

3A. Stewart, J. Webb, and D. Hewitt, “A survey of childhood malignan-
cies.” Br. Med. J. 1, 1495-1508 (1958).

¥A. Stewart and G. W. Kneale, “Radiation dose effects in relation to ob-
stetric x-rays and childhood cancers,” Lancet 1, 1185-1188 (1970).

405, E. Bithell and C. A. Stiller, “A new calculation of the carcinogenic risk
of obstetric x-raying,” Stat. Med. 7, 857-865 (1988).

41C. R. Muirhead and G. W. Kneale, “Prenatal irradiation and childhood
cancer,” J. Radiol. Protection 9, 209-212 (1989).

42B. MacMahon, “Prenatal x-ray exposure and twins,” N. Engl. J. Med.
312, 576-577 (1985).

“R. H. Mole, “Antenatal irradiation and childhood cancer: causation or
coincidence?” Br. J. Cancer 30, 199~208 (1974).

“E. B. Harvey, . D. Boice, Jr., M. Honeyman, and J. T. Flannery, “‘Prena-



82 Stovall et al.: Fetal dose from radiotherapy with photon beams

tal x-ray exposure and childhood cancer in twins,” N. Engl. J. Med. 312,
541-545 (1985).

43Y. Rodvall, G. Pershagen, Z. Hrubec, A. Ahlbom, N. L. Pedersen, and J.
D. Boice, Jr., “Prenatal x-ray exposure and childhood cancer in Swedish
twins” Int. J. Cancer 46, 362—365 (1990).

3. Jablon and H. Kato, “Childhood cancer in relation to prenatal exposure
to A-bomb radiation,” Lancet 2, 1000—1003 (14 Nov. 1970).

4TY. Yoshimoto, H. Kato, and W. J. Schull, “Risk of cancer among children

Medical Physics, Vol. 22, No. 1, January 1995

82

exposed in utero to A-bomb radiations 1950-1984,” Lancet 2, 665-669
(17 Sept. 1988).

48Y. Shimizu, H. Kato, and W. J. Schull, *Life Span Study Report 11, Part
I1. Cancer mortality in the years 1950—1985 based on the recently revised
doses DS86,” Tech. Rep. 5-88, Radiation Effects Research Foundation,
Hiroshima, 1988.

“International Commission on Radiological Protection, Recommendations
of the Commission, 1990, Publication 60 (Pergamon, New York, 1991).



