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Radiation Effects on Development

Marco De Santis,* Elena Cesari, E. Nobili, Gianluca Straface,

Anna Franca Cavaliere, and Alessandro Caruso

It has been widely reported that prenatal exposure to ionizing radiation
can interfere with embryonic and fetal development, depending on dose
and gestational age in which exposure occurs. According to several stud-
ies on animal models, different well-defined stages during prenatal life
can be distinguished in relation to teratogenic effects. During the pre-
implantation stage, elevated doses of radiation can result in abortion,
while lower doses may produce genomic damage that is usually repaired.
On the other hand, during the organogenesis stage in mice (embryonic
day 6.5 [E6.5] to E13.5), irradiation is associated with increased incidence
of malformation and intrauterine growth restriction (IUGR). Later expo-
sure is linked to brain damage. Doses used in animal studies are generally
higher than those used for diagnostic procedures in humans. Usually,
radiation exposure to diagnostic range (<0.05 Gy = 5 rads) is not associ-
ated with an increased risk of congenital anomalies. In human studies,
elevated doses produce adverse outcomes, depending on stage of devel-
opment, as in animal studies. Blastogenesis (up to two weeks) is associ-
ated with failure to implant or no significant health effects. An increased
risk of malformation and growth retardation can be observed for two to
seven weeks exposure (organogenesis stage), while exposure at later
stages (fetogenesis) is mainly associated with brain damage. In this
review we focus on the relevance of estimating the cumulative dose of
radiation to the fetus and the gestational age in which exposure occurs,
to provide appropriate counseling to pregnant women. Birth Defects
Research (Part C) 81:177-182, 2007. o 2007 Wiley-Liss, Inc.
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INTRODUCTION

Many women are affected by path-
ologies that require immediate
diagnosis and treatment, including
radiographic diagnosis using ioniz-
ing radiography. Exposing the fetus
to radiation creates alarm for the
patient and her family. These same
physicians often confront this situa-
tion incorrectly and unscientifically,
providing inadequate therapy and
insufficient counseling.

X-rays are classified as short wave
electromagnetic radiation (less than
10 nm) and are commonly used for

diagnostic and therapeutic pur-
poses. Both the gray (Gy) and the
rad are units of absorbed dose and
reflect the amount of energy depos-
ited into a mass of tissue (1 Gy =
100 rads). X-rays can alter the nor-
mal structure of cellular biochemical
compounds through direct and in-
direct mechanisms. The damaging
effects of radiation on living organ-
isms can be of two types. The first
type is related to the dose and is
apparent in clinical damage, most
often linked with dead cells. Cell
damage can also occur with lower

doses. However, stochastic effects
appear some time after exposure
and consist of genetic injury to the
cell. These can cause cancer or cell
mutation transmittable to descend-
ants.

ANIMAL STUDIES

There is extensive literature about
radiation exposure in the experi-
mental animals. Various well-
defined stages during prenatal life
can be distinguished from the
effects after irradiation (Schull and
Otake, 1999) (Table 1). Elevated
dose exposure during the preim-
plantation stage can result in
abortion. Lower dosages produce
genomic damage that is repaired
(Jacquet, 2004). Radiation expo-
sure during later stages results in
growth retardation and in different
types of congenital anomalies,
whose type and severity depend
on the radiation dose. Russell
(1950) studied irradiation with
doses of 100 to 400 rads in the
pregnant mouse: preimplantation
irradiation tended to be lethal or
to have no effects. Exposure
between embryonic day 6.5 (E6.5)
and E13.5 was shown to be asso-
ciated with growth retardation and
abnormalities related to dose and
time of administration. In particu-
lar the authors found a correlation
between E7.5 through E9.5 expo-
sure and eye defects (coloboma
and microphthalmia), E9.5 expo-
sure and renal anomalies, and
E9.5 through E12.5 exposure and
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TABLE 1. Effects of Prenatal Irradiation (1 Gray) in Different
Stages of Development in Mice

Effects Pre-implantation Embryo Fetus
Lethality Yes (++) Yes (*) No
Malformations No Yes (+) No
IUGR No Yes (+) Yes (+)
Mental retardation No Yes (+) Yes (+)

Modified from Schull and Otake, 1986. IUGR: intrauterine growth retardation.
+ : observed. + : frequent. ++ : high incidence.

skeletal anomalies (Russell, 1950).
Also, Kuno et al. (1994) confirmed
eye defects for E8 mass radiation
exposure during the 8th day of de-
velopment. Thereafter (>E14.5),
anomalies were sporadic, but the
mice developed cataracts, hydro-
cephalus, and skin defects in later
life (Russell, 1950). Recently Devi
and Hossain (2001) confirmed that
14 days postcoitus is a critical pe-
riod for radiation-induced impair-
ment of postnatal growth that
occurred with a dose of 0.3 Gy, but
not for congenital anomalies.

Jacquet et al. (1995) confirmed
that preimplantation irradiation is
associated mainly with prenatal
loss and stated that for subse-
quent exposure the increased risk
of congenital anomalies is signifi-
cant for the doses of 10.5 and
100 Gy. In contrast, Hillerbrand
et al. have stated that irradiation
during the preimplantation stage is
associated with increased risk of
gastroschisis in a specific mouse
strain at the dose of 1 Gy. The
hypothesis is that a particular
genomic instability of that strain is
responsible of the increased risk of
gastroschisis (Hillebrand et al.,
1996). At molecular levels it can be
observed that deficiency of a spe-
cific enzyme can result in a major
sensitivity to radiation. The gene
responsible for ataxia telangiecta-
sia (AT) encodes the AT ataxia tel-
eangectagio mutated (ATM) pro-
tein, which plays a major role in
the network of a signal transduc-
tion initiated by double-strand DNA
breaks (Hall et al., 2005). Thus,
this sensitivity in the preimplanta-
tion period is due to a susceptible
genomic trait (Undarmaa et al.,,
2004).

Many authors have focused on
brain damage due to radiation expo-
sure. Later exposure (15-16 days
postconception) is associated with
brain damage. Several studies dem-
onstrated that developing brains
exhibit a higher level of radiosensi-
tivity in comparison to mature neu-
rons, due to the elevated number of
multipotent dividing precursor cells
(Minamisawa et al., 1980; Shirai
etal., 2006). Early events after irra-
diation consist of altered neuronal
migration and laminar formation in
the cerebral cortex (Verheyde and
Benotmane, 2007). Devi et al.
(1999) showed that in the exposed
mice at E17 a dose lower than 0.3
Gy can impair brain function. Irradi-
ation of mice on E9 or E17 to an
acute dosage levels of 0.6 Gy is
associated with altered postnatal
growth and psychophysiologic de-
velopment at three behavioral
tests (Jensh, 1985). Later the
same authors confirmed that
between 0.75 and 1.5 Gy in the late
gestational period (E14 to E18) can
cause low birth weight (LBW) and
delay in acquisition of several
reflexes (Jensh and Brent, 1988). A
specific study on the development of
cortical cortex was done in the irradi-
ated mice. Prenatal exposure during
E15 at a dose of 1.5 Gy causes
severe microcephaly and affects the
development of local circuits and the
axonal projection of cortical neurons
to the thalamus (Funahashi et al.,
1997). Li et al. (2005) confirm that
X-ray irradiation on E14 (1 Gy)
causes multiple defects due to the
formation of cavities that transiently
interrupted both cortical afferent
and efferent axons.

Different studies had stated that
irradiated mice are at risk also for
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their fertile life: These studies sug-
gest that ionizing radiation can
induce DNA damage in the germ
cells of exposed individuals and
lead to teratogenic effects in the
progeny, such as miscarriage, LBW,
congenital anomalies, and cancer
(Jacquet, 2004). Pils et al. (1999)
showed that in mating mice
exposed during the zygote stage to
1 Gy with an unexposed male, an
increased risk of malformation and
of prenatal mortality could be
observed (Pils et al., 1999). Sanova
et al. (2005) demonstrated that
irradiation of rat males with suble-
thal doses (3 Gy) for 25 days (sper-
matids stage) before mating with
control females affects brain devel-
opment in the subsequent progeny.
They found an increase in occur-
rence of chromosomal aberrations
(chromosomal bridges) in embryos
and brain (hemispheres and little
brain) of offspring. These aberra-
tions were still present in the post-
natal period. On the other hand,
irradiation 80 days before mating
(spermatogonia stage) results in sig-
nificant low presence of chromo-
somal abnormalities. The radiation
used in these studies is markedly
higher than doses of radiation diag-
nostics, but they are similar to doses
that can occurin radiotherapy.

HUMAN STUDIES

The embryo and the fetus are par-
ticularly sensitive to ionizing radia-
tion, and the developmental con-
sequences can be quite serious.
These can be teratogenic, muta-
genic, or carcinogenic in nature.
As with almost all known terato-
gens, the dose of ionizing radiation
is one of the determining factors
for reproductive toxicity in embry-
onic/fetal development. Although
the embryo and the fetus are pro-
tected to some degree by the
uterus, the dose of radiation tends
to be lesser compared to that to
which the mother is exposed. Vari-
ous studies have set the dose of
the most commonly used diagnos-
tic and therapeutic procedures for
the embryo and the fetus. The
current consensus is that exposure
to radiation of <5 rads during
pregnancy is not related to an ele-
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Figure 1. Possible effects (other than cancer) on development for prenatal radiation exposure. [Modified from Prenatal Radiation
Exposure: A Fact Sheet for Physicians. CDC 2006 (http://www.bt.cdc.gov/radiation/prenatalphysician.asp)].

vated risk of malformation (Tab-
uchi et al., 1967; Kinlen and Ache-
son, 1968; Nokkentred 1968;
Vilumsen, 1970; Brent, 1999) Cu-
rrently, no diagnostic procedures
in use today reach a dose of 5
rads, the dose considered to be
dangerous to the product of con-
ception (Wagner et al., 1997;
Sharp et al.,, 1998; Osei and
Faulkner, 1999).

Apart from the dose of radiation,
the developmental age of gesta-
tion is important in determining
the noncarcinogenic effects on de-
velopment (Fig. 1). Up to approxi-
mately the second week of gesta-
tion, the effects on the product of
conception in exposure to >0.1 Gy
or 10 rads translates into embry-
onic death. If the embryo survi-
ves, it is unlikely that it will suffer
damaging effects (Russel et al.,
1959; Jankowski, 1986; ICRP,
1997; Brent, 1999).

No damaging effects may be
observed in fetal exposure to 0.05

Gy (5 rads) at any period of gesta-
tion. In clinical practice the thresh-
old dose in congenital anomalies
to the human embryo and fetus is
probably around 0.10-0.20 Gy
(10-20 rads). Between the 16th
week and the end of pregnancy,
the noncarcinogenic effects caused
by radiation are unlikely below
0.50 Gy (50 rads). Although some
authors suggest that a low possi-
bility of alterations in intellectual
abilities exists from doses up to
0.10 Gy (10 rads) between the
16th and the 25th weeks, a num-
ber of studies have shown that
after the 16th week the threshold
dose for the occurrence of congeni-
tal malformations is approximately
0.5-0.70 Gy (50-70 rads) (Blot
and Miller, 1973; Otake and Schull,

1984; Schull and Otake, 1986;
Schull et al., 1988; Otake et al.,
1996).

The effects of radiation on the
embryo and the fetus can thus
manifest themselves in the form of
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spontaneous abortion, growth re-
tardation, and effects on neurolo-
gical development (severe mental
retardation and/or reduction in
intelligence quotient [IQ]) and
major malformations (De Santis
et al., 2005a). The teratogenic
effects of radiation have been
known since 1929, when Goldstein
and Murphy (1929) observed a
high evidence of neonatal malfor-
mation (34%), particularly micro-
cephaly and reduced cranial cir-
cumference, in 74 women who had
undergone radiation treatment for
uterine cancer during pregnancy.
The estimated doses of exposure
were >1 Gy (100 rads). Moreover,
the majority of those children had
been exposed prior to the fifth
month (Goldstein and Murphy,
1929b). A few years later, a fur-
ther analysis of the data revealed
that the radiation had caused the
malformations only when exposure
occurred between the third to
fourth week and the 19th week
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and that the most severe mal-
formations, such as microcephaly,
were related to exposures occurring
earlier than the 17th week (Russell
and Russell, 1954). The information
regarding doses dangerous to the
embryo or the fetus remained in-
accurate and for many years the
generic proposition prevailed that
high enough doses of radiation to the
pelvic region in the most sensitive
periods would cause damage to the
fetus. The first studies on the survi-
vors of the atomic bombs in Japan
demonstrated that newborns ex-
posed in utero to doses between 0.1
and 1.5 Gy (10-150 rads) developed
microcephaly and 87% suffered
severe mental retardation. The most
sensitive period to the effects of ra-
diation on the central nervous sys-
tem is between the eighth and the
15th week of gestation. The available
data on the survivors of the atomic
bomb indicate that during this phase
of pregnancy the risk of severe men-
tal retardation above 0.1 Gy (rads) is
about 40% per Gy (100 rads). Prior
to the eighth and after the 25th
weeks and for exposure <1 Gy, no
cases of mental retardation were
cited. Moreover, no cases of severe
mental retardation were observed in
infants exposed in utero to 0.5 Gy
(50 rads) (Plummer, 1952; Miller,
1969; Kato, 1971; Blot and Miller,
1973).

The sensitivity of the nervous
system is reduced in the 16th to
25th weeks. Overall, effects simi-
lar to those observed between the
eighth and the 15th week, but
with higher doses of exposure, are
seen in this phase of pregnancy.
In particular, in the same doses the
percentage of risk of severe mental
retardation is 9% (Rakie, 1975;
Mole, 1991; ICRP, 2001; Timins,
2001; Streffer et al., 2003). After
the 25th week the central nervous
system becomes relatively radio-
resistant and major fetal malfor-
mations and functional anomalies

highly improbable (Schull and
Otake, 1999).
In 1991, Otake et al. (1991)

identified the threshold dose for
severe mental retardation as being
between 0.12 (12 rads) and 0.23
Gy (23 rads) between the eighth
and the 15th weeks and approxi-

mately 0.21 Gy (21 rads) between
the 16th and the 25th week.
These values were also reeval-
uated by Otake et al. (1996): the
threshold dose should be 0.06-
0.31 Gy (six to 31 rads) between
the eighth and the 15th weeks
and 0.25-0.28 Gy (25-28 rads)
between the 16th and the 25th
weeks. However, Miller (1999),
established a threshold dose for
severe mental retardation to be
>0.5 Gy (50 rads).

Effects similar to those of severe
mental retardation have been
observed in the reduction of IQ.
There also seems to be in this
case a maximum effect between
the 16th and the 25th weeks of
21-29 points per Gy (100 rads).
In the period between the 16th
and the 25th weeks the reduction
should be of 13-21 points. No
effect appears in doses of <100
mGy (10 rads) even during the
most sensitive period (Schull
et al., 1988; Smith, 1992). The
probable threshold dose for this
type of effect should be approxi-
mately 10 cGy (10 rads) (Streffer
et al., 2003).

The threshold dose for the
induction of effects of this nature
provoked by radiation is all above
the fetal dose estimated for com-
mon diagnostic procedures. Also
for severe mental retardation the
highest fetal dose administered by
diagnostic procedures is still lower
than the threshold dose of 0.06-
0.31 Gy (six to 31 rads) estab-
lished by Otake et al. (1996). With
regard to slight mental retarda-
tion, considering the dose-depend-
ent linear response of 25-29
points per Gy (100 rads), the
major part of diagnostic proce-
dures should cause a reduction of
0.2 points in IQ (Otake et al.,
1991; Osei and Faulkner, 1999).

Alterations in height and weight
were recorded in adolescents
exposed in utero to radiation from
an atomic bomb (Mole, 1982). It
was also noted that exposure to
high doses of radiation in pediatric
age increases the risk of low birth
rates <2500 gm (Chiarelli et al.,
2000; Green et al., 2002). Women
exposed to radiation during ado-
lescence for idiopathic scoliosis
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have a higher risk of LBW dose-
dependent effects. A study by
Hamilton et al. (1984) revealed a
higher percentage of radiation
exposure during pregnancy in
women who gave birth to LBW
babies. Hujoel et al. (2004) con-
ducted a case control study on
1117 LBW children, comparing
them to a control group of 4468
babies with normal weight. The
results of this study have demon-
strated how exposure in preg-
nancy to dental radiography can
be associated with an increased
risk of having LBW children (odds
ratio [OR] = 2.27). The alteration
of the mother’s hypothalamus-
hypophysis-thyroid axis seems to
be the etiopathogenetic mecha-
nism of this effect, with the exis-
tence of a dose threshold effect
around 0.4 mGy at the level of the
maternal thyroid. Other authors
(Boice et al., 2004; Brent, 2005)
have criticized this study and the
possible association between
maternal thyroid exposures and
fetal growth. In a previous study,
we showed a slight reduction in
the birth weight with a dose
threshold at the level of the thy-
roid of from 0.4 to 0.8 mGy, ana-
lyzing the outcome of pregnancy
in 224 women exposed to diagnos-
tic examinations with thyroid ex-
posure in the first trimester (De
Santis et al., 2005b).

In conclusion, evaluation of the
need to undergo a radiodiagnostic
exam during pregnancy and coun-
seling of women inadvertently
exposed to radiation during preg-
nancy must take into considera-
tion the dose of the embryonic/fe-
tal exposure. In fact, it is only the
dose of radiation that reaches the
uterus and consequently the fetus
that is relevant.

No necessary radiodiagnostic
examination that is clinically justi-
fiable should be avoided due to
pregnancy. On the other hand, no
radiological examination that is
not absolutely necessary should be
performed during pregnancy. Pro-
tective measures to ensure the
health of the mother should be the
priority, not the theoretic risk to
the unborn fetus. If there are
other diagnostic procedures that
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are equally as sensitive but not as
dangerous to the fetus, these should
be the preference. Correct behavior
would be to comply with the Ameri-
can College of Obstetricians and
Gynecologists (ACOG) and the
American Academy of Pediatrics
(AAP) guideline: “Diagnostic radio-
logic procedures should not be per-
formed during pregnancy unless the
information to be obtained from
them is necessary for the care of the
patient and cannot be obtained by
other means (especially ultra-
sound)” (ACOG, 1995).
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