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of reproductive age, concerning the risk of diagnostic
radiation exposures during and before pregnancy
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Over the past 50 years, our laboratory has provided consultations dealing with the risks of
various environmental toxicant exposures during pregnancy. These contacts were primarily by
telephone or written communications. Since the year 2000, the primary source of consultations
has been via the internet. In 2007, the pregnancy website of the Health Physics Society received
1,299,672 visits. The contacts who downloaded information totaled 620,035. After reading the
website information, 1442 individuals who were still concerned contacted me directly. Unfor-
tunately, we have learned that many physicians and other counselors are not prepared to counsel
patients concerning radiation risks. Approximately, 8% of the website contacts, who had
consulted a professional, were provided inaccurate information that could have resulted in an
unnecessary interruption of a wanted pregnancy.

Research from our and other investigators’ laboratories has provided radiation risk data that
are the basis for properly counseling contacts with radiation exposures. Mammalian animal
research has been an important source of information that improves the quality and accuracy
of estimating the reproductive and developmental risks of ionizing radiation in humans.

What are the reproductive and developmental risks of in utero ionizing radiation exposure?

1. Birth defects, mental retardation, and other neurobehavioral effects, growth retardation,
and embryonic death are deterministic effects (threshold effects). This indicates that these
effects have a no adverse effect level (NOAEL). Almost all diagnostic radiological proce-
dures provide exposures that are below the NOAEL for these developmental effects.

2. For the embryo to be deleteriously affected by ionizing radiation when the mother is
exposed to a diagnostic study, the embryo has to be exposed above the NOAEL to increase
the risk of deterministic effects. This rarely happens when the pregnant women have x-ray
studies of the head, neck, chest or extremities.

3. During the preimplantation and preorganogenesis stages of embryonic development, the
embryo is least likely to be malformed by the effects of ionizing radiation because the cells of the
very young embryo are omnipotential and can replace adjacent cells that have been deleteriously
affected. This early period of development has been designated as “the all-or-none period.”

4. Protraction and fractionation of exposures of ionizing radiation to the embryo decrease
the magnitude of the deleterious effects of deterministic effects.

5. The increased risk of cancer following high exposures to ionizing radiation exposure to
adult populations has been demonstrated in the atomic bomb survivor population. Radiation-
induced carcinogenesis is assumed to be a stochastic effect (nonthreshold effect) so that there
is theoretically a risk at low exposures. Whereas there is no question that high exposures of
ionizing radiation can increase the risk of cancer, the magnitude of the risk of cancer from
embryonic exposures following diagnostic radiological procedures is very controversial. Recent
publications and analyses indicate that the risk is lower for the irradiated embryo than the
iradiated child, which surprised many scientists interested in this subject, and that there may
be no increased carcinogenic risk from diagnostic radiological studies.

Examples of appropriate and inappropriate counseling will be presented to demonstrate
how counseling can save lives and change family histories. The reader is referred to the Health
Physics Society website to obtain many examples of the answers to questions posed by women and
men who have been exposed to radiation (www.hps.org). Then click on ATE (ask the expert).
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here have been many publications

concerning the effects of radiation
on the developing embryo. The subject
includes the effects of ionizing radiation
(x-rays, gamma rays, internal and exter-
nal radionuclides, neutrons) and non-
ionizing radiation (ie, electromagnetic
fields of various frequencies, microwave
radiation, communication band radia-
tion, diathermy, lasers, and ultrasound).
Exposures to ionizing radiation will be
emphasized in this publication. For fur-
ther details the reader is referred to com-
prehensive reviews concerning the ef-
fects of various forms of radiation on the
developing embryo and fetus.'"”

When attempting to evaluate the na-
ture and magnitude of the effects of an
environmental toxicant like radiation, it
is important to utilize all the available
approaches and methodologies. The
process that our laboratory utilizes in
evaluating reproductive and develop-
mental risks is as follows.

Method of evaluating

allegations of environmental
developmental toxicity’
Epidemiologic studies

At what exposures do controlled epide-
miologic studies consistently demon-
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strate or not demonstrate an increased
risk of birth defects, pregnancy loss, or
other developmental effects in exposed
human populations?

Secular trend data

Do secular trends demonstrate a relation-
ship between the incidence of various de-
velopmental effects and a quantitative
change in the population exposure? This
type of ecological analysis can be per-
formed only if a large portion of the popu-
lation is involved and the actual exposures
are available.

Animal developmental

toxicity studies

Does an animal model mimic the human
developmental effect at clinically com-
parable exposures? Developmental tox-
icity studies are indicative of a potential
hazard in general and may or may not
indicate the potential for a specific effect
on the human embryo or fetus.

Dose-response relationship

Does the incidence and severity of devel-
opmental toxicity increase with dose?
Does the developmental toxicity in ani-
mals occur at a dose that is equivalent to
the human dose? This is characteristic
for ionizing radiation effects more than
for all other environmental toxicants.

Biological plausibility

Are the mechanisms of developmental
toxicity understood and/or are the re-
sults biologically plausible?

It is important to emphasize 3 impor-
tant points about this method of evalu-
ating developmental risks.

First, quality epidemiological studies
are the foundation for determining hu-
man risks. It is rare that in vitro studies
or animal studies can refute either nega-
tive or positive findings in epidemiolog-
ical studies if an adequate and well-per-
formed number of epidemiological
studies are available.

Second, animal studies involving the ra-
diation of pregnant mammals (mice, rats,
and rabbits) are more predictive of human
risks than similar studies attempting to de-
termine the toxic effects of drugs and
chemicals. Drugs and chemicals, whether
injected or ingested, have to be absorbed,
metabolized by the liver, and transported

by the placenta, whereas ionizing radiation
produces its effects by directly affecting the
embryo. There are numerous examples of
differences in metabolism, absorption and
placental transport of drugs that make risk
assessment of human risks problematic.
That is not true for ionizing radiation.

Third, biological plausibility is a pow-
erful tool in evaluating environmentally
produced developmental effects. Figure
1 is a photograph of a young boy with a
congenital limb reduction defect (LRD).
This unilateral LRD most likely is due to
vascular disruption, amniotic band syn-
drome, or a placental embolus to the
limb at midgestation. A similar malfor-
mation, not in this child, was alleged to
have resulted from an in utero ionizing
radiation exposure. Besides the fact that
there had been no radiation exposure,
this unilateral malformation in a child
who had a normal birthweight had nor-
mal intellect, and a normal head circum-
ference is unlikely to have resulted from
a teratogenic exposure to ionizing radia-
tion."® The 3 key features of radiation
teratogenesis are missing, and it would
be most unlikely that radiation exposure
to an embryo would result in a severe
malformation in 1 arm, leaving the other
arm unaffected. It is simply not biologi-
cally possible.

Pathologic effects of exposing

the embryo to ionizing radiation

The risks associated with exposure to en-

vironmental toxicants during preg-

nancy, including ionizing radiation, can
result in the following effects; there is no
question that all of the threshold effects
mentioned below have been observed in
human populations if the exposure is

high enough (Table 1).

1. Pregnancy loss (abortion, stillbirths,
threshold phenomena).

2. Congenital malformations (anatomi-
cal defects; threshold phenomenon).

3. Neurobehavioral abnormalities (ie,
mental retardation) (threshold phe-
nomenon).

4. Fetal growth retardation (reversible
and irreversible) (threshold phenom-
enon).

5. Cancer (stochastic phenomenon,
nonthreshold phenomenon, based
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FIGURE 1
Child with a congenital
amputation

The most likely causes include an embolus from
placental tissue during development, vascular
spasms, or other interference of blood flow to the
developing arm or the amniotic band syndrome. A
similar child was involved in a negligence lawsuit
alleging that radiation caused a unilateral congen-
ital malformation of a limb. On the basis of bio-
logical plausibility, a clinical teratologist or genet-
icist would be able to determine that this child's
malformation could not have been due to radiation
exposure. As an infant he was normal weight at
birth and had normal head size and normal men-
tality. Therefore, he had none of the features as-
sociated with radiation teratogenesis.

Brent. Saving lives and changing family histories. Am J
Obstet Gynecol 2009.

on the linear no threshold hypothesis
for mutagenic agents).

Four of the 5 developmental effects of
irradiation are threshold phenomena
(deterministic effects). That means that
below the threshold exposure, the risk is
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TABLE 1

Stage, gestation, wks

Radiation effects at different stages of gestation

Effect

First and second weeks after first missed
menstrual period (prior to conception)

First 2 weeks after first missed menstrual period. This is preconception radiation. Mother
has not yet ovulated.

Third and fourth week of gestation (first
2 wks p.c.)

Minimum human acute lethal dose (from animal studies). Approximately 0.10 to 0.20 Gy.
Most sensitive period for the induction of embryonic death.

Fourth to eighth week of gestation
(second to sixth week p.c.)

Minimum lethal dose (from animal studies). At 18 days p.c. = 0.25 Gy (25 rad)

After 50 days p.c., greater than 0.50 Gy (50 rad) Embryo is predisposed to the induction of
major malformations and growth retardation. Minimum dose for growth retardation. At
18-36 days = 0.20 to 0.50 Gy (20 rad-50 rad)

At 36-110 days = 250-500 mGy (25-50 rad). But the induced growth retardation during
this period is not as severe as during midgestation from similar exposures.

Eighth to fifteenth week of gestation

Most sensitive period for irreversible whole-body growth retardation, microcephaly, and
severe mental retardation.

Threshold for severe metal retardation is 0.35 to 0.50 Gy (35-50 rad). Decrease in 1Q can
occur at lower exposures.

Sixteenth week to term of gestation

Higher exposures can produce growth retardation and decreased brain size and intellect,
although the effects are not as severe as occurs from similar exposures during
midgestation. No documented risk for major anatomical malformations. Minimum lethal
dose threshold (from animal studies). At 15 weeks to term, greater than 1.5 Gy (150 rad).
Minimum dose for severe mental retardation. At 15 weeks to term, greater than 1.50 Gy,
but decrease in 1Q can occur at lower exposures.

P.C., preconception.

This shows radiation exposure and risk at different gestational phases. There is no evidence that radiation exposure in the diagnostic ranges (less than 0.10 Gy, less than 10 rad) is associated
with measurably increased incidence of congenital malformation, stillbirth, miscarriage, growth, and mental retardation.

.

Brent. Saving lives and changing family histories. Am ] Obstet Gynecol 2009.
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no longer present. Another way of refer-
ring to the fact that a threshold exists is
by determining the no-adverse-effect
level (NOAEL). That means that the ef-
fect involves many cells (a multicellular
effect), and, as the exposure is increased,
both the incidence and the severity of the
effect increases (Table 2).

Stochastic effects primarily describe
the effects of mutagenic agents that
theoretically do not have a threshold
and relate to the risks of cancer and
genetic effects. Mutagenic agent effects
have an increased risk as the exposure
increases; however, the magnitude or
severity of the effect remains the same.

Leukemia resulting from a high expo-
sure to radiation is not more severe
than a spontaneously occurring leuke-
mia. As the radiation exposure in-
creases, the risk increases; however, the
severity of the effect remains the same
(Table 2). The risks of mutagenic
agents are so small at very low expo-

cell and organ
processes etc

death, toxicity,

' )
TABLE 2
Stochastic and threshold dose-response relationships of diseases produced by environmental agents
Phenomenon Pathology Site Diseases Risk Definition
Stochastic Damage to a single DNA Cancer, germ cell Some risk exists at The incidence of the
cell may result in mutation all dosages; at low disease increases,
disease doses, risk may be but the severity and
less than nature of the
spontaneous risk. disease remains the
same.
Threshold Multicellular injury Multiple, variable Malformation, No increased risk Both the severity
etiology, growth below the and incidence of the
affecting many retardation, threshold dose. disease increase

with dose.

Teratology 1999;59:182-204.

Adapted from Brent RL. The effect of embryonic and fetal exposure to x-ray microwaves and ultrasound: counseling the pregnant and nonpregnant patient about these risks. Sem Oncol
1989;16:347-69° and Brent RL. Utilization of developmental basic science principles in the evaluation of reproductive risks from pre- and postconception environmental radiation exposures.

Brent. Saving lives and changing family histories. Am J Obstet Gynecol 2009.
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sures that it is frequently impossible to
demonstrate the risk in human studies.

When counseling women and families
of reproductive age, it is important to in-
form them about the background risks of
reproductive and developmental effects
for which all healthy women are at
risk 21101923 1t is much simpler to
counsel families concerning the deter-
ministic risks because if the exposure is
below the NOAEL, it is appropriate to
inform the family that their risks are not
increased. For the oncogenic or muta-
genic risks, you can inform the family
that their risk is very, very small.

If the mother is healthy and has no
personal or family history (including the
father) of reproductive or developmen-
tal problems, she must be told the fol-
lowing:

“You began this pregnancy with a
3% risk for birth defects and at the
time that you recognized that you
were pregnant, you had a 15% risk
of miscarriage. Those are average
background risks that we cannot
change at this time.”

If the woman is not yet pregnant and
she intends to become pregnant, she
should be informed to start taking 400
pg of folic acid each day and 6 ug of vi-
tamin B-12 because of the beneficial ef-
fects of folic acid in reducing the risk of
neural tube defects if taken preconceptu-
ally and during pregnancy.

What do we know about the qualita-
tive and quantitative effects of ionizing
radiation on the developing embryo?®'!
Radiation effects may be manifested
acutely and result in cell death, embry-
onic death, growth retardation, and ter-
atogenesis. Cell death, alterations of the
mitotic index, and cell migration can al-
ter the growth of the embryo and the de-
velopment of the central nervous system.
Other effects may not be immediately ob-
vious and can be measured or ascertained
onlyin the postpartum or adult period. For
instance, neuronal depletion, neurobehav-
ioral abnormalities, infertility, tissue hy-
poplasia, neoplasia, or shortening of the
lifespan are phenomena that can be evalu-
ated only in the postpartum or adult

Organism.8,10—12,24—30

First-day x-irradiation in the rat

Obstetrics

Dose, Gy Litters Embryos Resorptions, % Fetal weight, g
0.00 77 902 4.77 5.264
0.05 58 699 6.49 5.199
0.10 76 944 7.75 5.207
0.20 71 851 1.4 5.148
0.30 43 490 18.57 5.015

Because the spontaneous resorption rate ranges from 4-8% in the rat, it is necessary to utilize large numbers of pregnant
animals to determine at what radiation exposure the resorption rate is increased from x-irradiation exposures on the first
postconception day. Statistical tests indicated that the resorption rate is increased with exposures between 0.1 and 0.2 Gy,
although the 0.2 Gy exposure is the first exposure that is statistically significant. Note that there was no growth retardation
in the surviving embryos, which is true, even when the exposure is 1 Gy and there is significant mortality.

Brent. Saving lives and changing family histories. Am ] Obstet Gynecol 2009.

Congenital malformations

and growth retardation

Studies involving irradiation of the hu-
man fetus from diagnostic exposures
has notbeen observed to cause congen-
ital malformations or growth retarda-
tion”?~%; however, not all such clinical
studies are negative.’® These are ex-
tremely difficult studies to perform,
and it appears that the animal data sup-
port the contention that gross anatom-
ical congenital malformations will not
be increased in a human pregnant pop-
ulation exposed to less than 0.2 Gy
(20,000 mrad, 20 rad) acute exposures.
The NOAEL for congenital malforma-
tions is greater than 0.2 Gy (greater
than 20 rad) at the most sensitive stage of
development (9 days p.c. [postconcep-
tion] in the rat) (22 days p.c. in the hu-
man). Although we cannot be certain of
the human NOAEL, animal data indicate
that the NOAEL for birth defects is much
higher at later stages of pregnancy®'****”
(Table 1).

Radiation exposure during preorga-
nogenesis has a NOAEL for lethality if
the exposure is less than 0.15 to 0.2 Gy;
however, the embryos that survive to
term are not growth retarded nor do they
have a higher incidence of malforma-
tions (Tables 1 and 3).1:10-11:38-46 The
threshold for growth retardation is
higher than for birth defects during early
organogenesis (0.25-0.4 Gy, 25-40 rads)
and continues to rise throughout
pregnancy.

Embryonic death

The NOAEL for the lethal effects of radi-
ation is lowest during the preimplanta-
tion, preorganogenesis stages in the rat
and is approximately 0.15-0.20 Gy
(15-20rad) (0-8 days p.c.). Table 3 dem-
onstrates the lethal effects of irradiating
the embryo on the first postconception
day. Note that the threshold exposure is
around 0.2 Gy, but the risk of growth re-
tardation is not increased in any of the
surviving embryos receiving .20 Gy or
less.

There are no human studies available
during this stage of pregnancy; however,
the equivalent period of development in
the human would be from 0-16 days
postconception (Figures 2 and 3). The
NOAEL for increased risk of embryonic
death increases throughout gestation
and is similar to the mother’s risk in late
gestation.

The example of the hysteria that can
occur following low-dose ionizing radi-
ation exposure to pregnant women is
represented by the results of the Cher-
nobyl nuclear power plant explosion
that occurred in 1986. There were re-
ports of an increase in the frequency of
medical abortions in Russia following
the disaster. This was not the case in
northern and central Europe because the
exposures to the population were ex-
tremely low at great distances from the
Chernobyl nuclear power plant, and
there was no increase in any reproduc-
tive effect studied, including congenital
malformations, stillbirths, and sponta-
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A cartoon demonstrating the effects of radiation
during gestation for the rat and the human
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The experimental data following 1 Gy exposure to the pregnant rat on each day of gestations in
separate experiments are depicted in this figure. You will note that the embryo in the first 2 weeks
of human gestation and the first 8 days of rat gestation does not exhibit an increased risk for viable
malformations at term. The very sensitive period for major organ malformations following radiation
is present for approximately 2.5 to 3 weeks in the human from the 18th to the 40th day p.c. and
4-5 days in the rat. Interestingly, severe effects can occur after the period when major anatomical
malformations cannot be produced because of irreparable cell depletion that may occur in important

organs in the latter part of pregnancy (ie, the central nervous system and the gonads).
Brent. Saving lives and changing family histories. Am ] Obstet Gynecol 2009.

neous abortions in Norway, Sweden,
Finland, and Austria.*’>* Yet in many
countries in southeastern Europe and
the Ukraine, pregnant women were in-
appropriately encouraged to interrupt
their pregnancies.

If these data regarding the risks of de-
velopmental effects are the best estimates
of the risk of irradiation during preg-
nancy, why did the National Council on
Radiation Protection (NCRP) Hand-
book 54 establish .05 Gy (5 rad) as the
embryonic exposure not to exceed when
exposing pregnant women? The 0.05 Gy
exposure was selected because it pro-
vided a reasonable “margin of safety”
from the exposures that may represent a
developmental risk. In 1977 almost
100% of diagnostic studies had expo-
sures below 0.05 Gy. With the advent of
computed tomography (CT) scans and
the expansion of the use of radionuclides

8 American Journal of Obstetrics & Gynecology

it is more likely that 0.05 Gy exposures
will be exceeded. This can promote con-
cern in many patients and some health
care professionals. However, the threshold
for birth defects, growth retardation, neu-
robehavioral effects, and growth retarda-
tion are above the level of diagnostic radio-
logical exposures and the threshold
increases as pregnancy progresses.

The all-or-none phenomenon

Irradiation of rats and mice with 1.5 to
2.0 Gy during the preimplantation and
preorganogenesis stages increases the
risk of embryo lethality; however, mal-
formation rates in the surviving fetuses
at term are similar to the controls, not
because malformations cannot be pro-
duced at this stage (Figure 2). However,
at this early stage of pregnancy, high ex-
posures induce cell loss or chromosome
abnormalities that most likely result in

JANUARY 2009

zygote death or malformations that are
lethal. Our laboratory has published
numerous articles on the rat and mouse
that confirm the all-or-none princi-
ple. 101138435456 Nany other investi-
gators have confirmed these findings in-
cluding a recent report in the medical
literature.””

A number of investigators have reported
studies that demonstrated that high expo-
sures of the ethylnitrosourea, retinoic acid,
ethylene oxide, and high-dose radiation
early in gestation resulted in lethality and a
small increase in incidence of malforma-
tions.***>%% Nagao et al*” in 1986 per-
formed an interesting group of experi-
ments demonstrating, at least in their
studies, that when mitomycin C was ad-
ministered on the second or third postcon-
ception day, many embryos died early and
late, and some were obviously malformed.
When the treated embryos were trans-
ferred to untreated dams or normal em-
bryos were transferred to treated dams, the
investigators observed that the malforma-
tions were due to the effect of mitomycin C
on the mother, indicating that the malfor-
mations were due to a maternal toxic ef-
fect. Rutledge®® wrote a commentary on
the publications by Nagao et al*” and con-
cluded that the observations of Nagao et
al”” indicated that the malformations were
due to a maternal toxic effect. However,
Rutledge concluded that the malforma-
tions produced in his studies were more
likely because of a direct effect on the
embryo.

In some instances, the results that re-
futed the all-or-none phenomenon were
in error. As an example, Rugh®”* irradi-
ated pregnant CF-1 mice on the first day of
pregnancy and reported an increase in the
incidence of exencephaly. In Rugh’s stud-
ies, there was no dose-response relation-
ship. The Argonne laboratories reported
that the incidence of exencephaly in 1000
consecutive CF-1 litters was similar to the
incidence in Rugh’s radiated litters. This is
what happens when you utilize too few
pregnant animals in a study and the ani-
mals have a particular malformation that
occurs in a 1% incidence, as in the CF-1
mouse. Rugh should have been suspicious
of his results when he observed that there
was no dose-response relationship. Fortu-
nately, Rugh recognized this problem and



revised his conclusion to indicate that the
results were not biologically plausible.”>

During the 1980s and 1990s, Streffer
and Pamfer and colleagues*>>*°"7?
published their excellent research that
indicated that the all-or-none phe-
nomenon might not be correct. These
investigators utilized the Heiligen-
berger Stamm strain, referred to as the
HLG/Zte strain in their radiation stud-
ies. It is a strain with a 1-4% spontane-
ous incidence of gastroschisis. Irradia-
tion of this strain on the first day of
pregnancy with high exposures results
in an increase in embryonic mortality
and a moderate but statically increased
incidence of gastroschisis. C57Bl mice
or HLGxC57Bl hybrids in their labora-
tory, when irradiated, have an increase
in mortality but no increase in congen-
ital malformations. Streffer and his
colleagues stated:

“The fact that malformations can
be induced after exposure to a sin-
gle cell, the zygote, contradicts the
long-standing dogma of teratol-
ogy that developmental defects are
inducible only when the conceptus
is exposed during organogenesis.”

Dr Streffer is an excellent scientist, and
although he was gently critical of the im-
portance of the all-or-none phenome-
non, we are colleagues and friends. More
recently, he has summarized his research
dealing with preimplantation exposures
to radiation and concluded:

“During the preimplantation pe-
riod, radiation exposures can
cause death of the embryo after ra-
diation doses of 0.2 Gy and higher.
Malformations are only observed
in very rare cases when genetic
predisposition exists.””*

The all-or-none phenomenon con-
cept indicates that the predominant ef-
fect of embryotoxic exposures during the
preimplantation period is embryonic
death. It also indicates that even in sus-
ceptible mouse strains, the risk for mal-
formations is very low, even at high
doses, and, most important, there are no
increased developmental risks below 0.2
Gy, even in the genetically susceptible

Obstetrics

Demonstration of the 3 important phases of embryonic development

with regard to the sensitivity to radiation (Wilson

37)

Usually Nort Susceptible
to
Teratogenesis

Highly Susceprible
to Teratogenesis

Period of Advanced Organogenesis

Increasingly Resistant
to Teratogenesis
With Increasing Age

The period during predifferentiation, sometimes referred to as the all-or-none period, is due to the
fact that these cells are omnipotential. Using today’s language, we would refer to them as stem cells.
They are very susceptible to the lethal effects of radiation, but the survivors do not appear to have
an increased risk for anatomical malformations at delivery. The second group of embryos are 3
embryos in the very early stages of organogenesis from the beginning of differentiation on the 18th
day p.c. This sensitive stage for the production of anatomical malformations lasts about 2.5 weeks.
From the 40th day of gestation until delivery, the fetuses’ sensitivity to radiation gradually decreases,
although significant, serious effects of the central nervous system and developing gonads can result

if the exposure is high enough.

Reprinted with permission from Robert L. Brent, MD, PhD, DSc (Hon).
Brent. Saving lives and changing family histories. Am ] Obstet Gynecol 2009.

strains. The biologic basis to explain the
all-or-none phenomenon is depicted in
Figure 3.”7% Until differentiation is ini-
tiated, each omnipotential cell has the
potential for forming an embryo.
Whereas induced cell death can result in
malformations during early organogen-
esis, cell death during preorganogenesis
can result in embryonic death. If enough
omnipotential cells survive, they can re-
organize and result in normal develop-
ment (Figure 3). In 1953, our laboratory
referred to these cells as omnipotential
cells.”® Today they are referred to as stem
cells.

How should risk managers and coun-
selors interpret and utilize the mouse
data? The fact that the reported malfor-
mations are specific for susceptible
strains of mice indicates that these are
genetically susceptible strains (epige-

JANUARY 2009

netic effect), resulting in an increase in
the specific malformation from many
forms of stress. In some experiments,
cross-transfer has indicated that radia-
tion of the uterus has been responsible
for the epigenetic effect. Induced genetic
changes in the 1-cell embryo would not
result in an increase in only 1 type of ab-
normality, such as gastroschisis or exen-
cephaly. Ionizing radiation’s mutagenic
effect is not site directed. It produces
mutations randomly. There would be no
biologic basis to conclude that the radia-
tion would raise the incidence of only 1
genetically determined malformation
from a radiation-induced mutation.
Therefore, it is important to realize
that these unusual instances of malfor-
mations surviving to term following ra-
diation exposures of mice on the first day
of pregnancy have little applicability to

American Journal of Obstetrics & Gynecology 9
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Risks of mental retardation from various exposures to radiation
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Approximately 40% of the children will be seriously retarded following 1 Gy of radiation during the

stages of the 8th-15th weeks of human gestation.

Atter 15 weeks of gestation, the fetuses are less

sensitive to the effects of radiation to the central nervous system. The controversy raised by these
data was whether there was a threshold. In the original publication, Otake and Schull”” indicated that
they believed that there was no threshold for radiation induced mental retardation.

Reprinted with permission from Robert L. Brent, MD, PhD, DSc (Hon).

Brent. Saving lives and changing family histories. Am ] Obstet Gynecol 2009.

the human situation. The exposure uti-
lized by Streffer et al was not in the diag-
nostic range and the malformation that
was present in the mouse had a high
background incidence.

Most inadvertent radiation exposures
of pregnant women during this early pe-
riod of gestation are the result of diag-
nostic radiological studies that involve
very low exposures. Therefore the all-or-
none phenomenon can be very helpful in
evaluating the developmental risks of ex-
posures during the first 2 weeks of hu-
man pregnancy. When the exposure is in
the diagnostic range and the pregnancy
stage is in the first 2 weeks, there is min-
imal likelihood that the developmental
risks of surviving embryos will be mea-
surably increased. Our pregnancy web-
site had 59 consultations in 2007 of
women who had CT scans during the
first week of pregnancy when the preg-
nancy test was negative. Knowledge and
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appropriate utilization of the all-or-
none phenomenon is very helpful in this
situation.

Neurobehavioral effects

There is no doubt that high doses (1-2
Gy) of ionizing radiation to the develop-
ing human fetus can produce mental re-
tardation and microcephaly.””®> The
most sensitive stage for the induction of
mental retardation and severe micro-
cephaly is reported to be from the 8th-
15th week of human gestation.

During early organogenesis 1 Gy (100
rad) can produce a high incidence of
malformations: 41% of brain malforma-
tions and 90% of eye malformations on
the ninth day after conception in the
rat.’®*”?° During midgestation the brain
can be depleted of neurons; when these
cells are killed at this stage, they are not
replaced. That is why mental retardation
and microcephaly are more readily in-
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duced from the 8th-15th week of gesta-
tion. There is little disagreement about
the sensitivity of the brain during orga-
nogenesis and fetogenesis. Although
most radiation embryologists assumed
that the exposure to diagnostic radiation
was too small to produce mental re-
tardation, there were few data in the hu-
man to confirm or refute any definitive
conclusion.

In 1984, Otake and Schull’’ reana-
lyzed the data of the children who were
irradiated in utero in Hiroshima and Na-
gasaki (Radiation Effects Research
Foundation). They concluded that the
most sensitive period for the induction
of mental retardation was from the 8th-
15th week of gestation and that 40% of
the offspring that received 1 Gy were
mentally retarded (IQ < 70) (Figure 4).
They also indicated that from 15 weeks
until term, much higher exposures were
required to produce mental retardation
and the incidence was lower.

Their evaluations also concluded that
mental retardation could be produced
below 0.1 Gy and that radiation-induced
mental retardation was a stochastic ef-
fect; in other words, it did not have a
threshold. Several other investigators
and even some official publications re-
peated the conclusions of Otake and
Schull that mental retardation was an ef-
fect without a threshold.®*

Shortly after the publication of Otake
and Schull’s paper,”” a group of scientists
was convened in Washington, DC, by the
president of the NCRP at the NCRP of-
fice in Bethesda, MD, to discuss this is-
sue. Drs J. Schull, R. Miller, R. Brent, R.
Monson, and M. Winick discussed the
idea that radiation induced mental retar-
dation was a stochastic effect. Drs Miller,
Monson, Brent, and Winick did not sup-
port this concept that in utero radiation
induced mental retardation was a sto-
chastic effect. S. Jablon, who was a stat-
istician, did not support this “new” con-
cept in his presentation of the Taylor
lecture.®® In Jablon’s Taylor address, he
said, “Somatic effects, such as the devel-
oping fetal brain, are not at all well un-
derstood, and I will say only that it is
most unlikely that mental retardation
following fetal radiation is a stochastic
effect; the magnitude of the deficit that is
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induced surely increases with the dose”
(Table 2).

Without examining the human epide-
miological data, there are reasons to argue
against Otake and Schull’s conclusion (Ta-
ble 2). It is not biologically plausible that
radiation of the brain at midgestation that
resulted in mental retardation would be a
stochastic (nonthreshold) effect. The 2
major disease categories that theoretically
have no threshold from radiation exposure
are oncogenensis and mutagenesis. Both
these pathological effects can be mani-
fested from an alteration of the genome of
1 cell. There is no way that a genetic alter-
ation in 1 cell could pathologically result in
mental retardation at midgestation.'>""

In 1999, Schull and Otake® reevalu-
ated their original position expressed in
1984 and stated that “no threshold can
be unequivocally demonstrated statisti-
cally in the occurrence of clinically iden-
tified mental retardation among those
survivors exposed at 8-15 weeks after
ovulation.” They even calculated a 95%
confidence interval for the threshold for
mental retardation. However, in their
conclusion, the authors comment as fol-
lows: “Where does this leave us?” First, it
seems most unlikely that the epidemio-
logical data will ever provide a compel-
ling answer to the question of whether a
threshold does or does not exist. The
data are simply too limited to expect
more than has been described. Unfortu-
nately, in 1984, with fewer data, these au-
thors were able to conclude that there
was no threshold (Otake and Schull””). If
we examine all the basic science data, it
will be evident that radiation-induced
mental retardation is a deterministic or
threshold effect.

There have been many studies that
have examined the neuropathology of
the brains of humans and experimental
animals that have been exposed to ioniz-
ing radiation. In adult humans and rats
that were exposed in utero, heterotopia
(Figure 5) has been demonstrated in the
most severely affected individuals. This
is a failure of migration of the ependymal
cells that differentiate into migrating
neurons to reach their proper position in
the outer layers of the cortex. This phe-
nomenon is never seen in the very low
exposures. Following 2 Gy in utero expo-

sure on the 17th day p.c. in the rat, the
outer layer of the cortex demonstrates
abnormal neuronal organization and ar-
eas of heterotopia.

This type of disorganization is never
observed at low exposures in experimen-
tal animals, nor do you observe hetero-
topia at very low exposures. The irradi-
ated fetal brain demonstrates minimal
reduction of cortical neurons following
0.3 Gy exposures. It is most important to
note that when you examine similar
brains that were exposed to 0.01-0.1 Gy,
the irradiated brains cannot be differen-
tiated from the controls.

To attempt to resolve the controversy
introduced by the Otake and Schull pub-
lication,”” we began a series of experi-
ments dealing with the neurobehavioral
effects of in utero ionizing radiation us-
ing the rat.'>*** Nine developmental
and behavioral parameters were evalu-
ated.*>® Radiation was carried out late
in rat gestation when it was known that
the neurological effects were the most
sensitive and severe. The research of
Hicks and D’Amato”® demonstrated that
the central nervous system had a broad
range of serious effects that resulted fol-
lowing late gestation radiation in the rat.
Severe hypoplasia of the cerebral cortex
can be produced by administering 1.5 Gy
on the 17th-20th day p.c. in the pregnant
rat that is tantamount to human
microcephaly.

Neurobehavioral studies were per-
formed on the offspring of pregnant an-
imals exposed on the ninth day p.c. and
17th day p.c. Adult offspring that were
irradiated on the ninth day p.c. with 0.1-
0.6 Gy did not exhibit any growth retar-
dation, developmental effects, or neu-
robehavioral effects when they reached
sexual maturity. This is of interest be-
cause although there was only a small
number of individuals that survived the
in utero A-bomb radiation during early
pregnancy, Otake and Schull”” reported
there was no increase in severe mental
retardation or microcephaly in this
group of human survivors.

This observation in humans and the
negative results in the animals irradi-
ated early in pregnancy are supported
by the known resiliency of the central
nervous system early in pregnancy. At
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FIGURE 5
Rat brain after 1 Gy radiation
on the 17th day p.c.

Arrows are pointing toward neuronal cells that
failed to migrate to their proper location. This is
referred to as heterotopia. It is found in human
brains in retarded individuals following high
doses of radiation (Jensh et al®®7).

Reprinted with permission from Robert L. Brent, MD, PhD, DSc
(Hon).

Brent. Saving lives and changing family histories. Am J
Obstet Gynecol 2009.

low exposures, below the threshold for
the production of major malforma-
tions, the central nervous system cor-
tical neuronal primordial cells are
readily replaced. This does not happen
in the human in midgestation or in the
rat in late gestation. Irradiation of the
rat during late gestation does result in
developmental effects at low exposures
with thresholds for growth and devel-
opment at 0.4 Gy and for 1 reflex at 0.2
Gy.

Besides Otake and Shull, there have
been a number of investigators that
have evaluated the data pertaining to
the population of individuals exposed
in utero in Hiroshima and Na-
gasaki.?'®? The discussion of the issue
of radiation-induced mental retarda-
tion by Miller”® indicated that when
the exposure is less than 0.5 Gy, the risk
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of severe mental retardation is similar

to the unexposed population.

Mental retardation is not an uncom-
mon occurrence, with a prevalence of
approximately 1 per 100 births. Miller’s
recalculation of the risk of mental retar-
dation estimates the threshold to be 0.57
Gy (95% confidence interval, 0.35-0.66
Gy). In a more recent publication, Schull
and Otake” now agree that there is a
threshold for radiation produced mental
retardation. These authors also reported
that on the average, 1 Gy exposure dur-
ing pregnancy reduced the IQ 30 points.
Therefore, even if mental retardation
were a stochastic effect, the loss of IQ at
0.01 Gy would only be 0.3 IQ points,
which could not be responsible for men-
tal retardation.

To summarize the controversy about
the relationship of ionizing radiation
and mental retardation and whether 0.01
Gy can increase the risk of mental retar-
dation, the data indicate that it is not a
stochastic effect, which is supported by
the following findings.

e Teratogenic effects
threshold phenomena.

e In utero exposure to ionizing radia-
tion indicates that there is approxi-
mately a 30 point IQ loss per Gy (100
rad) during the most sensitive period
of human brain development, indicat-
ing that severe mental retardation
would not occur, even if there were not
a threshold, because a linear relation-
ship to exposure would predict a 0.3
IQ loss at .01 Gy (1 rad).

e Animal studies indicate that at 0.01
Gy, there are no observable histologic
effects in the developing brain that
could account for severe central ner-
vous system effects.

e Neurobehavioral evaluations of ani-
mals exposed in utero demonstrate a
threshold for behavioral effects at the
same dose as for other teratologic ef-
fects (0.2 Gy).

Whereas Schull and Otake™ are con-
cerned that the epidemiological data are
not consistent and robust enough to an-
swer the question as to whether mental
retardation is a stochastic or a determin-
istic effect, the basic science of neurolog-
ical development and neuropathology
can readily answer the question. It is true

are primarily
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that epidemiology is the foundation of
determining human risks; however, oc-
casionally basic science and animal stud-
ies can fill the void left by insufficient ep-
idemiological data. Radiation induced

mental retardation is a deterministic
effect.!17?

The importance of dose rate,
fractionation, and protraction

in determining the risks of ionizing
radiation on the developing embryo
Many diagnostic radiological studies oc-
cur over a period of hours or days, and it
is important to consider the modifying
biological effect of the protraction or
fractionation when estimating the repro-
ductive and developmental risks. This
concept is strengthened further by the
fact that most human exposures to ex-
tensive diagnostic radiation studies are
fractionated or protracted. Protracted ex-
posures are less likely to produce deter-
ministic developmental effects than is an
acute exposure of low linear energy trans-
fer (LET) radiation.”> '

Brizzee and Brannon®” irradiated rats
with 1.5 Gy (150 rad) on the 12th day of
gestation with an acute exposure and
various fractionated exposures over a pe-
riod of 12 hours. The brains of the adult
rats were examined histologically. The
acute exposure reduced the volume of
the outer layers of the cerebral cortex by
almost 50%. It was obvious that the
number of neurons were markedly de-
pleted. The animals that received 1.5 Gy
in 9 fractions over a period of 12 hours
were not statistically different from the
unirradiated controls, although there
was a slight visible reduction in the thick-
ness of the cerebral cortex. Thus, the
fractionation of radiation reduced the
severity of the neuropathological effect
of the exposure, even when it occurs only
over a period of 12 hours.

Coppenger and Brown”® and Stadler
and Gowen'"” exposed rats and mice, re-
spectively, over a period of 10 and 11
generations. They utilized a ®*Co source
that could be lowered for 1 hour each day
to permit personnel to water, feed, and
observe the animals. At 0.02 Gy (2 rad)
per day continuous radiation exposure,
these investigators did not observe any
reproductive or developmental effects.
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They did observe effects at 0.05 Gy (5
rad) per day. Russell et al'® utilized con-
tinuous exposure from an x-ray machine
during the day to pregnant mice for the
entire gestational period. She and her
colleagues did not observe any effects
following 0.125 Gy per day except that
the female mice had a reduced number
of litters during their reproductive life.

Our own laboratory irradiated rats on
the ninth day p.c. with 1.5 Gy (150 rad).
Four different dose rates were utilized:
0.005, 0.012, 0.34, and 1.0 Gy per
minute.”® The results demonstrated the
marked ameliorative effect of protracted
irradiation over a 5-hour period. The
acute exposure of 1.5 Gy delivered in 1.5
minutes resulted in 30.3% anencephaly
at term. The exposure that delivered the
1.5 Gy over a period of 5 hours resulted
in 0% anencephaly. Of course, there
were deleterious effects in the group of
animals that had received the protracted
radiation; however, the effects were less
severe.

Although these animal results cannot
be directly applied to developing human
embryos and fetuses, the impact of pro-
traction and fractionation should be
considered when counseling pregnant
women who have been exposed to the
following: (1) multiple procedures over
a period of days, (2) radionuclides with
long half-lives, and (3) background radi-
ation from flying at high altitudes or oc-
cupational exposures.

The indirect effect of irradiation

on embryonic development:

does maternal radiation exposure
without directly exposing

the embryo increase the risk

of developmental effects?

In the 1950s and 1960s, our embryology
unit at the University of Rochester,
Rochester, NY and the Jefferson Medical
College, Thomas Jefferson University,
Philadelphia, PA received numerous
consultations from obstetricians, genetic
counselors, general physicians, and pa-
tients. Pregnant patients had been ex-
posed to ionizing radiation from various
diagnostic procedures. The number of
calls that were initiated by pregnant
women who were concerned about the
fetal effects of a chest x-ray or an x-ray of



www.AJOG.org

Obstetrics REVIEWS

their extremities, head, or neck was sur-
prising. Initially we reassured the pa-
tients that there was no increased risk be-
cause it was not biologically plausible to
conclude that the embryo or fetus would
be harmed by alow exposure of radiation
to other parts of the body when the em-
bryo would not be exposed. On the other
hand, we had no scientific data to sup-
port that conclusion. So we initiated a
series of animal experiments using the
pregnant rat.

The first animal experiments dealing
with the indirect effect of radiation on
embryonic development were reported
in the 1960s."'°"'"* Pregnant rats were
anesthetized on the ninth day p.c. The
abdomen was opened and the 2 uterine
horns containing the embryos were
placed in a U-shaped lead shield. An-
other lead shield was place over the em-
bryos (Figure 6).

Microdosimeters were used to mea-
sure the exposure inside the lead shields.
The exposure was insignificant, being
less than 0.01 Gy (1 rad), even when very
high exposures were administered to the
pregnant rat. The pregnant rat was given
4 Gy (400 rads) of whole-body irradia-
tion. There were shielded unirradiated
controls and rat embryos that received 4
Gy. All the embryos that received 4 Gy
did not survive to term. There was no
increase in the incidence of congenital
malformations or growth retardation in
the unirradiated, shielded embryos, in
spite of the fact that the pregnant rat re-
ceived 4 Gy (400 rad) of whole-body ra-
diation. Malformations were not in-
creased, even when the pregnant rat
received higher exposures; however, the
mothers exhibited radiation sickness at
10 and 14 Gy, resulting in an increase in
embryonic death and growth retardation
but not an increase in malformations.

Brent and McLaughlin'"? transillumi-
nated the embryonic sites on the 12th
day p.c. so that the placenta and em-
bryo’s location could be identified. Then
a series of experiments were performed
while shielding the placenta or embryo.
The results indicated that the placenta
was very resistant to 4 Gy and the
shielded embryos survived. When the
placenta was shielded and the embryo

was irradiated, the embryos were seri-
ously affected.

The final series of experiments were
performed on the day of conception and
a lead shield was fabricated so that it was
attached to a hemostat. The hemostat
could be closed over the fallopian tube
and ovary, or just the fallopian tube,
without compromising the blood supply
to the uterus and fallopian tube. On the
first day of pregnancy, the pregnant rats
received whole-body radiation with the
fallopian tube shielded, the ovary
shielded, or both the ovary and fallopian
tube shielded. At this stage the fertilized
ova or 2-cell zygotes are within the fallo-
pian tube.

In other experiments the mother was
shielded and the fallopian tube and or
ovary was irradiated. The exposure was 1
Gy (100 rads) in all instances, and the
results indicated that the embryos were
not affected when the embryos in the fal-
lopian tube were shielded.*>*>''* In
other words, if the maternal organism
and the uterus received whole-body ra-
diation and the fallopian tube was
shielded, the 1- or 2-cell embryo was not
affected.

These experiments demonstrated that
when the pregnant mother has diagnos-
tic radiological studies of the head, neck,
chest, or extremities, the embryo is not
exposed to radiation doses that will in-
crease the risk of embryonic death (mis-
carriage), growth retardation, or con-
genital malformations. These negative
experiments were carried out during
preorganogenesis, early organogenesis,
and the early fetal period. On the other
hand, when the exposures are in the
range of radiation therapy (> 1000
rads), growth retardation and embry-
onic death in the rat occurred because
the pregnant rats exhibited signs of radi-
ation sickness.' '

Besides the above-mentioned studies
that specifically analyzed the indirect ef-
fect of irradiation during pregnancy,
there are scores of animal experiments
indicating that the NOAEL for congeni-
tal malformations, fetal growth retarda-
tion, and embryonic loss are greater than
0.20 Gy whole-body irradiation, even
when the embryo is also exposed. In the
rat, embryonic death may occur in the
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FIGURE 6
Indirect effect of radiation
on the developing embryo

A photograph from experiments that were per-
formed to study the indirect effect of radiation on
the developing embryo, which is irradiation of
the mother or parts of the mother when the
embryo is shielded. The photograph demon-
strates the shielding technique that was used to
prevent the pregnant uterus from being exposed
while the mother received high doses of ionizing
radiation.

Brent. Saving lives and changing family histories. Am ]
Obstet Gynecol 2009.

preimplantation period at 0.15 to 0.2 Gy,
although there are no human data that
are informative about the NOAEL for
embryonic death during the preimplan-
tation stages.

In spite of all these studies, Hujoel et
al''® published a report in the Journal of
the American Medical Association indi-
cating that dental x-rays averaging 0.4
mGy (40 mrad) in pregnant women may
be responsible for babies being born with
low birthweight because of the irradia-
tion of the maternal thyroid and/or pitu-
itary. Whereas the conclusion and the
hypothesis to explain the results were na-
ive, poor quality research results do ap-
pear in the scientific literature. The
problem with this paper is that the preg-
nancy website of the Health Physics So-
ciety received many e-mails indicating
concern about the article by Hujoel et
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al.''® The contacts wanted to know

whether they should refrain from visit-

ing the dentist while they were pregnant.

A commentary from our laboratory
responded to the article by Hujoel et
al''” as follows**:

1. Epidemiological studies indicate that
the threshold exposure for growth re-
tardation for direct radiation of the
fetus is 200- to 300-fold higher than
the exposure from dental radiogra-
phy.

2. Epidemiological studies that involve
diagnostic radiation to the thyroid,
pituitary, and head do not find that
fetal growth retardation is a result of
these exposures.

3. Numerous animal studies indicate
that the embryo must be directly ra-
diated to produce fetal growth retar-
dation.*>*>!1%11* ‘When the whole
pregnant animal is irradiated, which
includes the embryo, maternal thy-
roid, and pituitary, the threshold dose
for growth retardation is 500-fold
higher than dental radiography expo-
sures to the mother’s neck and head
in the study by Hujoel et al.'"

4. The suggestion that low-dose radia-
tion to the pituitary and thyroid of the
mother could produce fetal growth
retardation is itself biologically and
medically naive. Hujoel et al could
have read any basic pediatric or pedi-
atric endocrinology textbook, and
they would have discovered that
growth hormone does not influence
human growth until several months
after the infantis born. So neither ma-
ternal growth hormone nor fetal
growth hormone plays a role in fetal
growth. The mother’s thyroid func-
tion will not be affected by the level of
radiation absorbed from dental
x-rays. Maternal thyroid function is
irrelevant to the fetus’s growth unless
the mother is severely hypothyroid.
Even the hypothesis of Hujoel et al is
biologically incorrect.

This information should be helpful
to radiologists, dentists, obstetricians,
health physicists, teratology counselors,
and radiation biologists to counsel preg-
nant patients about their concerns of vis-
iting dentist. It can be definitively stated
that dental radiography is not a risk for

any fetal effects, including fetal growth
retardation.

Therisk of leukemia and cancer

in children and adults who

were exposed to ionizing radiation
during their in utero development
Stewart et al''®'*° suggested that the hu-
man embryo was more sensitive than the
child or adult to the leukemogenic effects
of radiation, and in later publications
they concluded that other cancers also
occur more frequently in persons ex-
posed in utero to diagnostic radiological
procedures  (primarily pelvimetry).
Stewart’s estimate is that 0.01 to 0.02 Gy
(1-2 rads) in utero radiation exposure
increases the chance of leukemia devel-
opingin the offspring by a factor of 1.5 to
2.0 over the natural incidence. This inci-
dence is considerably greater than the in-
crease resulting from 0.02 Gy delivered
to an adult. In fact, a dose of 0.02 Gy
delivered to an adult population would
not make a perceptible change in the in-
cidence of leukemia, even for large pop-
ulation groups.'*'"'*?

Lilienfeld'* reviewed the epidemio-
logic considerations with respect to leu-
kemogenesis. The results of Lilienfeld,'*?
McMahon,"** McMahon and Hutchi-
son,'*> Graham et al,'*® Polhemus and
Koch,"?” Yamazaki et al,'*® Ager et al,'*
and Ford and Patterson'*° support the
thesis that diagnostic radiation absorbed
in utero is associated with an increased
risk of leukemia. Six of 9 studies summa-
rized in the paper by Lilienfeld'* indi-
cated an increase in leukemia risk of 1.3-
to 1.8-fold following diagnostic radia-
tion exposure in utero. Lilienfeld states:
“When one considers the variety of con-
trol groups used and the sampling vari-
ability, the results are remarkably consis-
tent in showing an excess frequency of
leukemia among children of radiation-
exposed pregnant mothers.'*?

Diamond et al'®' have extended the
studies of Lilienfeld and corroborated
their early finding of a higher incidence
of leukemia (3-fold) in children exposed
to diagnostic radiation in utero. They
also reported that this effect did not oc-
cur in the black population.

There are a number of interesting as-
sociations in these data that should be
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pointed out. In the studies of Stewart and
Kneale,"*® there was a higher incidence
of previous miscarriage in the mothers
receiving pelvimetry, and the children in
the pelvimetry group had a higher inci-
dence of upper respiratory infections
prior to the development of leukemia."'*°
Others have reported that infants from
families with a strong family history of
allergy are also more susceptible to radi-
ation-induced leukemia when exposed
to diagnostic radiation in utero.'*

The problem with these data is that in
some instances patients with an allergic
history and no preconception radiation
had a higher frequency of leukemia than
did some groups that had received irra-
diation in utero. Tabuchi® reported no
increase in leukemia following diagnos-
tic radiological procedures.

In some of the studies that did not re-
port an increased risk of leukemia, the
number of patients was small. Of the 86
persons exposed in utero to high expo-
sures from the atomic bomb, none de-
veloped leukemia.'** These persons re-
ceived considerably higher doses of
radiation than did those patients in the
previous studies. Kato'’® studied 1300
people, some of whom were exposed to
the atomic bomb while in utero, and ob-
served no increased evidence of malig-
nancy in the first 24 years of follow-up,
although there was an increased mortal-
ity in the first year of life and after 10
years of age.

It is of interest that Graham et al'*®
reported an increased risk of leukemia
that was identical whether a mother had
received radiation from diagnostic pro-
cedures shortly before or after concep-
tion. Hoshino et al'** reported no in-
crease in leukemia in a study of 17,000
children of parents who had received ra-
diation before conception from the
atomic bomb.

The question arises as to what extent
the same biases that contribute to the in-
creased risk of leukemia in the cases of
radiation exposure before conception
also affect the in utero radiation cases.
Graham et al'*® pointed out that chil-
dren of mothers with a history of abor-
tion or stillbirth also had children with a
higher risk of leukemia. Neutel and
Buck'** found that childhood malig-
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Group Risk Latency
Identical twin of a leukemic twin 1:5 Weeks to months
Radiation induced polycythemia 1:6 10-15y
Bloom’s syndrome 1:8 <10y of age
Hiroshima survivors < 1000 m hypocenter 1:60 3-12y
Down’s syndrome 1:.95 Weeks to months
Radiation rx of ankylosing spondylitis 1:270 15y
Siblings of a leukemic child 1:720 10y
Combined background risk of leukemia plus radiation risk from Stewart'!”-12 1:2000 10y
Additional risk of in utero diagnostic radiation studies (Stewart''€) 1:6000 10y
In utero diagnostic radiation (RERF) data and other cohort studies Risk the same for exposure Lifetime

during childhood but actual

risk is uncertain (Miller”;

Brent'?)
US Caucasian < 15 years of age 1:3000 10y

RERF, Radiation Effects Research Foundation; rx, treatment.

Adapted from Miller RW. Epidemiological conclusions from radiation toxicity studies. In: Fry RIM, Grahn D, Griem ML, et al, eds. Late effects of radiation. London: Taylor & Francis; 1970. p. 245-56.
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nancy occurred more often in the off-
spring of mothers who smoked. Fasal et
al'®® reported that infants who were
heavier at birth were more likely to get
leukemia. It appears that whenever one
looks for the association of an event with
the occurrence of leukemia, it may be
found.

At present it is not clear whether radi-
ation exposure from diagnostic radio-
logical procedures during the precon-
ception or postconception period is a
causative or associative factor in the in-
creased incidence of leukemia. Miller'**
and others'?>"*7 10 dissent from the
conclusions of Stewart et al and all the
reports that support their hypothesis.
Miller'® writes:

Minimal doses of x-rays are
equally oncogenic whether expo-
sure occurred before conception
or during pregnancy, whether the
neoplasm studies were leukemia
or any other major cancer of child-
hood, and whether the study was
based on interviews that may be
biased, or on hospital records.
Taken in aggregate, the similarity
of results, in the absence of a dose-
response effect or of supporting

data from animal experimenta-
tion, raises a question about bio-
logic plausibility of a causal
relationship.

Furthermore, Miller points out that
siblings of children with leukemia have
an incidence of leukemia of 1 in 720 per
10 years, which is greater than the 1:2000
risk of leukemia following pelvimetry ex-
posure and the 1:3000 probability of leu-
kemia in the general population of chil-
dren followed up for 10 years (Table 4).
The publication of Stewart and Kneale'*°
on this subject reinforces the contention
that radiation may not be the etiologic
factor responsible for the induction of
malignancy because unirradiated sib-
lings of the irradiated patient population
had a higher incidence than control sib-
lings and control patients. This observa-
tion would indicate that genetic or other
environmental factors might be of im-
portance in the production of leukemia
as well as prenatal diagnostic radiation.

Rugh et al'*! irradiated mice with 1.0
Gy on each day of gestation and observed
the incidence of tumors in the offspring.
There was no statistical increase in the
incidence of tumors in adult animals
from irradiation in utero on any day.
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Brent and Bolden''* exposed pregnant
mice to doses of 0.30, 0.60, and 0.90 Gy
after 0.5, 7.5, 8.5, 12.5, and 16.5 days of
gestation. They also did not observe an
increase in the incidence of tumors.
However, the presexually mature mouse
was more sensitive than the adult mouse
to the leukemogenic effect of radiation.
The difficulty with animal data is that al-
though it is interesting, it cannot be uti-
lized to definitively refute human epide-
miology data or biologically valid
hypotheses.

At present, a number of investigators
believe that in utero exposure to small
amounts of radiation increases the risk
of leukemia and other malignancies,
whereas other investigators seriously
question that the embryo is markedly
more sensitive to the leukemogenic ef-
fects of irradiation when compared
with the child or adult. Until the mech-
anism is understood, there will be
doubt concerning the magnitude of the
role of in utero radiation in leukemia
induction.

The increased incidence of cancer in
children exposed in utero to diagnostic
radiation has to be clarified in view of the
fact that higher doses of radiation to an-
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Number of patients with solid cancers

In utero exposure from the atomic bomb

Dose in Sv (rads) Patients, n Cancers, n Person-years Cancers, %
< 0.005 (< 0.5) 1547 54 49,326 35
0.005 to < 0.1 (0.5-10) 435 16 14,005 3.7
0.1t0 < 0.2 (10 to < 20) 168 6 5041 3.6
0.2to < 0.5 (20 to < 50) 172 5496 4.6
0.5t0 < 1.0 (50 to < 100) 92 7 2771 7.6
>1.0 48 3 1404 6.2
Total 2452 94 94 35
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imal embryos and to the children ex-
posed in utero at Hiroshima and Na-
gasaki, Japan have not resulted in a
marked increase in the incidence of can-
cers from high doses of radiation, which
one would expect, if the embryo were as
sensitive to the carcinogenic effects of ra-
diation as Stewart and colleagues
suggest. 116120

One cannot overemphasize either the
importance of the multiplicity of factors
involved or the difficulties in their iden-
tification and control. Even laboratory
experiments concerned with tumor pro-
duction are difficult to interpret. For ex-
ample, Ross and Bras'** reported that
the incidence of spontaneous tumors
varied with the diet and weight of the an-
imals. Heavier animals on high-protein
diets had a higher incidence of tumors
than did the lighter rats on low-protein
diets. Hence, there are many unan-
swered questions concerning the rela-
tionship between in utero radiation ex-
posure and the occurrence of leukemia
and solid cancer tumors.

Recently published results of the oc-
currence of cancer in adults who were
irradiated in utero in Hiroshima and Na-
gasaki indicate that there is an increase in
the incidence of cancers in the exposed
population.'*> The long-term study in
Hiroshima and Nagasaki does not sup-
port the marked increased incidence in
childhood malignancies suggested by
Stewart and colleagues, and the inci-
dence of cancer in the adults does not
support the markedly increased sensitiv-
ity of the fetus to radiation-induced can-

cer as suggested by Stewart et al.''®'*°
There is little disagreement with the con-
cept that low doses of radiation to the
embryo represent a theoretical carcino-
genic risk and that there may be different
risks following the same exposure at dif-
ferent stages of development. The con-
cept that is difficult to explain from a ba-
sic science viewpoint is why would
proliferating embryonic cells be 2 orders
of magnitude more sensitive to radiation
than a child’s or adult’s proliferating
cells?

During the final preparation of this
manuscript, the long-awaited results of
the in utero radiation carcinogenic ef-
fects were published in March 2008 in
the Journal of the National Cancer Insti-
tute by Preston et al.'*’ The data are
summarized in Tables 5 and 6. The au-
thors concluded:

“Lifetime risks following in utero
exposure may be considerably lower
than for early childhood exposure,
but further follow-up is needed.”

There was no statistical increase in the
oncogenic risks of in utero exposed indi-
viduals with exposures less than 0.2 Sv
(20 rads) (Table 5). The in utero exposed
population was much less sensitive to the
oncogenic effects of radiation than the
children that were exposed to the
A-bomb'*® (Table 6).

It is interesting that the research of
Rugh et al'*' and Brent and Bolden'"
indicated that the embryonic mouse was
less sensitive to the oncogenic effects of
ionizing radiation than the postnatal
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mouse. However, both Rugh and Brent
and Bolden were reluctant to refute
Stewart’s conclusion that the radiation
induced oncogenic risk of the human
embryo was 2 orders of magnitude
greater than the postnatal human on the
basis of the mouse radiation studies
alone.

Although a dose of less than 0.1 Gy to
the implanted embryo does not result in
a significant increase in the incidence of
congenital malformations, growth retar-
dation, or fetal death, we cannot yet cat-
egorically dismiss low-risk oncogenic ef-
fects at exposures below 0.1 Gy (10 rad).
Even if one believed that the increased
oncogenic risks of low-level radiation
were real, let us examine how difficult it
would be to use this information in
counseling a patient whose embryo has
received a dose of perhaps 0.02 Gy (2
rad) during her pregnancy. According to
Stewart et al''®'?? the risk of leukemia
following this exposure in utero is 1:2000
vs 1:3000 in unexposed controls over a
10 year period (Table 4). If one were in-
clined to recommend therapeutic abor-
tion for this embryo because the proba-
bility of developing leukemia is 50%
greater than controls, one would per-
form abortions in 1999 exposed that
would not develop leukemia for every
leukemic subject saved.

It is one thing to avoid radiation be-
cause of a potential or conjectured haz-
ard, but it is another matter to recom-
mend therapeutic abortion on this basis.
If a physician were inclined to accept this
increased probability (1:2000) as a risk



Number of patients with solid cancers
Early childhood exposure from the atomic bomb

Obstetrics

Dose in Sv (rads) Patients, n Cancers, n Person-years Cancers, %
< 0.005 (< 0.5) 8549 318 247,744 3.7
0.005 to < 0.1 (0.5-10) 4528 173 134,621 3.8
0.11t0 < 0.2 (10 to < 20) 853 38 25,802 4.4
0.2to < 0.5 (20 to < 50) 859 51 25,722 5.9
0.5t0 < 1.0 (50 to < 100) 325 21 9522 6.5
>1.0 274 48 7620 17.5
Total 15,388 649 451,031 42
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great enough to recommend therapeutic
abortion, he or she would be placed in a
serious dilemma because there are other
epidemiologic situations in which the
risk of leukemia is greater. In fact, the
hypothetical incremental risk for 0.02 Gy
of in utero radiation is 1:6000 over a 10-
year period. It is the combination of the
control risk plus the incremental radia-
tion risk that results in a 1:2000 risk for
these patients. If one examines Table 4, it
is obvious that the risk of leukemia is
greater in unirradiated siblings of chil-
dren with leukemia (1:720) than in pa-
tients subjected to diagnostic radiation
(1:6000) according to the data of Stewart
and colleagues.''® '

Certainly the position that all future
pregnancies of parents with 1 child with
leukemia should be aborted would be
untenable. One can carry this argument
to its ridiculous extreme by advocating
that all pregnancies should be aborted
because the risk of malformation is ap-
proximately 30-60 per 1000 deliveries,
and this does not include the probability
of postnatal diseases occurring in these
offspring. Some may interpret this as a
facetious discussion, but the clinician
and the patient must recognize that
“spontaneous” developmental risks of
pregnancy are 2 orders of magnitude
greater than the theoretical risks of on-
cogenesis following in utero diagnostic
radiation exposures.

In 1999, Boice and Miller'** published
their interpretation of the data pertain-
ing to the oncogenic risks of low-level in-
trauterine radiation. They noted, “Evi-

dence for a causal association derives
almost exclusively from case-control
studies, whereas practically all cohort
studies find no association, most notably
the series of atomic bomb survivors ex-
posed in utero.” Learned debate contin-
ues as to the causal nature of low-level
intrauterine radiation exposure and sub-
sequent cancer risk. The association is
not questioned, but the etiologic signifi-
cance is. Different scientists interpreting
the same data have different opinions as
to the causal nature of the association
and the possible level of risk.'*®!43-149

The most recent conclusions from the
Radiation Effects Research Foundation
website'** with regard to the oncogenic
effects of in utero radiation in the atomic
bomb survivors is stated as follows: the
in utero exposed population was much
less sensitive to the oncogenic effects of
radiation than the children that were ex-
posed to the A-bomb'*? (Tables 5and 6).

After reading the multiple opinions
concerning the leukemogenic and onco-
genic risks of low-level radiation expo-
sures that occur from diagnostic radio-
logical procedures, the physician can be
placed in the untenable position of hav-
ing to counsel a pregnant woman who
asks the following question: “I am 2
months pregnant and had a CT scan of
my abdomen. What is my child’s risk of
developing cancer?”

Although there are a few ways of ex-
plaining the risk of cancer to a mother of
a child that has been exposed to diagnos-
ticirradiation during childhood or preg-
nancy, we do not know the exact risk at

these low exposures. There may not even

be a measurably increased risk at expo-

sures in the diagnostic radiological
range, according to the most recent pub-
lication by Preston et al.'*?

We do know the following facts:

1. Approximately 18% of the popula-
tion will develop a malignancy. That
means that 18,000 of every 100,000
persons will develop cancer. You can
be optimistic and indicate that the
cure rate for cancers is increasing ev-
ery year, and you can point out that
the greatest improvement in cure
rates has occurred in the childhood
cancers.

2. You can indicate that the data from
Hiroshima and Nagasaki has not re-
corded a single case of childhood leu-
kemia in the population that was ex-
posed to radiation in utero.

3. You can report that the latest publica-
tion from the data obtained from
studying the cancer rate in the popu-
lation exposed in utero following the
atomic bomb indicates that there is a
threshold for oncogenic effects at less
than 0.2 Sv (less than 20 rad)'*® (Ta-
ble 5). That means that there may not
be a risk for the oncogenic effects of
ionizing radiation from diagnostic
radiological exposures

The language that is used to explain
the risks can decrease or promote con-
cern. Your patient reads in the newspa-
per or on the internet that a CT scan ex-
posure has a 1 in 5000 risk of resulting in
cancer, keeping in mind that the infor-
mation is most likely incorrect. How
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would you communicate the risk to your

patient? There are 3 possibilities:

1. you have a 1 in 5000 risk of develop-
ing cancer from this x-ray study;

2. youhave a4999 in 5000 probability of
not developing cancer from this x-ray
study; or

3. would you just say, I do not know the
risk, but it is very, very small or not
increased at all.

It is important to understand that many
lay individuals are not trained in interpret-
ing risks. Many individuals will travel to a
casino or buy tickets for the state lottery
with a 1 in 5 million chance of winning.
However, if the individual was told that he/
she had 24,999,999 probability of not win-
ning, it would dampen enthusiasm for
gambling. Keep that in mind when you are
counseling patients concerning their on-
cogenic risks.

Counseling pregnant women

and men and women

of reproductive age with regard

to the reproductive

and developmental risks

from radiation exposures

Experience with thousands of consulta-
tions in the clinic, on the telephone, by
letter, and, most recently, via the Inter-
net has taught us many lessons about the
misinformation that patients receive
concerning the reproductive and devel-
opmental risks of radiation exposures
that have been provided by physicians,
nurses, doctors in training, other health
care professionals, friends of the patient,
the news media, and the Internet. Unfor-
tunately, we have learned that many phy-
sicians and other counselors are not pre-
pared to counsel patients concerning
radiation risks. Approximately 8% of the
website contacts, who had consulted a
professional, were provided inaccurate
information that could have resulted in
an unnecessary interruption of a wanted
pregnancy.

Too frequently, advice is provided to
the patient without performing an ade-
quate evaluation that is necessary to de-
termine whether there is a measurably
increased risk to the mother and/or her
developing embryo,1116:19-2253,115,150-153

Whereas the individual contacting a
counselor or physician may be the pa-
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tient, the husband, a relative, or a friend,

the counselor needs to have the follow-

ing information:

1. Is the contact pregnant, possibly
pregnant, or planning to become
pregnant?

2. If the contact is pregnant, does she
know the date she became pregnant?
Does she know the date of the first day
of her last menstrual period?

3. Does she know the date of conception
from other sources: an ultrasound
that timed the pregnancy or a date
when intercourse took place that is
consistent with other information
about timing?

4. Are there historical pregnancy risks
for the mother or the family? For ex-
ample, a history of miscarriages, birth
defects, infertility, or serious illnesses
in the contact, parents, or siblings.

5. What was the type of radiation expo-
sure? Lay individuals confuse ioniz-
ing radiation with nonionizing radia-
tion and microwave antennas with
microwave receivers (dishes).

6. Ifthe contact is concerned about ion-
izing radiation, has the exposure to
the embryo been estimated by a qual-
ified health physicist? Was the expo-
sure an acute, protracted, or fraction-
ated exposure?

7. Has the contact sought advice from
another counselor about the develop-
mental risks of this exposure?

8. Was this a planned or wanted preg-
nancy? What are their concerns and
thoughts about the pregnancy?

An evaluation should be made with
both patient and counselor arriving at a
decision. The counselor should record
this information, noting that the patient
has been informed that every pregnancy
has a significant risk of problems, and
that the decision to continue the preg-
nancy does not mean that the counselor
is guaranteeing the outcome of the preg-
nancy. The use of amniocentesis and ul-
trasound to evaluate the fetus is a deci-
sion that would have to be determined
for each contact.

Many other issues may occur during
this interaction with the contact. In e-
mail interactions, it may take as many as
10 interactions before a reasonable risk
estimate can be provided to the contact.
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Because many of the contacts are con-
cerned, anxious, or distraught, it is
sometimes possible to give a presump-
tive risk analysis to the patient while
waiting for more information (ie, the ac-
tual radiation exposure). Rarely, there is
not enough information to provide a de-
finitive risk analysis to the contact.

Table 1 summarizes the estimated de-
velopmental risks that can be utilized by
counselors when evaluating ionizing ra-
diation exposures to the embryo.

An overview of these risks is as follows:
e The risks of the vast majority of most

diagnostic radiological procedures do

not represent significant reproductive
risks and do not warrant the interrup-
tion of wanted pregnancies.

e Therapeutic radiation and therapeutic
radionuclide procedures do represent
potential developmental risks; how-
ever, each case has to be evaluated be-
cause not infrequently, the risks are
also not increased, depending on the
part of the body being irradiated and
the calculated exposure to the fetus.

e Evaluation of the allegation of radia-
tion-induced malformations necessi-
tates detailed analysis and cannot be
performed superficially.

e There is not always enough informa-
tion to draw definitive conclusions
about whether there is an increased
risk for developmental or reproduc-
tive effects. It is difficult for a physician
and scientist to say, “I do not know the
answer to your question.”

It is most important that a counselor
understand that his/her task is primarily
to provide an accurate, scientifically
based risk analysis. It is not the coun-
selor’s responsibility to tell the patient
what to do, although it is appropriate to
discuss all options that are within the
law.

A summary of interaction

on the health physics

pregnancy website,

ask the expert (ATE)'%41%°

The pregnancy website is the largest com-
ponent of the Health Physic’s Society’s
(HPS.org) ATE website. The pregnancy
section of the Ask the Expert website is the
most frequently contacted section. In 2007
the pregnancy website of the Health Phys-



www.AJOG.org

Obstetrics REVIEWS

ics Society (HPS) received 1,299,672 visits.
The contacts who downloaded informa-
tion totaled 620,035.

It would be impossible to provide the
answers to the numerous types of ques-
tions that are received on the pregnancy
website. However, the website lists scores
of questions and the answers that have
been provided. Go to HPS.org and click
on the section Ask the Expert. Then click
on Pregnancy.

This publication has concentrated on
the developmental risk of embryonic ex-
posures. Approximately 20% of the
questions are concerned with radiation
exposure to the testicles and ovary and
the effect on fertility and the genetic risks
to the future offspring. These precon-
ception exposure questions are answered
on the website. One of the most common
questions is how long do I have to wait if
my sperm or ova have been exposed dur-
ing a diagnostic radiological procedure.
The accepted answer is 2 spermatic cy-
cles for the man and 3 menstrual cycles
for the woman. This is a very conserva-
tive approach because the risk of genetic
disease after such low exposures is ex-
tremely small and there is no increased
risk of infertility.

After reading the website information,
1442 individuals who were still con-
cerned contacted the website directly
about their particular exposure and its
risk. The contact still had questions or
was concerned and anxious. In 2007, we
provided our 20,000th consultation.
These consultations come from all over
the world. Most contacts receive a re-
sponse within 24 hours. Frequently, the
contact has been sitting at the computer
waiting for an answer to their questions.
The benefit of the website to patients
from all over the world and their appre-
ciation for receiving an objective, com-
passionate response is very much appre-
ciated by the consultants of the Health
Physics website, Ask the Expert. The ma-
jority of contacts send simple notes of
appreciation such as, “Thank you so
much. You are doing a priceless job by
reaching out to people.”

Many notes of appreciation are exten-
sive and inform the counselor that the
information has been crucial in relieving
distress and concern about the radiation

FIGURE 7

;‘\"‘ g

Our laboratory has scores of photographs of mothers, who were told to interrupt their pregnancies

Three photographs of the Joergs family

&ty

because of a radiation exposure during their pregnancy, and their children. These families contacted
our laboratory and obtained information that indicated that the embryo or fetus was not at increased
risk. Mrs Nancy Joerg and her daughter Jeanette gave us permission to show this photograph, which
demonstrates 3 generations in their family. Mrs Joerg was scheduled for an interruption of her
pregnancy with Jeanette, the child in the photograph as an infant, before Mrs Joerg called our
laboratory. Jeanette is shown at the age of 16 years when she came to the NCRP meeting along with
her mother to tell their story as to how their lives were changed when the interruption was canceled.
The photograph on the right is a picture of Jeanette with 2 of Mrs Joerg’s grandchildren. In the text,
there is a statement by Mrs Joerg explaining this episode in 1975 when Jeanette was born and how

it has changed their family’s lives.
Reprinted with permission from Jeanette Joerg Turley.
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exposure. These interactions also reveal
how much misinformation physicians
and other health professionals provide to
the families.

Comments by health professionals
include:

“You are healthy; why take a chance?
Abort the baby and try again.”

“Your baby will have a 50% chance of
being mentally retarded from that chest
x-ray.”

Although counselors may provide
misinformation to their patients, the in-
ternet is much worse.

A not infrequent comment is: “Thank
God for the Health Physics website, Ask
the Expert. It is a lifesaver.”

Probably the most important accom-
plishment is the knowledge that hun-
dreds and hundreds of planned or con-
sidered abortions were canceled. These
decisions can radically modify the life of
a family.

Mrs Nancy Joerg’s comments

Nancy Joerg was one of the participants at
the 1977 annual National Council for Ra-
diation Protection (NCRP) meeting. The
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annual meeting was devoted to the repro-
ductive and developmental risks of all
types of radiation. Mrs Joerg spoke to the
NCRP about her personal experience of
canceling a scheduled pregnancy interrup-
tion after receiving counseling by tele-
phone in 1975. She had been told to abort
her pregnancy by 3 physicians, 2 obstetri-
cians, and a medical geneticist. Her story
was published in the monograph dealing
with the 1997 symposium.'>®

In a recent letter from Mrs Joerg, she
informed me that the child who had
been scheduled for a pregnancy inter-
ruption in 1975 is married and has 2
children (Figure 7). Mrs Joerg explains
how that phone call in 1975 has
changed her life.

An excerpt from a letter
from Nancy Joerg, 2006

I sometimes think back to 1975 and
wonder what my life would have
been like if Jeanette had not been
born. Not only would I not have my
beautiful daughter Jeanette and no
granddaughters in my life, I would
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have a lifetime of sadness and loss
because I had followed the advice of
3 doctors who knew nothing about
the risks of radiation. That is what
was tormenting me when I called
you in 1975. On what scientific or
medical data was the decision to ter-
minate the pregnancy based? The
incredibly important scientific and
medical work of the scientists study-
ing the effects of radiation on the
embryo has had a direct and per-
sonal impact on myself and my fam-
ily. I can never thank you enough.
The impact of that phone call in
1975 on my family and future gen-
erations of my family is beyond
description.

A note of appreciation to all

the individuals who have sought

advice and counseling

Laboratory scientists who work with
animals may never see their research
benefit a single patient in their lifetime,
although their research may be concep-
tually important and useful scientifically
or clinically at a future date. Yet the re-
sults of radiation embryology research
has affected and benefited the lives of
thousands of families. Just as important
is the willingness and persistence of sci-
entists to debate the controversial issues,
attempt to resolve the controversies, and
then apply the best science to assist pa-
tients in turmoil about the risks of radi-
ation to their offspring.

As a physician, I must thank the thou-
sands and thousands of patients who
have contacted a stranger that they have
never met to reveal the intimate details of
their reproductive problems. I have met
only a very few of these contacts and
twice have had the pleasure and honor to
meet with Mrs Joerg and her daughter
Jeanette (Figure 7), as an infant, teen-
ager, and mother). Almost all of my con-
tacts have been by telephone, letter, or
the internet, so in most instances, we
have never personally met. Fortunately,
we have scores of photographs on the
newborns in our files.

I have had the good fortune to experi-
ence a most memorable and exciting life-
time scientific journey in the filed of ra-
diation biology and genetics. To be able

to apply the result of this research to clin-
ical situations involving radiation expo-
sures has provided me with rewards that
would be priceless to any physician: the
opportunity to positively change the
lives of thousands of patients. [

REFERENCES

1. Brent RL. Effects of radiation on the foetus,
newborn and child. In: Fry RIM, Grahn D, Griem
ML, eds. Late effects of radiation. London: Tay-
lor & Francis; 1970. p. 23-64.

2. Brent RL. Irradiation in pregnancy. In: Sciarra
JJ, ed. Davis’ gynecology and obstetrics. New
York: Harper & Row; 1972. p. 1-32.

3. Brent RL. Environmental factors: radiation.
In: Brent RL, Harris MI, eds. Prevention of em-
bryonic fetal and perinatal disease. Bethesda,
MD: US Department of Health Education and
Welfare (National Instiltutes of Health), DHEW
publication no 76-853: 1076; 1976. p. 179-97.
4. Brent RL. Litigation-produced pain, disease
and suffering: An experience with congenital mal-
formation lawsuit. Teratology 1977;16:1-13.

5. Brent RL. Radiations and other physical
agents. In: Wilson, JG, Fraser FC, eds. Hand-
book of teratology. New York: Plenum Press;
1977. p. 1563-223.

6. Brent RL. Radiation teratogenesis. Teratol-
ogy 1980; 21:281-98.

7. Brent RL. X-ray, microwave, and ultrasound:
the real and unreal hazards. Pediatr Ann
1980;9:43-47.

8. Brent RL. The effects of ionizing radiation, mi-
crowaves and ultrasound in the developing em-
bryo: Clinical interpretations and applications of
the data. In: Lockhart D, ed. Current problems in
pediatrics. Vol 14, no 9. Chicago: Year Book
Medical Publishers, Inc; 1984. p. 1-87.

9. Brent RL. The effect of embryonic and fetal
exposure to x-ray microwaves and ultrasound:
counseling the pregnant and non-pregnant pa-
tient about these risks. Sem Oncol 1989;
16:347-69.

10. Brent RL. lonizing radiation. In: Queenan
JT, ed. Protocols high-risk pregnancy. 2nd ed.
Ordell, NJ: Medical Economics Co, Inc; 1987;
21-31.

11. Brent RL. Utilization of developmental basic
science principles in the evaluation of reproduc-
tive risks from pre- and pos-conception envi-
ronmental radiation exposures. Teratology
1999;59:182-204.

12. Brent RL, Gorson RO. Radiation exposure
in pregnancy. Curr Probl Diagn Radiol 1972;
2:1-48.

13. Miller RW. Effects of prenatal exposure to
ionizing radiation. Health Phys 1990;59:57-61.
14. Russell LB, Russell WL. An analysis of the
changing radiation response of the developing
mouse embryo. J Cell Comp Physiol 1954; 43:
103-49.

15. Sikov MR. Hazards and risks from prenatal
irradiation: emphasis on internal radionuclide

20 American Journal of Obstetrics & Gynecology JANUARY 2009

exposures. Radiat 1992;
41:265-72.

16. Cohen-Kerem R, Nulman |, Abramow-
Newerly M, et al. Diagnostic radiation in preg-
nancy: Perception versus true risks. J Obstet
Gynaecol Can 2006;28:43-8.

17. Mettler FA Jr, Brent RL, Streffer C, Wagner
L. Pregnancy and medical radiation. In: Valentin
J, ed. Annals of the International Commission
on Radiological Protection (ICRP). Tarrytown,
NY: Elsevier Science Inc; 2000.

18. Graham JM Jr, Jones KL, Brent RL. Contri-
bution of clinical teratologists and geneticists to
the evaluation of the etiology of congenital malfor-
mations alleged to be used by environmental
agents: lonizing radiation, electromagnetic fields,
microwaves, and radionuclides. Teratology
1999;569:307-13.

19. Brent RL. The effects of ionizing radiation,
microwaves and ultrasound in the developing
embryo: clinical interpretations and applications
of the data. In: Lockhart JC, ed. Current Prob-
lems in Pediatrics. Chicago: Year Book Medical
Publishers, Inc; 1984. p. 1-87.

20. Brent RL. The effect of embryonic and fetal
exposure to x-ray, microwaves, and ultrasound:
counseling the pregnant and non-pregnant pa-
tient about these risks. Sem Oncol 1989;
16:347-69.

21. Brent RL. The effects of embryonic and fetal
exposure to ionizing radiation: counseling the
patient and worker about these risks. In: Moss-
man KL, Mills WA, eds. The biological basis of
radiation protection practice. Baltimore, MD:
Williams & Wilkins; 1992. p. 23-62.

22. Brent RL. Comments on Hujoel et al. Ante-
partum dental radiography and infant low birth
weight. Health Physics 2005;88:379-81.

23. Brent RL, Mettler FA. Letter to the editor:
Comments on article, El-Khoury GY, Madsen
MT, Blake ME, Yankowitz J. A new pregnancy
policy for a new era. AJR Am J Roentgenol
2004;182:819-22.

24, Brent RL. Effects of radiation on the foetus,
newborn and child. In: Fry RJM, Grahn D, Griem
ML, Rust JH, eds. Late effects of radiation. Lon-
don: Taylor & Francis; 1970. p. 23-64.

25. Brent RL, Bolden BT. The long-term effects
of low-dosage embryonic irradiation. Radiat
Res 1961;14:453-4.

26. Cowen D, Geller LM. Long-term pathologi-
cal effects of prenatal x-irradiation on the central
nervous system of the rat. J Neuropathol Exp
Neurol 1960;19:488-527.

27. Hicks SP, D’Amato CJ. Effects of ionizing
radiation on mammalian development. In: Wol-
lam DHM, ed. Advances in teratology. London:
Logo Press; 1966. p.196-243.

28. Murphree R, Pace H. The effects of prenatal
radiation on postnatal development in the rat.
Radiat Res 1960;12:495-504.

29. Rugh R, Wohlfromm M. Can x-irradiation
prior to sexual maturity affect the fertility of the
male mammal (mouse)? Atompraxis 1964;10:
33-42.

Prot  Dosimetry



www.AJOG.org

Obstetrics REVIEWS

30. Rugh W, Wohlfromm M. X-irradiation steril-
ization of the premature female mouse. Atom-
praxis 1964;10:511-8.

31. Kinlen LJ, Acheson FD. Diagnostic irradia-
tion congenital malformations and spontaneous
abortion. Br J Radiol 1968;41:648-54.

32. Nokkentred K. Effect of radiation upon the
human fetus. Copenhagen, Denmark: Munks-
gaard; 1968.

33. Tabuchi A. Fetal disorders due to ionizing
radiation. Hiroshima J Med Sci 1964;13:
125-73.

34. Tabuchi A, Nakagawa S, Hirai T. Fetal haz-
ards due to x-ray diagnosis during pregnancy.
Hiroshima J Med Sci 1967;16:49-66.

35. Jacobsen L, Mellemgaard L. Anomalies of
the eyes in descendants of women irradiated
with small x-ray doses during age of fertility.
Acta Ophthalmol (Copenh) 1988;46:352.

36. Wilson JG, Jordan HC, Brent RL. Effects of
irradiation on embryonic development. Il. X-rays
on the ninth day of gestation in the rat. Am J
Anat 1953;92:153-88.

37. Wilson JG, ed. Environmental and birth de-
fects. New York: Academic Press; 1973.

38. Wilson JG, Brent RL, Jordan HC. Differen-
tiation as a determinant of the reaction of rat
embryos to x-irradiation. Proc Soc Exp Biol
Med 19583;67-70.

39. Brent RL. The effect of irradiation on the
mammalian fetus. Clin Obstet Gynecol 1960;
3:928-50.

40. Brent RL. Implications of experimental ter-
atology. In: Proceedings of the Third Interna-
tional Conference on Congenital Malformations,
The Hague, The Netherlands. Sept. 7-13, 1969.
41. Brent RL. The problems and techniques of
utilizing irradiation as a teratogenic tool. In:
Nishimura H, Miller JR, eds. Methods for tera-
tological studies in experimental animals and
man. Kyoto, Japan; Shoin, Ltd: 1969. p. 249-
54.

42. Brent RL, Bolden BT. The indirect effect of
irradiation on embryonic development. Ill. The
contribution of ovarian irradiation uterine irradi-
ation oviduct irradiation and zygote irradiation of
fetal mortality and growth retardation in the rat.
Radiat Res 1967;30:759-73.

43. Brent RL, Bolden BT. The indirect effect of
irradiation on embryonic development. IV. The
lethal effects of maternal irradiation on the first
day of gestation in the rat. Proc Soc Exp Biol
Med 1967;125:709-12.

44, Streffer C, van Beuningen D, Molls M, Zam-
boglou N, Schulz S. Kinetics of cell proliferation
in the pre-implanted mouse embryo in vivo and
in vitro. Cell Tissue Kinet 1980;13:135-43.

45, Streffer C, Molls M. Cultures of preimplan-
tation mouse embryos: a model for radiobiolog-
ical studies. Adv Radiat Biol 1987;13:169-213.
46. Streffer C, Muller WU. Malformations after
radiation exposure of preimplantation stages.
Int J Dev Biol 1996;40:355-60.

47. Bengtsson G. Present knowledge on the
effects of radioactive contamination on preg-
nancy outcome. Biomed Pharmacother 1991;
45:221-3.

48. Haeusler MCH, Berghold A, Schoell W,
Hofer P, Schoffer M. The influence of the post-
Chernobyl fallout on birth defects and abortion
rates in Austria. Am J Obstet Gynecol 1992;
167:1025-31.

49. Harjulehto T, Rahola T, Suomela M. Preg-
nancy outcome in Finland after the Chernobyl
accident. Biomed Pharmacother 1991;45:
263-6.

50. Irgens LM, Lie RT, Ulstein M. Pregnancy
outcome in Norway after Chernobyl. Biomed
Pharmacother 1991;45:233-41.

51. Knudsen LB. Legally induced abortions in
Denmark after Chernobyl. Biomed Pharmaco-
ther 1991;45:229-31.

52. Odlind V, Ericson A. Incidence of legal abor-
tion in Sweden after the Chenobly accident.
Biomed Pharmacother 1991;45:225-8.

53. National Council on Radiation and Mea-
surements. Medical radiation exposure to preg-
nant and potentially pregnant women. NCRP
Handbook 54. Washington, DC: National
Council for Radiation Protection; 1977.

54. Brent RL, Bolden BT. Indirect effect of x-
irradiation on embryonic development. V. Utili-
zation of high doses of maternal irradiation on
the first day of gestation. Radiat Res 1968;
36:563-70.

55. Russell LB, Russell WL. The effects of radi-
ation on the preimplantation stages of the
mouse embryo. Anat Res 1950;108:521.

56. Schlesinger DM, Brent RL. Effects of X-irra-
diation during preimplantation stages of gesta-
tion on cell viability and embryo survival in the
mouse. Radiat Res 1978;75:202-16.

57. Kim SH, Lee JH, Oh H, et al. Dependence of
malformation upon gestational age and ex-
posed dose of gamma radiation. J Radiat Res
2001;42:255-64.

58. Russell LB, Russell WL. An analysis of the
changing radiation response of the developing
mouse embryo. J Cell Comp Physiol 1954;
43:103-49.

59. Pampfer S, Streffer S. Prenatal death and
malformations after irradiation of mouse zy-
gotes with neutrons or X-rays. Teratology
1988;37:599-607.

60. Pampfer S, Streffer S. Increased chromo-
some aberration levels in cells from mouse fe-
tuses after zygote X-irradiation. Int J Radiat Biol
1989;55:85-92.

61. Russell LB, Saylors CL. The relative sensi-
tivity of various germ-cell stages of the mouse
to radiation-induced nondysfunction chromo-
some losses and deficiencies. In: Sobel FH, ed.
Repair from genetic radiation. New York: Per-
gamon Press; 1963. p. 313-42.

62. Russell LB, Montgomery CS. Radiation-
sensitivity differences within cell-division cycles
during mouse cleavage. Int J Radiat Biol Relat
Stud Phys Chem Med 1966;10:151-64.

63. Generoso WM, Rutledge JC, Cain KT,
Hughes LA, Downing DJ. Mutagen-induced fe-
tal anomalies and death following treatment of
females within hours after mating. Mut Res
1987;176:267-74.

JANUARY 2009

64. Generoso WM, Rutledge JC, Cain KT,
Hughes LA, Downing DJ. Mutagen-induced fe-
tal anomalies and death following treatment of
females within hours after mating. Mut Res
1988;199:175-181.

65. Rutledge JC, Generoso WM. Fetal pathol-
ogy produced by ethylene oxide treatment of
the murine zygote. Teratology 1989;39:563-72.
66. Rutledge JC, Generoso WM, Shourbaji A,
Cain KT, Gans M, Oliva J. Developmenal anom-
alies derived from exposure of zygotes and first-
cleavage embryos to mutagens. Mut Res
1992;296:167-77.

67. Nagao, T, Ishizuka, Y, Mizutani, M, Effects
of Mitomycin C treatment before implantation
on the development of the mouse embryo.
Cong Anom 1986;26:93-101.

68. Rutledge JC. Preimplantation teratology
and the placenta. Teratology 2000;61:246-7.
69. Rugh R. Major radiobiological concepts and
ionizing radiation on the embryo and fetus. In:
Haley, Snider, eds. Response of the nervous
system to ionizing radiation. New York: Aca-
demic Press; 1962.

70. Rugh R. The impact of ionizing radiations on
the embryo and fetus. Am J Roentgenol Ra-
dium Ther Nucl Med 1963;89:182-90.

71. Rugh, R. Effect of ionizing radiations, in-
cluding radioisotopes, on the placenta and em-
bryo. Birth Defects 1965;1:64-73.

72. Rugh R. Normal incidence of brain hernia in
the mouse. Science 1969;163:407.

73. Pampfer S, Muller WU, Streffer C. Preim-
plantation growth delay and micronucleus for-
mation after in vivo exposure of mouse zygotes
to fast neutrons. Radiat Res 1992;129:88-95.
74. Streffer C. Strahleneffekte nach exposition
wahrend der pramatalen entwicklung. Radio-
loge 1995;35:141-7.

75. Goldstein L, Murphy DPL. Microcephalic id-
iocy following radium therapy for uterine cancer
during pregnancy. Am J Obstet Gynecol
1929;18:189-95., 281-3.

76. Goldstein L, Murphy DPL. Etiology of ill
health in children born after maternal pelvic irra-
diation. Il. Defective children born after post-
conceptional maternal irradiation. AJR Am J
Roentgenol 1929;22:322-31.

77. Otake M, Schull WJ. In utero exposure to
A-bomb radiation and mental retardation: a re-
assessment. Br J Radiol 1984;57:409-14.

78. Miller RW. Effects of prenatal exposure to
ionizing radiation. Health Physics 1990;59:
57-61.

79. Miller RW. Discussion: severe mental retar-
dation and cancer among atomic bomb survi-
vors exposed in utero. National Council on
Radiation Protection and Measurements, Be-
thesda, MD. Teratology 1999;59:234-5.

80. Miller RW, Mulvihill JJ. Small head size after
atomic irradiation. Teratology 1976;14:355-8.
81. Wood J, Keehn R, Kawamoto S. The
growth and development of children exposed in
utero to the atomic bombs in Hiroshima and
Nagasaki. Am J Public Health 1967;
57:1374-80.

American Journal of Obstetrics & Gynecology 21



REVIEWS Obstetrics

www.AJOG.org

82. Wood JW, Johnson KG, Omori Y,
Kawamoto S, Keehn RJ. Mental retardation in
children exposed in utero to the atomic bombs
in Hiroshima and Nagasaki. Am J Public Health
1967;57:1381-90.

83. Wood JW, Johnson KG, Omori Y. In utero
exposure to the Hiroshima atomic bomb: an
evaluation of head size and mental retardation:
twenty years later. Pediatrics 1967;39:385-92.
84. Beir V. Health effects of exposure to low
levels of ionizing radiation. Washington: Na-
tional Academy Press; 1990.

85. Jablon S. Taylor Lecture: How to be quan-
titative about radiation risk estimates. Pre-
sented at the Annual Meeting of the National
Council on Radiation Protection and Measure-
ments, April 8, 1987, Arlington, VA.

86. Jensh RP, Brent RL, Vogel WH. Studies
concerning the effects of low level prenatal x-
irradiation on postnatal growth and adult be-
havior in the Wistar rat. Int J Radiat Bio
1986;50:1069-81.

87. Jensh RP, Brent RL, Vogel WH. Studies of
the effect of 0.4 Gy and 0.6 Gy prenatal x-irra-
diation on postnatal adult behavior in the Wistar
rat. Teratology 1987;35:53-61.

88. Jensh RP, Lewin PA., Poczobut MT, et al.
Effects of prenatal ultrasound exposure on adult
offspring behavior. Proc Soc Exp Biol Med
1995;210:171-9.

89. Jensh RP, Brent RL. The effect of low-level
prenatal x-irradiation on postnatal-develop-
ment in the Wistar rat. Proc Soc Exp Med
1987;184:256-63.

90. Jensh RP, Brent RL. The effect of low-level
prenatal x-irradiation on postnatal growth in the
Wistar rat. Growth Dev Aging 1988;52:53-62.
91. Jensh RP, Brent RL. The effects of prenatal
x-irradiation in the 14th-18th days of gestation
on postnatal growth and development in the rat.
Teratology 1988;38:431-41.

92. Jensh RP, Brent RL. The effects of prenatal
x-irradiation on postnatal testicular develop-
ment and function in the Wistar rat: develop-
ment/teratology/behavior radiation. Teratology
1988;38:443-9.

93. Hicks SP, D’Amato CJ. Effects of ionizing
radiation on mammalian development. In: Wol-
lam DHM, ed. Advances in teratology. London,
UK: Logos Press; 1966. p. 196-243.

94, Schull WJ, Otake M. Cognitive function and
prenatal exposure to ionizing radiation. Teratol-
ogy 1999;59:222-6.

95. Beckman DA, Solomon HM, Buck SJ, Gor-
son RO, Mills RE, Brent RL. Effects of dose and
dose-protraction on embryotoxicity of 14.1
MeV neutron irradiation in rat. Radiat Res
1994;138:337-42.

96. Brent RL. The response of the 9 1/2 day-old
rat embryo to variations in dose rate of 150 R
X-irradiation. Radiat Res 1971;45:127-36.

97. Brizzee KR, Brannon RB. Cell recovery in
foetal brain after ionizing radiation. Int J Radiat
Biol 1972;21:375-8.

98. Coppenger CJ, Brown SO. The gross man-
ifestations of continuous gamma irradiation on
the prenatal rat. Radiat Res 1967;31:230-42.

22 American Journal of Obstetrics & Gynecology

99. Gentry J, Parkhurst E, Bulin G. An epidemi-
ological study of congenital malformations in
New York State. Am J Public Health 1959;
49:497.

100. Grahn D, Kratchman J. Variation in neona-
tal death rate and birth rate in United States and
possible relations to environmental radiation
geology and attitude. Ann J Hum Genet
1963;15:329-52.

101. Konerman G. Die Keimesentwicklung der
maus nach einwirkung wontinuierlicher 60co
gammabestrahlung wahrend der blastogenese
der organogenese und fetalen period. Strahlen-
therapie 1969;137:451-66.

102. Kriegal H, Langendorff H. Wirkung einer
fraktionierten roentegenbestrahlung auf die em-
bryonalentwicklung der maus. Strahlentherapie
1964;123:429-37.

103. Laskey JW, Parrish JB, Cahill DF. Some
effects of lifetime parental exposure to low levels
of tritium on the F2 generation. Radiat Res
1973;56:171-9.

104. Ronnback C. Effects of continuous irradi-
ation during gestation and suckling period of
mice. Acta Radiol Ther 1965;3:169-76.

105. Russell LB, Badgett SK, Saylors CL. Com-
parison of the effects of acute, continuous and
fractionated irradiation during embryonic devel-
opment. In: Sobel FH, ed. Repair from genetic
radiation. New York: Pergamon Press; 1963. p.
333-42.

106. Segall A, MacMahon B, Hannigan M. Con-
genital malformations and background radia-
tion in northern New England. J Chron Dis
1964;17:915-32.

107. Stadler J, Gowen JW. Observations on the
effects of continuous irradiation over 10 gener-
ations on reproductivities of different strains of
mice. In: Carlson WD, Gassner FX, eds. Effects
of ionizing radiation on reproductive systems.
New York: Pergamon Press; 1964. p. 111-22.
108. Vorisek P. Einfluss der kontinuierlichen in-
trauterinen bestrahlung auf die perinatale mor-
talitat der frucht. Strahlentherapie 1965;
127:112-20.

109. Wesley JP. Background radiation as a
cause of congenital malformations. Int J Radiat
Biol 1960;2:97-118.

110. Brent RL. The indirect effect of irradiation
on embryonic development. Il. Irradiation of the
placenta. Amer J Dis Child 1960;100:103-8.
111. Brent RL. The effect of irradiation on the
mammalian fetus. Clin Obstet Gynecol 1960;
3:928-50.

112. Brent RL Modification of teratogenic and
lethal effects of irradiation to the mammalian
fetus. In: Carlson WD, Gassner FX, eds. Pro-
ceedings of an International Symposium on the
Effects of lonizing Radiation in the Reproductive
System. New York: Pergamon Press; 1963. p.
451-62.

113. Brent RL, McLaughlin MM. The indirect ef-
fect of irradiation on embryonic development. I.
Irradiation of the mother while shielding the em-
bryonic site. Am J Dis Child 1960;100:
94-102.

JANUARY 2009

114. Brent RL, Bolden BT. Indirect effect of x-
irradiation on embryonic development. V. Utili-
zation of high doses of maternal irradiation on
the first day of gestation. Radiat Res
1968;36:563-70.

115. Hujoel HP, Bollen A, Noonan CJ, del
Aguila MA. Antepartum dental radiography and
infant low birth weight. JAMA 2004;291:
1987-93.

116. Stewart AM. Myeloid leukaemia and cot
deaths. Br Med J 1972;4:423.

117. Stewart AM. The carcinogenic effects of
low-level radiation: a reappraisal of epidemiolo-
gists’ methods and observations. Health Phys
19783;24:223-40.

118. Stewart A, Webb D, Giles D, et al. Malig-
nant disease in childhood and diagnostic irradi-
ation in utero. Lancet 1956;2:447.

119. Stewart AM, Webb D, Hewitt D. A survey
of childhood malignancies. Br Med J 1958;
1:1495-508.

120. Stewart AM, Kneale GW. Radiation dose
effects in relation to obstetric x-rays and child-
hood cancers. Lancet 1970;1:1185-8.

121. Lewis EB. Leukemia and ionizing radia-
tion. Science 1957;125:865-72.

122. National Academy of Sciences-National
Research Council (NAS/NRC). The effects of
populations of exposure to low levels of ionizing
radiation. Report of the Advisory Committee on
the Biological Effects of lonizing Radiations.
Washington, DC: National Academy Press;
1972.

123. Lilienfeld AM. Epidemiological studies of
the leukemogenic effects of radiation. Yale
J Biol Med 1966;39:143-64.

124. McMahon B. Prenatal x-ray exposure and
childhood cancer. J Natl Cancer Inst 1962;
28:1173-91.

125. McMahon B, Hutchinson GB. Prenatal x-
ray and childhood: a review. Acta Union Int
Contra Cancrum 1964;20:1172-4.

126. Graham S, Levin M, Lilienfeld AM, et al.
Preconception intrauterine and postnatal irradi-
ation as related to leukemia. Natl Cancer Inst
Mongr 1966;19:347-71.

127. Polhemus D, Koch R. Leukemia and med-
ical irradiation. Pediatrics 1969;23:453-61.
128. Yamazaki J, Wright S, Wright P. Outcome
of pregnancy in women exposed to the atomic
bomb in Nagasaki. Am J Dis Child 1954;
87:448-63.

129. Ager F, Schuman L, Wallace H, Rosenfield
AB, Gullen WH. An epidemiologic study of child-
hood leukemia. J Chron Dis 1965;18:113-32.
130. Ford D, Patterson T. Fetal exposure to di-
agnostic X-rays and leukemia and other malig-
nant diseases in childhood. J Natl Cancer Inst
1959;22:1093-104.

131. Diamond EL, Schmerter H, Lilienfeld AM.
The relationship of intrauterine radiation to sub-
sequent mortality and development of leukemia
in children. A prospective study. Am J Epide-
miol 1973;97:283-313.

132. Hoshino T, ltoga T, Kato H. Leukemia in
the offspring of parents exposed to the atomic
bomb at Hiroshima and Nagasaki. Presented at



www.AJOG.org

Obstetrics REVIEWS

the annual meeting of the Japanese Association
of Hematology, Nagasaki, Japan, March 28-30,
1965.

133. Kato H. Mortality in children exposed to
the A-bombs while in utero. Am J Epidemiol
1971;93:435-42.

134. Neutel Cl, Buck C. Effects of smoking dur-
ing pregnancy on the risk of cancer in children.
J Natl Cancer Inst 1971;47:59-64.

135. Fasal E, Jackson EW, Klauber MR. Birth
characteristics and leukemia in children. J Natl
Cancer Inst 1971;47:501-9.

136. Miller RW. Epidemiological conclusions from
radiation toxicity studies. In: Fry RJM, Grahn D,
Griem ML, et al, eds. Late effects of radiation.
London: Taylor and Francis; 1970. p. 245-56.
137. Salonen, T. Prenatal and perinatal factors
in childhood cancer. Ann Clin Res 1976;
8:27-42.

138. MacMahon B. Prenatal x-ray exposure and
twins. N Engl J Med 1985;312:576-7.

139. Harvey EB, Boice JD Jr, Honeyman M,
Fannery JT. Prenatal x-ray exposure and child-
hood cancer in twins. N Engl J Med
1985;312:541-5.

140. Yoshimoto Y, Kato H, Schull WJ. Risk of
cancer among children exposed in utero to A-
bomb radiations, 1950-1984. Lancet 1988;
2:665-9.

141. Rugh R, Duhamel L, Skaredoff L. Relation
of embryonic and fetal X-irradiation to life-time
average weights and tumor incidence in mice.
Proc Soc Exp Biol Med 1966;121:714-8.

142. Ross MH, Bras G. Tumor incidence pat-
terns and nutrition in the rat. J Nutr 1965;
87:245-60.

143. Preston DL, Cullings H, Suyama A, et al.
Solid cancer incidence in atomic bomb survi-
vors exposed in utero or as young children.
J Natl Cancer Inst 2008;100:428-36.

144. Boice JD Jr, Miller RW. Childhood and adult
cancer following intrauterine exposure to ionizing
radiation. Teratology 1999;59:227-33.

145. Mole RH. Antenatal irradiation and child-
hood cancer causation or coincidence? Br J
Cancer 1974;30:199-208.

146. Mole RH. Severe mental retardation after
large prenatal exposures to bomb radiation. Re-
duction in oxygen transport to fetal brain: a pos-
sible abscopal mechanism. Int J Radiat Biol
1990;58:705-11.

147. Mole RH. The effect of prenatal radiation
exposure on the developing human brain. Int J
Radiat Biol 1990;57:647-63.

148. Boice JD Jr, Inskip PD. Radiation-induced
leukemia. In: Henderson ES, Lister TA, Greaves
MF, eds. Leukemia. Philadelphia, PA: WB
Saunders; 1996. p. 195-209.

149. Boice JD Jr, Land CE, Preston DL. lonizing
radiation. In: Schottenfeld D, Fraumeni JF Jr,
eds. Cancer epidemiology and prevention, 2nd
ed. New York: Oxford University Press; 1996. p.
319-54.

150. Doll R, Wakeford R. Risk of childhood can-
cer from fetal irradiation. Br J Radiol 1997;
70:130-9.

151. Brent RL. Commentary: CT scan in chil-
dren: risks and benefits. Proceedings of the
49th annual meeting of the Health Physics So-
ciety, July 11-15, 2004, Washington, DC.

152, Brent RL. lonizing radiation. In: Queenan
JT, Hobbins JC, Spong CY, eds. Protocols
high-risk pregnancy: a contemporary OB/GYN.
4th ed. Malden, MA: Blackwell Publishing;
2005. p. 31-38.

153. Karam PA. Determining and reporting fetal
radiation exposure from diagnostic radiation.
Health Phys 2000;79(Suppl 2):S85-90.

154. Brent RL, Jones CG, Roessler GS. Inter-
net communications with the public: a new
powerful Health Physics Society tool. Pre-
sented at the 11th International Congress of the
International Radiation Protection Association,
May 23-28, 2004, Madrid, Spain.

155. Jones CG, Roessler GS, Brent RL. Effec-
tive radiological communications with the pub-
lic. Strahlenschutz Forsch Praxis 2004;4:23-7.
156. Joerg N. A personal story about preg-
nancy radiation risk counseling. Teratology
1999;59:314-6.

Appendix
Counseling patients exposed to
ionizing radiation concerning
reproductive and developmental risks
The obstetrician, radiologist, internist,
family physician, radiologist, or health
physicist may have the responsibility for
evaluating the risks of environmental
toxicant exposure to the pregnant pa-
tient and her embryo and men and
women of reproductive age. When eval-
uating the risks of ionizing radiation, the
counselor can be faced with various clin-
ical situations. Four types of encounters
are briefly described in the following
paragraphs.

1. The first situation involves a pregnant
or possibly pregnant patient who pre-
sents with clinical symptoms that
need to be evaluated. What is the ap-
propriate utilization of diagnostic ra-
diological procedures that may ex-
pose the embryo or fetus to ionizing
radiation? A pregnant or possibly
pregnant woman complaining of gas-
trointestinal bleeding or pain or an
abdominal or pelvic mass that cannot
be attributed to pregnancy deserves
the appropriate studies, including ra-
diological ones, to diagnose and treat
her clinical problems. The studies
should be performed in a timely and
appropriate manner to minimize the
exposure and maximize the goal of
making the correct diagnosis. The

studies should be performed at the
time they are clinically indicated,
whether the woman is in the first or
second half of the menstrual cycle.
Furthermore, these studies should
not be relegated to 1 portion of the
menstrual cycle. The first half of the
menstrual cycle is a time when the
woman is not pregnant. Conception
occurs midway during the menstrual
cycle. The second half of the men-
strual cycle is when the embryo has
not yet initiated differentiation and is
less sensitive to the teratogenic effects
of radiation, although it is sensitive to
the lethal effects of radiation. Animal
studies indicate that the threshold for
lethality during this very early stage of
development is between 0.15 and 0.2
Gy, but one cannot apply these results
directly to the human embryo.

. In another example, a radiologist has

been asked to perform an elective ra-
diological diagnostic study for em-
ployment or follow-up that is not an
emergency, so the approach should
be different. The radiological study
can be postponed until the beginning
of the next menstrual period. If the
patient and physician are certain the
patient is not pregnant or has a nega-
tive pregnancy test and has not had
intercourse for a lengthy period, then
the elective examination can be per-
formed at that time. The situation is
complicated when the woman has ir-
regular menstrual cycles. In that situ-
ation, the diagnostic study can be per-
formed after the next menstrual cycle
begins. However, even in that situa-
tion, a pregnancy test should be per-
formed.

. Another clinical situation that the

counselor may face is that the patient
has completed a diagnostic procedure
that has exposed her uterus to ioniz-
ing radiation. This can occur with the
following studies: (1) abdominal flat
plate or CT of the abdomen or pelvis;
(2) barium enema; (3) gastrointesti-
nal series; (4) x-rays of the lower
spine; (5) intravenous pyelogram
(IVP); (6) hysterosalpingogram; (7)
bladder x-rays; or (8) hip x-rays or
IVP. For example, the procedure was
necessary to rule out a gastrointesti-
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nal disease or a genitourinary prob-
lem because of abdominal pain. The
examination revealed that the patient
had a duodenal ulcer. The procedure
was necessary; however, the patient
now believes she was pregnant at the
time of the procedure. If you are the
counselor, what is the proper re-
sponse to this situation?

. Explain that you would have pro-
ceeded with the necessary x-ray diag-
nostic test whether she was pregnant
or not because diagnostic studies that
are indicated in the mother have to
take priority over the possible risk to
her embryo because almost no diag-
nostic studies increase the develop-
mental risks to the embryo. At this
time, obtain the calculated dose to the
embryo and determine the woman’s
stage of pregnancy. If the dose is be-
low 0.1 Gy (ie, 10 rads), you can in-
form the mother that her risks for
birth defects and miscarriage have
not been increased. In fact, the
threshold for these effects is 0.2 Gy or
greater; thus, the 0.1 Gy exposure is
far from the threshold exposure. If
the exposure isless than 0.10 Gy, then
the risks are also not increased. Even
higher total exposures from multiple
procedures over a period of days may
notincrease the risk of developmental
effects; however, decisions about
what is appropriate advice becomes
more complex. Remember that we
are concerned about the fetal expo-
sure, not the dose estimate to the skin
or other parts of the body.

. Another clinical situation that the
counselor may face is that a woman

delivers ababy with a serious birth de-
fect. On her first postpartum visit, the
woman recalls that she had a diagnos-
tic x-ray study early in her pregnancy.
What is your response when she asks
you whether the baby’s malformation
could be caused by the radiation ex-
posure? In most instances, the nature
of the clinical malformation will rule
out radiation teratogenesis. Radia-
tion-induced malformations have a
confined group of malformations
that identifies the radiation terato-
genic syndrome, and many malfor-
mations have never been reported,
even following intrauterine radiation
exposures that are known to produce
congenital malformations. In this sit-
uation a clinical teratologist or radia-
tion embryologist could be of assis-
tance. On the other hand, if the
exposure is below 0.1 Gy, it would not
be scientifically appropriate to indi-
cate that the radiation exposure was
the cause of the malformations. As
mentioned before, the threshold for
major malformations is 0.20 Gy.
Dose, timing, and the nature of the
malformation would enter into
this analysis. With approximately 15-
25% of malformed children, a genetic
disease is diagnosed. If that is the case,
the malformations could not have
been caused by an intrauterine expo-
sure to ionizing radiation.

. For a counselor, the most difficult

situation of the 4 possible ones
mentioned is when external radia-
tion therapy or high exposures of
radionuclides have been utilized in
a pregnant woman or a woman who

24  American Journal of Obstetrics & Gynecology JANUARY 2009

became pregnant during the radia-
tion therapy. Although this is a seri-
ous situation, there are instances
when the exposure to the embryo is
low. Low exposures to the embryo
may occur when radiation therapy
is directed toward the head, neck,
upper chest, or the extremities. Ad-
ministered radionuclides are special
problems because each radionu-
clide has a different half-life, metab-
olism, and excretion. Therefore,
each patient needs the expert evalu-
ation of a competent medical or
health physicist to determine what
the fetal exposure will be or has
been, depending on the nature of
the radiation exposure. Rarely, the
patient may have received the
course of therapy or be in the mid-
dle of the therapy when the preg-
nancy is discovered. That can be
very upsetting to everyone: patient
and physician. The exposure to the
fetus can be calculated and appro-
priate counseling can be delivered.
When the radiation therapist knows
that the patient is pregnant, then the
situation is much more advanta-
geous because the fetal exposure can
be estimated before the onset of
therapy.

To appropriately and more com-
pletely respond to all these situations, the
counselor should rely on the extensive
amount of information that has accu-
mulated on the effects of radiation on the
embryo. In fact, there is no environmen-
tal hazard that has been more extensively
studied or on which more information is
available.
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