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Abstract

The present paper is a review of the data available in the literature concerning the prenatal exposure to radiation evaluating the reported
teratogenic effect. We have particularly focused on the fetal effects of maternal ionising radiation exposure, both diagnostic and occupational,
particularly in terms of congenital anomalies and birth weight. lonising radiation represents a possible teratogen for the fetus, but this risk
has been found to be dependent on the dosage and the effects correlatable to the gestational age at exposure. Recently, of particularly not
is the fact that maternal thyroid exposure to diagnostic radiation has been associated with a slight reduction in the birth weight. Inadvertent
exposure from diagnostic procedures in pregnancy doesn’t usually increase the natural risk of congenital anomalies but creates a considerable
state of maternal anxiety. Diagnostic radiological procedures should be avoided in pregnant women unless the information cannot be obtained
by other techniques.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction ) ) ) )
is particularly true with regard to pre- and post-conception

Exposures to potential teratogens are emotionally relevant€nvironmental radiation exposufé,2]. In fact, the term
and cause anxiety in pregnant women. This considerationhigh-energy radiation is generally associated by the general
public, physicians and media with the adverse effects of

* Corresponding author. Tel.: +39 06 30156525; fax: +39 06 30156572, 10Nizing radiation, such as the atomic bomb tragedy, the
E-mail addressmarcodesantis@rm.unicatt.it (M. De Santis). Chernobyl reactor accident and an increased incidence of
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cancef3]. Arecent study has shown that physicians who care necessary, when evaluating the effects of exposure during
for pregnant women perceive the teratogenic risk associatedpregnancy, to take into consideration above all the dose
with an abdominal radiograph/CT scan to be unrealistically absorbed at the level of the fetus. Some sizes and units of
high during early pregnancy which could lead to an increased measurement have been defined in order to evaluate the action
anxiety among pregnant women and the non prescription of of ionising radiation, in particular its intensity and the energy
needed medicindd]. However, in spite of the large amount that it transfers to matter and biological tissues, and further to
of epidemiological, clinical and experimental data, the risk measure the activity of radioactive substances. The exposure
of the prenatal exposure to radiation is still unknown. dose that is measured in Roentgen, refers specifically to

Itis well known that the biological effects of ionizing radi-  the X- and gamma-radiations and concerns their capacity to
ation in humans are due to physical and chemical processesproduce ionisation. The exposure dose, and in particular its
which occur immediately following the passage of radiation intensity, is taken much more into consideration when eval-
through living matter. These processes involve successiveuating its safety in the case of radioactive contamination. In
changes at the molecular, cellular, tissue and whole organisnthe International System (IS), the exposure dose is expressed
levels. The effects of radiation exposure can be classifiedin Coulomb per kilogram. The absorbed dose is the amount
as deterministic and stochastic. The deterministic occur of energy that the ionising radiation transfers to tissue by
principally above a threshold dose and are manifested asthe unit of mass of the irradiated substance, that is to say the
clinical damage, primarily as a result of cell killing, although relationship between the energy of the radiation absorbed by
damage to individual cells will take place at lower dofgs tissue and the mass of the interested tissue, independently of
The stochastic effects occur some time after exposure, andthe type of ionising radiation. The rad is used as a unit of the
consist of damage to the nuclear material in the cell which dose absorbed. In IS the absorbed dose is measured in gray
can cause radiation-induced cancer or mutations that may(Gy). The dose equivalent is the dose of ionising radiation
be transmitted to the descendants of exposed individuals. that, absorbed by the human body, produces a biological

Information on radiation-induced cancer is available from effect equal to that produced in the same tissue by the absorp-
many epidemiological studies. These include the survivors tion of X- or gamma-rays. This size is very important because
of the atomic bombings in Japan and groups that have beerionising radiation with different characteristics, like the alfa
exposed to radiation for medical reasons, nuclear accidentsor X-rays, can provoke different biological effects although
or occupationallfj6—10]. Most studies have been concerned brought about by the same dose absorbed. The value of the
with the cancer risk in exposed individuals, while in the case dose equivalent is obtained by multiplying the dose absorbed
of radiation-induced hereditary diseases no studies haveby a numerical factor characteristic of the type of ionising
been conducted in human populations, so risk estimatesradiation (quality factor). The dose equivalent is measured
have therefore to be based only on the results of animalin rem (roentgen equivalent man). X- and gamma-rays have
studies. The doubling dose method is one of those currentlya quality factor of about 1, so the absorbed dose in rads is the
used to estimate the genetic risks of ionizing radiation in same in rem. The IS unit of measurement is the sievert (Sv)
humang5]. It can be defined as the amount of radiation that (Table J).
is required to produce as many mutations as those arising The effect of ionising radiation in pregnancy, as for every
naturally in one generation. Experimental procedures haveteratogen, also depends on the gestational age at the time of
estimated the doubling dose in mice, the quantitative data,exposure and not only on the fetal dose absorbed. Data on
however, only available following exposure to intermediate teratogenicity of a 1 Gy acute dose in rodents during different
and high doses. This mouse model can not therefore beperiods of fetal development are reportedable 2 [12] In
easily applied to humans who are exposed, in the majority of the pre-implantation period the embryo is less radiosensitive
cases, to low doses of ionizing radiation such as in the home,[13,14]. In about the first 14 days after conception, therefore,
in the natural environment, in some work places and, in most the effect of the radiation is more frequently the failure
cases, for diagnostic purpogd4]. Few studies concern the of embryo implantation, an early abortion or no other
teratogenic effects of low dose radiation in exposed fetuses.consequences (all or none effeldth,16] In fact if a genetic
For example, the United Nations Scientific Committee on anomaly or a malformation is produced, the possible result
the Effects of Atomic Radiation volumes do not report on
the teratogenicity of radiation, but on mutagenicity with Table 1
respect to Mendelian diseases and cancer fl)s Principle units of radiologic measurement

The present paper is areview of the data available in the lit- ——

. .. . Unit of International Use Equivalence
erature concerning prgnatal exposure to radiation evaluatingeasurement system
the reported teratogenic effects. Roentgen (R) Clkg Used by the 1R=2.58x 104
exposure dose  Clkg
2. lonizing radiation and congenital anomalies Rad (rad) Gray (Gy) ~ Usedbythe  1rad=0.01Gy
absorbed dose
lonizing radiation is a potential teratogen whose dose Rem (rem) Sievert(Sv)  Usedbythe  1rem=0.01Sv

dependent action has not been well defined. It is therefore equivalent dose
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Table 2 Table 3
Effects of ionizing radiation (1 Gy) prenatal exposure in rodents by gesta- lonizing radiations and malformatiofi&6,24,42,43]
tional period Malformations Estimated threshold Gestational age at
Effect Preimplantation Embryo Fetus dose greatest risk
Lethality Yes (++) Yes ) No (weeks p.c.)
Malformations No Yes (+) No Microcephaly >20Gy 8-15
IUGR No Yes (+) Yes (+) .
Mental retardation No Yes (+) Yes (+) Mental retardation 0.06-0.31 Gy between 8-15

8 and 15 weels
Modified from ref.[26]. IUGR: intrauterine growth retardatiott: observed, 0.25-0.28 Gy between
+: frequent, ++: high incidence. 16 and 25 weelkts

>0.50Gy between 8

and 15 weeks
is thought to be embryo loss or of repair on the part of the Reduction of the IQ 0.1Gy 8-15
embryo and the totipotent cells present at this sfage19] Other malformations ~ >0.20 Gy 3-11

(skeleton, genitals,

The organogenesis period (from the end of the 2nd to the 8th es)

week post-conception) is however extremely sensitive to the ,
teratogenic effect of ionising radiation and particularly the p-o Post-conception.

1 . Estimated by Otake et g42].
central nervous system (CNS) even though its main forma- b gstimated by Millef43]
tion period is between the 8th and 15th week of pregnancy, a
period in which it is very radiosensitij@0]. In these weeks
the neuronal stem cells are subject to a notable mitotic activity like microcephaly, occurring only after irradiations before
and a proliferation along the passage that goes from the venthe 17th weeK31]. In 1968 Dekaban, re-analysing the data
tricular and subventricular zones to the cerebral cdi2éx of the literature (26 cases), highlighted that these women had
From the 16th to the 25th week, there is a reduction in the been exposed to a dose >2.5 Gy, the effect of the gestational
radiosensitivity of the CNS and in many of the other organs. age also being seen as a dependent factor. This resulted from
After the 25th week the central nervous system becomesthe fact that many cases of mental retardation and also non-
relatively radioresistent and major fetal malformations and CNS malformations were more frequent following exposure
functional anomalies highly improbal22—26] between the 3rd and the 11th week of conception. Finally,

Various epidemiological studies have demonstrated that growth retardation, microcephaly and mental retardation
the exposure to high levels of ionising radiation in pregnancy were the only congenital anomalies observed in the period
provokes reasonably characteristic congenital anomalies,between the 10th and 12th and the 16th and 20th week of
such as growth retardation of the organs or mental retardationconception, no anomaly being reported for exposure after the
with or without microcephaly. Such biological effects are of 20th week32].

a deterministic kind and the incidence and gravity of these  Much of the information on the effects of acute exposure
anomalies, therefore, acknowledge a dose dependent relato ionising radiation has been obtained from studies carried
tionship and a dose threshold, below which they cannot be out on the survivors of the atomic bomb of Hiroshima and
verified[12,27,28] The threshold dose of these deterministic Nagasaki. Their limitation, however, is that they have anal-
effects is sufficiently high (generally >1 Gy, based on the ysed the effects of a single, relatively high exposure and not
studies of Hiroshima and Nagasaki). They have concluded of small intermittent or continual doses typical of medical,
that doses of ionising radiation below the threshold dose professional or environmental exposyigd]. These studies

do not produce teratogenic effectsable 3 [17]. Thirty have confirmed that the prevalent effects were microcephaly,
four percent of 74 neonates who had received radiation mental retardation and growth retardati®4—36] Further

for carcinoma of the uterus in pregnancy had congenital limitations are linked to the difficulty of data collection after
malformations. The majority of these malformations were a the atomic bomb attacks and their evaluation both from a
reduced head circumference or microcephaly (23%), as well methodological and political point of view as a result of
as hypoplasia of the genitalia, palatoschisis, hypospadia,taboos on both the victim's and aggressor’'s side. Many
micropthalmia, cataracts, strabism, retinal degeneration andchildren who survived the tragedy of the atomic bomb and
optic atrophy. The estimated dose was >1 Gy. It was the first who were exposed in utero to doses between 0.1 and 1.5 Gy
indication of malformations induced by an iatrogenic agent developed microcephalf34,37] Otake and Schull found

in human beingg429]. Re-examining the data, the authors thatamong these subjects, 4.2% (62/1473) had microcephaly
observed that 70% of the malformed newborns had beenand 87% severe mental retardation. It is worth noting that
exposed before the fifth month of pregnar@®p]. Other mental retardation is not directly linked to microcephaly and
studies have tried to establish, on the basis of the availablemany cases of reduced head size were exposed between the
data, a relationship between the dose, the gestational age i) and 7th week after concepti¢®8]. Various studies of the
which irradiation occurred and the neonatal outcome. They survivors of the atomic bomb have highlighted that mental
concluded that radiation caused malformations only from the retardation is one of the most important risks of ionising
3rd/4th to the 19th week with the most serious malformations, radiation at high dosg84,39] A total of 30 cases of mental
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retardation were shown among children exposed in utero to[52]. Various studies in the literature have calculated the fetal
the radiations of Hiroshima and Nagasaki; however, 5 of thesedose absorbed with regard to the most common diagnostic
were successively excluded because they were correlated toadiological examination§53-55] The majority of the
other causes, not radiation. The risk of severe mental retar-diagnostic procedures give a fetal dose of <0.05 Gy while
dation is not increased as a result of exposure before 8 weekghose associated with a higher fetal dose are: barium enema
post-conception, and reaches a maximum between the 8th(0.07 Gy), pelvic and abdomen CT (0.025 and 0.0088 Gy
and 15th week diminishing between the 16th and 25th week. respectively) and the procedures of nuclear medicine. In
After the 25th week of gestational age (and for exposures of every case, when possible, it is always advisable to calculate
<1 Gy), no cases of mental retardation have been reportedthe fetal dose rather than referring to the average dose pub-
[40]. Furthermore, no incidence of mental retardation has lished in the literature. In fact, the fetal dose of each single
been observed among children exposed in utero to a dose oprocedure could be up to 10 times greater with respect to the
0.5 Gy. This data initially orientated towards a dose depen- average dose on the basis of the weight of the patient and the
dent effect without a threshold dose. In particular, the authors techniques used. Only for those radio diagnostic procedures
have estimated an increase of mental retardation of 0.4% forthat involve areas of the body at a considerable distance from
every rad (0.01 Gy) of irradiatiof87,40] It is still not clear the abdomen can the fetal dose be assumed to be not higher
if there is a threshold dose for mental retardation even if than a few mGy55]. The threshold doses for the induction of
Otake et al. have calculated that this value could be betweenthe deterministic effects provoked by radiation are all above
0.12 and 0.23 Gy between 8 and 15 weeks and about 0.21 Gythe fetal doses estimated for common diagnostic radiation.
between 16 and 25 weel&l]. A re-analysis of this data has  On the basis of these considerations the risk of deterministic
led to the estimation of a threshold dose of 0.06—0.31 Gy for effects from diagnostic radiation is almost identical to the
exposure between 8 and 15 weeks and of 0.25-0.28 betweematural risk. Kinlen and Acheson, in the sphere of the
16 and 25 week§2]. Miller in 1999 reported a threshold  Oxford Record Linkage Study, conducted a case control
dose >0.5 Gy for severe mental retardatjd8]. Otake has study on 605 children with various malformations without
also succeeded in finding a correlation between less severdinding differences in terms of congenital malformations and
mental retardation and the exposure in utero to ionising radia- abortions after diagnostic irradiation when compared to the
tion. The data were similar to those concerning severe mentalcontrol group56]. Osei and Faulkner conducted a prospec-
retardation, without evidence of effects before 8 weeks andtive study on 50 women exposed to diagnostic radiation
after 26 weeks post-conception. Because the maximum linearin early pregnancy. The doses to the embryo/fetus varied
dose effect between 8 and 15 weeks was 21-29 IQ points peibetween <0.01 Gy (0.0001 rad) and 117 mGy (11.7 rad) and
Gy they were, however, excluded from the sample of subjectsthe gestational age at exposure between 2 and 24 weeks.
with severe mental retardation. In the period 16—-25 weeks, The percentage of major malformations and of intrauterine
the reduction was of 13 and 21 IQ points, respectively. No death were not higher than those of the general population,
effect was evident for doses <100 mGy even in the period of taking into consideration that even the highest doses were
maximum sensitivity44,45]. The question of IQ reduction  far from the threshold doses estimated for the occurrence
has also raised discussion concerning the existence of aof these adverse effecfs4]. Even the incidence of mental
threshold dose. The present data do not permit the establishretardation was not higher than the natural referred to by
ment of definitive answers, but if a threshold dose exists, itis Mole as 4-10 per 100{57]. Indeed, even in this case the
probably at 10 cGy25]. Smith has presented two studies that highest fetal dose (117 mGy), although administered in the
have shown a 30-point reduction in the 1Q for every sievert of sensitive period (8—15 weeks post-conception) was much
fetal dose between 8 and 15 weeks post-conception. A minorlower than the threshold dose of 390-460 mGy (39-46 rad)
reduction was present even for exposures between 16 andeported by Otake for serious mental retardation (1991),
25 weekd46]. on the basis of the data from Hiroshima and Nagasaki
[42]. If this threshold dose exists, it can be concluded that
there is no risk of serious mental retardation from exposure
3. Exposure to diagnostic radiation to diagnostic radiation in the sensitive period. However,
Servomaa and Paile do not exclude the fact that the risk of
There is no evidence either in humans or animals that severe mental retardation, correlated according to the data
exposure to diagnostic radiation (<0.5Gy) is associated from Hiroshima and Nagasaki to exposures above 0.5Gy
with an increased incidence of congenital malformations between 8 and 15 weeks, could be verified even at lower
[17,47-51] In 1977, the NCRP Report 54 affirmed: “The doses[58]. In the same way, with regard to mild mental
risk of anomalies is considered negligible at 5rad (0.05 Gy) retardation, considering the linear dose dependent course of
or less if compared to the other risks of pregnancy, and the 25-29 1Q points per Gy estimated by Otake, the majority of
risk of malformations is substantially increased only at doses the diagnostic procedures should lead to a reduction in 1Q of
above 15rad (0.15 Gy). However, the exposure of the fetus toabout 0.2 point§41,54] Ornoy et al. found no differences in
radiations deriving from diagnostic procedures must rarely terms of neurological, motor or cognitive functionality be-
constitute a reason for the interruption of the pregnancy” tween 112 newborns who had undergone ionising radiation
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at low doses in utero (5rad—50mGy) and a control group a vascular and structural damaf#3]. Even exposure to
[59]. A study carried out on 1026 children exposed in utero diagnostic radiation both in the pre-conceptional period and
to diagnostic radiation between 12 and 43 mGy showed noin pregnancy have been associated with an increased risk of
differences in terms of a reduction in 1Q when compared LBW (<2500 g). In women with idiopathic scoliosis exposed
to a control group of 1191 subjects. The majority of these in adolescence, an increased LBW risk was found with a
children (971/1026) were, however, exposed after the 25th dose dependent effe¢f4,75] However this effect could
week[60]. Jacobsen and Mellemgaard in 1988 hypothetised be indirect and linked to the severity of the scoliosis with
an association between diagnostic radiation in pregnancya consequent compression of the uterus and of the pelvic
and the risk of ocular anomalies. However, the incidence cavity [76]. In addition, in 1984 Hamilton showed that the
of malformations (4/215) and the heterogeneity of the percentage of exposure to ionising radiation in pregnancy is
ocular anomalies suggest the absence of a cause and effegreater among women that have given birth to LBW children
relationship[61]. A study conducted on 9793 pregnancies with respect to those with a normal weidi?]. Hujoel et al.
exposed to diagnostic radiation of more than 0.003 Gy in conducted a case control study on 1117 LBW children com-
the second and third trimester have shown a significant paring them to a control group of 4468 babies with normal
reduction in the circumference of the head at birth. No effect, weight. The results of this study have demonstrated how ex-
however, was observed as a result of exposure in the firstposure in pregnancy to dental radiographies can be associated
trimester[62]. with an increased risk of having LBW children (OR =2.27
95%; confidence interval [Cl], 1.11-4.66). The etiopatho-
genetic mechanism of this effect could be due to an alteration
4. Occupational exposure of the hypothalamus—hypophysis—thyroid axis of the mother
with the existence of a dose threshold effect around 0.4 mGy
Roman et al. have studied 9208 pregnancies of 6730at the level of the maternal thyroi@8]. Boice et al. have
radiographers (fathers and mothers), without showing an criticised this study and the possible association between
increase in the risk of malformation in the children of these maternal thyroid exposures and fetal growth, while De Santis
subjects. A borderline increase with respect to chromosomicet al., analysing the outcome of pregnancy in 224 women
anomalies (excluding Down) and of cancer in childhood subjected to diagnostic examinations with thyroid exposure
has been observed in the children of exposed men andin the | trimester of pregnancy, have shown a slight reduction
women([8]. A survey carried out on personnel in the nuclear in the birth weight with a dose threshold at the level of
industry has analysed 27,181 pregnancies of 13,600 workerghe thyroid of and including between 0.4 and 0.8 mGy
and has found a significant association with fetal death. [79,80]
No evidence of an increased risk of malformations was
found in this cohort[9]. However, studies carried out in
Sellafield, England, near to a nuclear plant, have shown 6. Conclusions
no effect on stillbirths and malformatiori63,64] Various
studies on the adverse effects in pregnancy following the lonising radiation represents a possible teratogen for the
Chernobyl incident, conducted both in the areas nearestfetus butinadvertent exposure from diagnostic procedures in
and farthest from it have shown an increment in congenital pregnancy, although creating a considerable state of anxiety,
malformations, abortions and pre-term deliverj65—-67] do not in most cases increase the natural risk of congenital
An analysis of the monthly prevalence of Down’s syndrome anomalies. In fact, the majority of the diagnostic procedures
conducted by Berlin between 1980 and 1989 showed ando not involve fetal exposure >0.05 Gy, considered to be the
increase in cases of trisomy 21 in 1 month (12 observed threshold level for risk. The American College of Obstetri-
versus 2—-3 expected) that came to be attributed by the authorgians and Gynecologists guidelines states that: “Exposure to
to the ionising radiation from the Chernobyl readia8]. X-rays during pregnancy is not an indication for therapeutic
abortion.” Subsequent evaluation or referral may be deemed
necessary for women exposed to radiation higher than a
5. Radiation and low birth weight cumulative dose of 0.05 Gy or for those worried about their
baby’s well-being. Counselling may be provided for patients
Birth height and weight alterations have been reported during which they can be told the estimated dose of radiation
among adolescents exposed in utero to the radiations ofto the fetus, calculated by a radiation physicist and made
Hiroshima and Nagasak®9]. Even Dekaban observed that aware that the population risk of congenital birth defects is
delayed growth was common to all malformed children born 2—3%. There should be no concern about ordering X-rays
to mothers subjected to high doses of ionising radiation in as a diagnostic tool in the case of maternal indication, if
pregnancy32]. Exposure to high doses of ionising radiation adequate diagnostic information cannot be obtained from
in pediatric age have been correlated to an increased riskother methods. The American Academy of Pediatrics and
of delivering children with a neonatal weight of less than the American College of Obstetricians and Gynecologists
25009g[70-72] It is not clear if this effect is mediated by have brought out guidelines weighing up all these different
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factors. Together they state that “Diagnostic radiologic [18] Moore NW, Adams CE, Rowson LE. Developmental potential of sin-
procedures should not be performed during pregnancy glg blastomeres of the rabbit egg. J Reprod Fertil 19('38;17(3):527—31.
unless the information to be obtained from them is neCessary[w] Willadsen SM. A method for culture of micromanipulated sheep

. . embryos and its use to produce monozygotic twins. Nature
for the care of the patient and cannot be obtained by other 1979:277(5694):298-300.

means (especially ultrasoundg1,82] [20] Mole RH. Detriment in humans after irradiation in utero. Int J Radiat
Biol 1991;60(3):561—4.
[21] Rakic P. Cell migration and neuronal ectopias in the brain. Birth
Acknowledgment Defects Orig Artic Ser 1975;11(7):95-129.
[22] International Commission on Radiological Protection. 1990 Recom-

This work has been partially supported by the Veneto mendations of the International Commission on Radiological Protec-

Reqi tti finali fi tion. Ann ICRP 1991;21(1-3):1-201.
€gion-progett inalizzad. [23] International Commission on Radiological Protection. Doses to the

embryo and fetus from intakes of radionuclides by the mother. A
report of The International Commission on Radiological Protection.

References Ann ICRP 2001:31(1-3):19-515.

[24] Timins JK. Radiation during pregnancy. N J Med 2001;98(6):29—

[1] Bentur Y, Horlatsch N, Koren G. Exposure to ionizing radiation 33.
during pregnancy: perception of teratogenic risk and outcome. Ter- [25] Streffer C, Shore R, Konermann G, Meadows A, Uma Devi P, Pre-
atology 1991;43(2):109-12. ston Withers J, et al. Biological effects after prenatal irradiation

[2] Mastroiacovo P, Zampino G, Valente M. Perception of teratogenic (embryo and fetus). A report of the International Commission on
risk by pregnant women exposed to diagnostic radiation during preg- Radiological Protection. Ann ICRP 2003;33(1-2):5-206.
nancy. Am J Obstet Gynecol 1990;163(2):695. [26] Schull WJ, Otake M. Cognitive function and prenatal exposure to

[3] Trichopoulos D, Zavitsanos X, Koutis C, Drogari P, Proukakis C, ionizing radiation. Teratology 1999;59:222-6.

Petridou E. The victims of Chernobyl in Greece: induced abortions [27] Mossman KL, Hill LT. Radiation risks in pregnancy. Obstet Gynecol
after the accident. Br Med J Clin Res Ed 1987;295(6606):1100. 1982;60(2):237-42.

[4] Ratnapalan S, Bona N, Chandra K, Koren G. Physicians’ perceptions [28] Brent RL. The effects of embryonic and fetal exposure to X-ray,
of teratogenic risk associated with radiography and CT during early microwaves and ultrasound. In: Brent RL, Beckman DA, editors.
pregnancy. Am J Roentgenol 2004;182(5):1107-9. Clinics in perinatology, teratology, vol. 13. Philadelphia: Saunders;

[5] United Nations Scientific Committee on the Effects of Atomic Radi- 1986. p. 615-48.
ation (UNSCEAR). Sources and effects of ionizing radiation. Report [29] Goldstein L, Murphy DP. Microcephalic idiocy following radium
to the General Assembly, with Scientific Annexes; 1993. therapy for uterine cancer during pregnancy. Am J Obstet Gynecol

[6] Cosset JM. Secondary cancer after radiotherapy. Radioprotection 1929;18:189-95, 289-3.
1997;32:C1241-7. [30] Goldstein L, Murphy DP. Etiology of ill health in children

[7] Klugbauer S, Lengfelder E, Demidchik EP, Rabes HM. High born after maternal pelvic irradiation. Part 11. Defective children
prevalence of RET rearrangement in thyroid tumors of children born after postconceptional maternal irradiation. Am J Roentgenol
from Belarus after the Chernobyl reactor accident. Oncogene 1929;22:322-31.
1995;11(1-2):2459-67. [31] Russell LB, Russell WL. An analysis of the changing radia-

[8] Roman E, Doyle P, Ansell P, Bull D, Beral V. Health of children born tion response of the developing mouse embryo. J Cell Physiol
to medical radiographers. Occup Environ Med 1996;53(2):73-9. 1954;43(Suppl. 1):103-49.

[9] Doyle P, Maconochie N, Roman E, Davies G, Smith PG, Beral V. [32] Dekaban AS. Abnormalities in children exposed to X-radiation dur-
Fetal death and congenital malformation in babies born to nuclear ing various stages of gestation: tentative timetable of radiation injury
industry employees: report from the nuclear industry family study. to the human fetus I. J Nucl Med 1968;9(9):471-7.

Lancet 2000;356(9238):1293-9. [33] Boice Jr JD. Studies of atomic bomb survivors. Understanding radi-
[10] Parker L, Pearce MS, Dickinson HO, Aitkin M, Craft AW. Stillbirths ation effects. JAMA 1990;264(5):622-3.

among offspring of male radiation workers at Sellafield nuclear re- [34] Plummer G. Anomalies occurring in children exposed in utero to

processing plant. Lancet 1999;354(9188):1407-14. the atomic bomb in Hiroshima. Pediatrics 1952;10(6):687—-93.

[11] Sankaranarayanan K. lonizing radiation and genetic risks IX. Es- [35] Miller RW. Delayed radiation effects in atomic-bomb survivors. Sci-
timates of the frequencies of mendelian diseases and spontaneous ence 1969;166:569-74.
mutation rates in human populations: a 1998 perspective. Mutat Res [36] Kato H. Mortality in children exposed to the A-bombs while in

1998;411(2):129-78. utero. Am J Epidemiol 1971;93:435-42.
[12] Brent RL. Radiation teratogenesis. Teratology 1980;21(3):281-98. [37] Blot WJ, Miller RW. Mental retardation following in utero expo-
[13] Brent RL, Bolden BT. The indirect effect of irradiation on embryonic sure to the atomic bombs of Hiroshima and Nagasaki. Radiology
development. The contribution of ovarian irradiation, uterine irradia- 1973;106:617-9.
tion, oviduct irradiation, and zygote irradiation to fetal mortality and [38] Otake M, Schull, WJ. Radiation-related small head sizes among pre-
growth retardation in the rat. Radiat Res 1967;30(4):759-73. natally exposed atomic bomb survivors. Technical Report Series,
[14] Russel LB, Badgett SK, Saylors CL. Comparison of the effects of RERF 6-92, 1992.
acute, continuous and fractionated irradiation during embryonic de- [39] Miller RW. Delayed effects occurring within the first decade after
velopment. Conference in Venice. London, UK: Taylor & Francis; exposure of young individuals to the Hiroshima atomic bomb. Pedi-
1959. p. 343-59. atrics 1956;18:1-18.
[15] ICRP Publication 73. Radiological protection and safety in medicine. [40] Otake M, Schull WJ. In utero exposure to A-bomb radi-
Ann ICRP 1997;26:1-31. ation and mental retardation: a reassessment. Br J Radiol
[16] Jankowski CB. Radiation and pregnancy. Putting the risks in pro- 1984;57(677):409-14.
portion. Am J Nurs 1986;86(3):260-5. [41] Otake M, Schull WJ, Yoshimaru H. A review of forty-five years
[17] Brent RL. Utilization of developmental basic science principles in study of Hiroshima and Nagasaki atomic bomb survivors. Brain
the evaluation of reproductive risks from pre- and postconception damage among the prenatally exposed. J Radiat Res (Tokyo)

environmental radiation exposures. Teratology 1999;59(4):182—-204. 1991;32(Suppl.):249-64.



M. De Santis et al. / Reproductive Toxicology 20 (2005) 323-329 329

[42] Otake M, Schull WJ, Lee S. Threshold for radiation-related severe [64] Jones KP, Wheater AW. Obstetric outcomes in West Cumber-

mental retardation in prenatally exposed A-bomb survivors: a re- land Hospital: is there a risk from Sellafield? J R Soc Med
analysis. Int J Radiat Biol 1996;70:755-63. 1989;82(9):524-7.

[43] Miller RW. Severe mental retardation and cancer among atomic [65] United Nations Scientific Committee on the Effects of Atomic
bomb survivors exposed in utero. Teratology 1999;59:234-5. Radiation (UNSCEAR). Sources and effects of ionizing radiation,

[44] Schull WJ, Otake M. Effects on intelligence of prenatal exposure vol. Il. Annex J: exposures and effects of the Chernobyl acci-
to ionizing radiation. Hiroshima, Japan: Radiation Effects Research dent. Report to the General Assembly, with Scientific Annexes;
Foundation; 1986. 2000.

[45] Schull WJ, Otake M, Yoshimaru H. Effects on intelligence test score [66] Feher |. Experience in Hungary on the radiological consequences of
of prenatal exposure to ionizing radiation in Hiroshima and Na- the Chernobyl accident. Environ Int 1988;14:113-35.
gasaki: a comparison of the old and new dosimetry systems. Tech- [67] Czeizel E, Billege B. Teratological evaluation of the Chernobyl nu-
nical Report. Radiation Effects Research Foundation, Hiroshima, clear accident in Hungary. Orv Hetil 1988;129(9):457—62.

Japan; 1988, p. 3-88. [68] Sperling K, Pelz J, Wegner RD, Dorries A, Gruters A, Mikkelsen

[46] Smith H. The detrimental health effects of ionizing radiation. Nucl M. Significant increase in trisomy 21 in Berlin nine months after the
Med Commun 1992;13(1):4-10. Chernobyl reactor accident: temporal correlation or causal relation?

[47] Kinlen LJ, Acheson ED. Diagnostic irradiation, congenital malfor- BMJ 1994;309(6948):158-62.
mations and spontaneous abortion. Br J Radiol 1968;41(489):648-54.[69] Mole RH. Consequences of pre-natal radiation exposure for post-

[48] Nokkentred K. Effect of radiation upon the human fetus. Copen- natal development. A review. Int J Radiat Biol Relat Stud Phys
hagen: Munksgaard; 1968. Chem Med 1982;42(1):1-12.

[49] Tabuchi A. Fetal disorders due to ionizing radiation. Hiroshima J [70] Chiarelli AM, Marrett LD, Darlington GA. Pregnancy outcomes
Med Sci 1964;13:125-73. in females after treatment for childhood cancer. Epidemiology

[50] Tabuchi A, Nakagawa S, Hirai T. Fetal hazards due to X-ray diag- 2000;11(2):161-6.
nosis during pregnancy. Hiroshima J Med Sci 1967;16:49—-66. [71] Green DM, Whitton JA, Stovall M, Mertens AC, Donaldson SS, Ruy-

[51] Vilumsen A. Environmental factors in congenital malformations. mann FB, et al. Pregnancy outcome of female survivors of childhood
Copenhagen FDAL's Forlag; 1970. cancer: a report from the Childhood Cancer Survivor Study. Am J

[52] NCRP. Medical radiation exposure of pregnant and potentially preg- Obstet Gynecol 2002;187(4):1070-80.
nant women. Report No. 54. Washington, USA: NCRP; 1977. [72] Green DM, Peabody EM, Nan B, Peterson S, Kalapurakal JA, Bres-

[53] Wagner KL, Lester RG, Saldana LR. Exposure of the pregnant pa- low NE. Pregnancy outcome after treatment for Wilms tumor: a
tient to diagnostic radiations: a guide to medical management. Madi- report from the National Wilms Tumor Study Group. J Clin Oncol
son, WI: Medical Physics Publishing; 1997. 2002;20(10):2506-13.

[54] Osei EK, Faulkner K. Fetal doses from radiological examinations. [73] Critchley HO, Bath LE, Wallace WH. Radiation damage to the
Br J Radiol 1999;72(860):773-80. uterus—review of the effects of treatment of childhood cancer. Hum

[55] Sharp C, Shrimpton JA, Bury RF. Diagnostic medical exposures. Fertil (Camb) 2002;5(2):61-6.

Advice on exposure to ionising radiation during pregnancy National [74] Goldberg MS, Mayo NE, Levy AR, Scott SC, Poitras B. Adverse
Radiological Protection Board, College of Radiographers and Royal reproductive outcomes among women exposed to low levels of ion-
College of Radiologists; 1998. izing radiation from diagnostic radiography for adolescent idiopathic

[56] Kinlen LJ, Acheson FD. Diagnostic irradiation, congenital malfor- scoliosis. Epidemiology 1998;9(3):271-8.
mations and spontaneous abortion. Br J Radiol 1968;41:648-54.  [75] Visscher W, Lonstein JE, Hoffman DA, Mandel JS, Harris

[57] Mole RH. Radiation effects on pre-natal development and their ra- 3rd BS. Reproductive outcomes in scoliosis patients. Spine
diological significance. Br J Radiol 1979;52(614):89-101. 1988;13(10):1096-8.

[58] Servomaa A, Paile W. Sikin sateilyaltistus dntgentutkimuksissa [76] Kline J. Does maternal exposure to radiation before conception affect
ja toimenpiteet sen yhteydéssin: Servomaa A, editor. STUKA- reproduction? Epidemiology 1998;9:231-2.

163. Steilyturvallisuus ja laadunvarmsitu®ntgendiagnostiikassa. [77] Hamilton PM, Roney PL, Keppel KG, Placek PJ. Radiation proce-
Helsinki: Oy Edita Ab; 1999, p. 11-22. dures performed on U.S. women during pregnancy: findings from

[59] Ornoy A, Patlas N, Schwartz L. The effects of in utero diagnostic two 1980 surveys. Public Health Rep 1984;99(2):146-51.
X-irradiation on the development of preschool-age children. Isr J [78] Hujoel PP, Bollen AM, Noonan CJ, del Aguila MA. Antepar-
Med Sci 1996;32(2):112-55. tum dental radiography and infant low birth weight. JAMA

[60] Hu Y, Yao J. Long-term effects of prenatal diagnostic X-rays 2004;291(16):1987-93.
on childhood physical and intellectual development. J Radiol Prot [79] Boice Jr JD, Stovall M, Mulvihill JJ, Green DM. Dental X-rays and
1994;14(3):251-5. low birth weight. J Radiol Prot 2004;24(3):321-3.

[61] Jacobsen L, Mellemgaard L. Anomalies of the eyes in descendants [80] De Santis M, Straface G, Cavaliere AF, Caruso A, Cichocki F, Venga
of women, irradiated with small X-ray doses during age of fertility. L, et al. First trimester maternal thyroid X-ray exposure and neonatal
Acta Ophthalmol (Copenh) 1968;46(3):352—4. birth weight. Reprod Toxicol 2005;20:3—4.

[62] Bohnen NI, Ragozzino MW, Kurland LT. Brief communication: ef-  [81] Guidelines for perinatal care. 3rd ed. Elk Grove Village, IL: Amer-
fects of diagnostic irradiation during pregnancy on head circumfer- ican Academy of Pediatrics and American College of Obstetricians
ence at birth. Int J Neurosci 1996;87(3—-4):175-80. and Gynecologists; 1992, p. 210-3.

[63] Dummer TJ, Dickinson HO, Pearce MS, Charlton ME, Smith [82] American College of Obstetricians and Gynecologists, Committee
J, Salotti J, et al. Stillbirth rates around the nuclear installation on Obstetric Practice. Guidelines for diagnostic imaging during preg-
at Sellafield, North West England: 1950-1989. Int J Epidemiol nancy. ACOG Committee Opinion no. 158. Washington, DC: ACOG;

1998;27(1):74-82. 1995.



	Ionizing radiations in pregnancy and teratogenesis
	Introduction
	Ionizing radiation and congenital anomalies
	Exposure to diagnostic radiation
	Occupational exposure
	Radiation and low birth weight
	Conclusions
	Acknowledgment
	References


