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Introduction 

X-radiation is one of many agents which can be harmful 
to the embryo or the fetus. What measures of precaution 
are necessary to take for women who are exposed to 
radiation in their work and become pregnant, in order 
to prevent injury to the children? 

To answer this and other related questions, a brief 
reviev/ will be given of pertinent points in our knowledge 
about the developing embryo, and of what may be harmful 
in utero. 

The literature is extensive. To the outsider much 
of it is difficult to penetrate, and in part confusing. 
Several reviews have appeared. The 1977 Report of the 
UNITES NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF 
ATOMIC RADIATION contains a recent and comprehensive 
chapter on the subject, with an extensive list of 
references. A good and critical review was recently 
given by Brent (1977). 

Much of the • literature has dealt specifically wi*-h 
radiation effects, and has lacked a broader orientation 
towards general teratology, which should be taken more 



into account than often previously. Ionizing radiation 

id only one of many agunts with teratogenic effects. 

i.t ims no «pacific teratogenic effects, :v.)d it 

provides hardly any exception to the general principles 

and mechanisms in teratology. These principles will be of 

consequences to our understanding also of radiation effects 

in embryo and fetus. Therefore, as an introduction, 

a brief account is given of the six main general principles 

of teratology, as described by Wilson (1977). 

General principles in teratology 

1. Genetic factors are important. Wilson makes re
ferences to many examples which show that susceptibility 
to teratogenesis may depend on the genetical outfit 
(genotype) of the individual. 
2. Susceptibility to teratogenic agents varies with 
the developmental stage at the time of exposure. This 
is illustrated by the description of radiation effects 
later. 

3. Teratogenic agents act in a limited number of specific 
ways (mechanisms) on developing cells and tissues to 
initiate abnormal embryogenesis. 

The mechanisms which most likely are of importance 
after ionizing radiations, are related to DNA and cell 
division: Chromosome aberrations, altered nucleic acid 
integrity or function, gene mutations, and mitotic 
interference. The most important mechanism is probably 
chromosome aberrations. 

Other initial mechanisms listed by Wilson are lack 
of normal precursors, altered energy sources, membrane 
changes, osmolar imbalance, and enzyme inhibition. 
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b;:L Lhes'̂  arc probably of much loss importance in the 
case of ionising radiations. 

The initial changes may cause one or a few types 
of abnormal embryogenesis: Excessive or reduced cell death, 
failed cell interactions, impeded cell migration, reduced 
biosynthesis, and mechanical disruption. 

The important point is that abnormal embryogenesis 
probably developes through a rather limited number of 
pathways. Terhaps only two pathways common to all terato
genic agents lead to the final defect: 
a) Too few cells or cell products to effect localized 

morphogenesis for functional maturation,- or 
b) other imbalances in growth and differentiation. 

4. There are four final manifestations of abnormal 
development: Death, malformation, growth retardation, 
and functional disorder. No estimation of adverse effects 
on development car. be considered complete unless it 
includes all manifestations of abnormal development. 

5. Manifestations of deviant development increase in 
degree as dosage increases from the no-effect to the 
totally lethal level. 

Past experience and present indications are that 
all manifestations of abnormal development begin to be 
expressed only when dosage exceeds a demonstrable threshold, 
or, conversely, that a lover range of dosage exists at 
which no embryotoxic effects occur. Typically the dose-
-response curve for embryotoxic effects has a steep slope. 

6. The access of a harmful agent to developing tissues 
depends oi the nature of the agent. Ionizing radiations 
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gain access by their penetrating power. 

Human experience 
A number of congenital malformations have been 
attributed to radiation during pregnancy (UNSCEAR, 1962, 
p. 177). However, the information available is in
sufficient to warrant conclusions about dose and effect. 
Many publications are of a casuistic kind, and do not 
represent systematic investigations. It has often been 
difficult to make dose estimates with sufficient 
accuracy. It should also be recalled that congenital 
defects and diseases are relatively frequent, of 
the order of some percent in all newborn. Malformation? 
after irradiation are not specific. Therefore, it is 
little likely that it will be possible to collect enough 
human data to make quantitative estimates about the risk. 

We have to rely on animal experiments, they provide 
valuable information about quantitative relations, and 
of the mechanisms involved. The sequence of developmental 
stages in the embryo is the same in man and in lower 
mammals. 

Among the numerous reports on animal experiments, 
important contributions have been made by Russell, Rugh, 
Hicks, all with co-workers, and Kriegel, Langendorff, 
Konermann, to mention only a few names (for references 
see the UNSCEAR reports of 1962 and 1977). 
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4. The stages in the prenatal development ( after Moore, 1977) 

4.1. Preimplantation and implantation 
Soon after fertilization in the oviduct cell division 
begins, when the egg is on the way to the uterine cavity. 
There is no growth until after the implantation, which 
begins about the fifth-sixth day, and is completed towards 
the end of the second week. After three weeks the embryonic 
membranes and the germ layers have been established. 

4.2. The embryonic period is the period during the fourth 
to eighth weeks, when the beginnings of all major external 
and internal structures develop. {In practice the term 
embryonic period is commonly used from the beginning of 
the second week). This is the critical period of 
development, when exposure to teratogens may cause major 
malformations. At the end of the eigth week the length 
of the embryo is 30 mm. 

4.3. The fetal period or the growth period lasts from the 
ninth week to birth. 

5. The teratogenic effects 

5.1. Death after irradiation may take place during all stages 
of development. 

It is the main harmful effect during the preimplantation 
stage. At this stage, when cells are not differentiated, 
it appears that death ensues if enough cells have been 
injured. The loss of a few cells may be compensated for, 
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and the embryo survives with no greater abnormality than 
a slight delay in the development schedule. Death prior 
to implantation will not be observed by the woman, o-xcept 
a missed menstruation period. 

The literature contains relatively little on embryonic 
and fetal death after irradiation in man. X-rays have 
formerly been used to induce abortion. In a report by 
Harriss (1932) abortion occurred in 129 of 138 pregnant 
women after X-irradiation, which was performed six to 
eighteen weeks after conception, with doses close to 
5 Gy. Mayer and coworkers (1936) considered that a dose 
corresponding to somewhat more than 3 Gy • in the uterus 
in most cases would be followed by abortion. 

The lethal dose is lowest during early pregnancy. 
It increases with time and may in the fetal stage 
approximate the lethal dose in the adult. 

Experimental data are numerous. Figs. 1 and 2 give 
examples from experimental studies of lethality. 

5.2. Malformations after irradiation 

Radiation prior to implantation usually does not 
cause malformations, but apparently there are exceptions. 
In mice Rugh and Grupp (I960) observed an increased 
frequency of exenccphaly after 0.15-0.25 Gy. They useda 
strain of mice in which this abnormality occurred spon
taneously in 1%. Other investigators have used doses from 
0.1-1.5 Gy in the preimplantaion stage without finding 
malformations (for references see Brent, 1977). The 
observations of Rugh and Grupp may serve to stress the 
general principle of the importance of genetic factors 
in teratology. 
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An extensive growth and differentiation begins in the 
embryo after implantation. During the period of main 
organogenesis (day 14-day 50) numerous types of malforma
tions can be induced in all systems of organs. It is 
characteristic that many malformations can only be induced 
within a narrow time interval at a certain stage of develop
ment. Therefore, irradiation has been a much used tool 
in experimental embryology, which in turn has provided 
many radiobiological data. 

The most important malformations are those of the 
central nervous system, the eyes, the skeleton, the head, 
the extremities, the heart and blood vessels, and the 
urogenital systems. 

Fig. 3 is redrawn from Russell's classical works 
from the eorjy 1950s. With doses close to 2 Gy during • 
the period of organogenesis severe malformations were 
produced in 100% of the test animals. Malformations are 
less frequent and less severe after lower doses, they 
have been described after 0.25 Gy, and even lower doses. 

' l 
The sensitivity decreases towards the end of the 

embryonic stage, when a dose of 0.5 Gy is not expected to caus. 
serious malformations. The main effects will consist of 
cell loss and tissue hypoplasia (underdevelopment). 

During the fetal period defective development may 
follow doses of 1.5-4 Gy to tissues where differentiation 
still takes place. Such examples are cerebral hypoplasia. 
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microcephaly, cerebellar hypoplasia, and atrophy of 

testiclos. ,"-ftor 0.5 Cy soma investigators have reported! 

slight hypoplasia in tissues , others have not found \ 

deviations from the normal conditions. 

From the literature Dekaban (1968) collected 26 

cases of children who had been exposed in utero to doses 

above 2.5 Gy. The main information is given in Fig. 4. 

Microcephaly and/or mental retardation was present in 

all children where abnormalities were observed. 

Segmental heter'ochronia of the iris is an abnormality 

of the eye, which Lejeuno and coworkers (1960) found in 

8 of 567 children whose mothers had been subjected to 

diagnostic X-radiation of the abdomen in the 4. or 5. month. 

In the control group the same condition was found in 2 of 

2,276 children. Others have not been able to confirm the 

observation. 

Growth retardation is the third important effect of 

teratogenic agents. 

Growth retardation seems to be absent after irradiation 

before implantation. 

During organogenesis it may be pronounced, but mal

formations dominate. 

Growth retardation is the main effect during the 

fetal stage. The central nervous system is most suceptible 

to growth retardation. The neuroblasts are highly radio

sensitive. 

Two sources which consider growth retardation in man 

may be mentioned. 

K. Nøkkentvea (1968) examined 152 children whose 
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mothers had had X-ray examinations of the abdomen during 
the first four months of progr -nicy. The number of congsnii-
abnormalities did not differ from that of the control group, 
but following irradiation in the second month low birth 
weight and short stature seemed to prevail among irradiated 
children. Radiation doses were not known. 

In Hiroshima and Nagasaki head circumference and 
mental development have been investigated in children 
irradiated in utoro. Results published by Miller and Blot 
(1972) and Blot and Miller (1973) are summarized in Tables 
I and II. It is seen that the effects become more pro
nounced with increasing dose. 
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Functional disorder is the fourth Manifestation of the 
teratogenic effects. This effect has not been muc'i 
investigated. Functional disorder will be closely 
associated with growth retardation, and also mal
formations. As an example, mental retardation is a 
functional disorder which may be a consequence of growth 
retardation of the central nervous system. 

Brent has summarized available experimental and 
human data on teratogenic effects of radiation, the tables 
III, IV, V, have been slightly modified after Brent (1977). 

Dose rate and fractionation 
The survey of the UNSCEAR Report of 1977 concludes that the 
majority of data available indicate a ; decrease of the 
cellular and ma2formative effect by lowering the dose rate 
or by fractionating the dose. There are, however, some 
exceptions to these trends, and one can not assume that 
the dose rate and fractionation factor have the same 
influence on all teratogenic effects. 

Internal irradiation from radioactive nuclides usually 
represent a type of chronic irradiation, often at low 
dose rates. Many experiments have been performed, mainly 

3 32 89 90 1 31 with H, "p, 3Sr and Sr, ' 'i, and some others. 
In most cases it is difficult to evaluate the radiation 
dose, and it is not yet possible to draw general con
clusions. Up to now the results mainly give indication 
about toxic concentrations of the single radionuclide 
(UNSCEAR, 1977). For many radionuclides we do not know 
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much about the relation between concentrations in water 
or air, and localization and dosage in the fetus. 

8. What is the lowest teratogenic radiation dose? 
For man we have mainly data on the effects of relatively 
large doses. Can effects of small doses be deduced from 
the effects of large doses? In bis discussion on general 
teratogenesis Wilson (1977) points out that teratological 
effects are multifactorial, they depend on more than one 
factor. Therefore, in dose-efiect diagrams there usually 
is a lower range of dosage at which no embryotoxic effects 
occur. The degree of injury also increases with increasing 
dose. Under these circumstances extrapolation by a straight 
line from high doses to low doses can not be made. 

It has been attempted to determine the lowest terato
genic dose experimentally. The UNSCEAR Report of 1977 gives 
a table, where four papers report effects of doses as low 
as 0.05 Gy. However, it can be questioned whether environ
mental or genetic factors have been taken enough into account 
(Brent, 1977). 

9. Cancer after irradiation in utero 
Alice Stewart and coworkers (1958), MacMahon (1962) and 
others have performed epidemiological investigations, 
which they claim demonstrate a carcinogenic effect of 
low radiation doses. Their conclusions have caused much 
discussion, which needs not be repeated here. We know that 
radiation is carcinogenic in both children and in adults, 
and there is li'-.:le reason to expect that this effect will 
not be present also before birth. It is the magnitude 



12. 

of the risk which mainly has been subject to the 
discussion. 

The conclusion of the UNSCEAR Report of 1977 
is that it is likely that malignancies may be induced 
in the fetus by exposure ixi utero at doses in the range 
2-200 mGy. The risk factor is estimated as being in the 

_2 
region of 2 - 2.5 x 10 per gray, which is about double 
the risk factor of ICRP for adults. 

We can now answer questions which are of importance to 
women in radiological work. 
a) In which stage of development is the embryo/fetus most 

radiosensi tive? 
We have seen above that the embryonic stage is the 
most sensitive, during the four - eleven weeks following 
conception. 

b) Which consequences will this have for occupational 
exposure of women of fertile age, with respect to their . 
occupational activities? 
A woman may not realize that she is pregnant until a 
considerable part of the most radiosensitive period 
has passed. Therefore, women of fertile age should 
work under conditions where it is not possible occasionally 
to receive relatively high exposures, even when the 
average exposures are acceptable. This point is taken 
care of in regulations and recommendations. 

c) Do regulations, and the recommendations of the Inter
national Commission on Radiological Protection on 
dose limitation provide enough safety for female radio
graphers? 



13. 

Within the European Coir.inur.itiss, 
the Council Directive of 1st June 1976 lays down 
safety standards for protection against ionizing 
radiation. In article 6, its § 4 says " . 
For women of reproductive capacity, the dose to the 
abdomen shall not exceed 1.3 rem during a quarter". 

§ 5 reads as follows: "As soon as pregnancy is 
declared, measures shall be taken to ensure that 
exposure of the woman concerned in the context of 
her employment is such that the dose to the fetus 
accumulated over the period of time between 
declaration of pregnancy and the date of delivery 
remains as small as is reasonably practicable 
and never at any time exceeds 1 rem". 
This is in accordance with the recommendations of 
the International Commission on Radiological Pro
tection in its Publication 9 of 1966. 
In 1977 the ICRP Publication 26 appeared, with some slight 
changes, mainly in wording. 
§ 115 is concerned with " Occupational Exposure of Women 
of Reproductive Capacity". When exposed under the limits 
recommended (dose limit 50 mSv par year) , and when this 
exposure is received at an approximately regular rate, 
it is unlikely that any embryo could receive more than 
5 mSv during the first two months of pregnancy. 
The Commission believes that this procedure will provide 
appropriate protection during the essential period of 
organogenesis. 

http://Coir.inur.it
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§ 116 is concerned with "Occupational Exposure of 
Pregnant Women". It is likaly that any pregnancy ef 
more than two months duration would have been recognized 
by the woman herself or by a physician. The Commission 
recommends that, when pregnancy has been diagnosed, 
arrangements should be made to ensure that the woman 
can continue to work only in Working Condition B, 
i.e. conditions where it is most unlikely that the 
annual exposures will exceed three-tenths of the dose-
equivalent limits. 
A proposal for revised Council Directives has been 
submitted by the Commission of European Communities 
to the Council on 29. January 1979. In Article 7, 
§ 2 reads: "For women of reproductive capacity the 
dose to the abdomen shall not exceed 13 mSv (1.3 rems) 
in a quarter." 
§ 3 reads: "As soon as pregnancy is declared, measures 
shall be taken to ensure that exposure of the woman 
concerned in the context of her employment is such 
that the dose to the fetus, accumulated over the period 
of time between declaration of pregnancy and the date 
of delivery, remains as small as is reasonably 
practiable and in no case exceeds 10 mSv (1 rem). 
In general, this limitation can be achieved by employing 
the woman in working conditions appropriate to category 
B workers." 
From practical experience we know that in diagnostic 
radiology average dosage per year is around 5 mGy. 
Therefore, there should be no difficulty in complying 
with the recommendations of the ICRP, and the Council 
Directives. 
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Wh-j.'i eho available knowledge or. teratogenic affects 
of radiation is reviewed, it is the author's opinion 
that regulations which follow the recommendations of 
the ICRP provide a degree of protection to the embryo and 
fetus which is very good, with a liberal margin of safety, 

d) Are there any types of work that should not be performed 
by women who plan to become pregnant? 
These are the types of work in which it is possible 
occasionally to receive unwanted high doses in a short 
time, even though the average dose over a longer time is-
acceptable. 
For many types of work the radiation exposure is of a 
rather regular character. But exceptions may be 
mentioned, e.g. in pediatric radiology when and if 
assistance may be required to hold a patient. 
An important type of work is where high activities of 
open radioactive sources are handled in "hot laboratories". 
In general the dose to a fetus from a release of radioactive 
substances to the surroundings is little predictable. 
The possibility that spills of more than negligible 
activity may occur advocates caution with reipect to 
pregnancy in women. However, the decision that a certain 
activity should not be performed by pregnant women should 
rest with a competent health physicist. 
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Table I 

FREQUENCY OF SMALL HEAD CIRCUMFERENCE AFTER 
IN UTERO EXPOSURE (average - 2 S.D.) 

Hiroshima Nagasaki 
Dose, 

Gy 0-17 wk. 1 8+wk. 0-17 wk. 18+wk. 
0-0.09 3/63 3/65 0/1 .0/9 

0.1-0.5 19/97 1/74 2/22 2/22 
0.5-0.99 9/20 2/24 0/9 0/11 

1-1 .49 2/4 0/10 0/2 1/5 
1 .5+ 5/13 0/8 8/9 2/9 

unknown 1/7 0/3 0/0 0/0 
Total 39/204 6/184 10/43 5/56 
control 
population 31/764 10/246 
(slightly modified after Miller & Blot, 1972) 

Table II 

PROPORTION OP CASES OF MENTAL RETARDATION 
AFTER IN UTERO EXPOSURE 

Hiroshima Nagasa ki 
Dose, 

Gy 6-15 wk. other 6-15 Wk. other 
0-0-09 1/36 2/109 0/1 0/10 

0.1-0.49 2/64 0/125 0/16 0/29 
0.5-0.99 3/16 0/31 0/3 0/17 
1-1.99 3/11 1/18 0/3 0/10 
2-2.99 2/4 1/4 1/2 0/3 
3+ 2/2 0/4 1/3 2/4 

not exposed 5/830 4/246 
(slightly modified after Blot & Miller, 1973) 



Table III 

ESTIMATION OF DOSES EFFECTIVE IN CAUSING 

VARIOUS EFFECTS DURING PREGNANCY, BASED ON 

COMPILATION OF MOUSE, RAT AND HUMAN DATA. 

Age, 
days 

Approx. 
minimal 
lethal 
dose 

Gy 

Aporox. 
L D 5 0 

Gy 

Minimum 
dose for 
målformat 

Gy 

Minimum dose 
for growth 

ions retardation 

Gy 

1 0.1 0.7-1 * ** 

14 0.25 l.-i 0.25 

18 0.5 1.5 0.25-0.5 0.25 

28 >0.5 2.2 0.5 0.25 

50 >1 2.6 0.5 0.5 

Late fetus 
to term 3-4 0.5 >0.5 

* extremely low even after high doses 

** not growth retardation even after high doses 

(after Brent, 1977) 

V 



Table IV 

TERATOGENIC EFFECTS OF 0.1 Gy OR LESS IN RAT AND MOUSE 
Stage of gestation 

Early Late 
Preimpl. Implant, organogen. organogen. Fetal 

Corresponding 
age in man, 
days 0-9 9-14 15-28 28-50 50-280 
Lethality + - - - -
Gross 
malformations - - - - -
Growth 
retardation - - - - -

+ + + 
Tumour induction - - - - -

(after Brent, 1977) 

Table V 
TERATOGENIC EFFECTS OF 1 Gy IN RAT AND MOUSE 

Stago of gestation 
Early Late 

Preimpl. Implant, organogen. organogen. Fetal 
Corresponding 
age in man, 
days 0-9 
Lethality +++ 
Gross 
malformations 
Growth 
retardation 

at term 
as adult 

Sterility 
Tumour induction -

9-14 15-28 28-50 50-280 
4-4 + 4 - - -

444 

4 4- + + +4 + 
+ 4-4 4 + + +4 

4 
- + + 

+ 4 4 

(after Brent, 1977) 
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