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GUEST EDITORIAL

HOW RADIOSENSITIVE ARE THE DEVELOPING EMBRYO

AND FETUS?

The International Commission on Radiological Protection (ICRP) considered
risks to health following prenatal (in-utero) irradiation in its 1990 Recommenda-
tions (Publication 60). The principal conclusions on in-utero risk given in Publication
60 (Paras 90–93) were as follows.

� The dominant effect of pre-implantation irradiation is early death of the
conceptus. Risk of induction of cancer and malformation is unlikely.

� The risk of malformation is greatest during the period of major organogenesis
with an estimated dose threshold of around 0.1 Gy low-linear-energy-transfer
(LET) radiation.

� The risk of reducing the intelligence quotient (IQ) after irradiation in the most
sensitive period (weeks 8–15 postconception) may be described by a reduction
coefficient of around 30 IQ points/Sv (acute doses), probably with a threshold
determined by clinically recognisable IQ shifts.

� Assuming a Gaussian distribution of IQ in the population, the induction of
severe mental retardation (SMR) is likely to be associated with IQ shifts; on
this basis, at 1 Sv, the excess probability of SMR following irradiation in
weeks 8–15 postconception is estimated as 40%.

� For cancer induction in utero, it is likely that cancer risk exists from the
beginning of major organogenesis to term; data inconsistencies are recognised
and the ICRP assume that the nominal coefficient for risk of fatal cancer is, at
most, a few times that for the population as a whole.

Since Publication 60, the ICRP has provided practical recommendations on in-
utero medical exposures in Publication 84 (Pregnancy and Medical Radiation), and
on dose coefficients for the embryo/fetus in Publication 88 (Doses to the Embryo
and Fetus from Intakes of Radionuclides by the Mother).
The present report (Publication 90) reviews experimental animal data on the in-

utero effects of radiation, and evaluates a series of human studies concerning the in-
utero risk of cancer induction and effects on the developing brain. Considerable
attention is also given to recent advances in biological understanding of in-utero
developmental processes.
This report is one of a set of ICRP Committee documents that will underpin the

Commission’s next Recommendations for Radiological Protection. On the basis of
this report, the interim conclusions on in-utero risk at low doses (up to a few tens of
ICRP Publication 90
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mSv) are summarised below. We anticipate that these will be given due weight by the
Commission in the formulation of forthcoming recommendations – in the main,
these conclusions serve to strengthen those developed in Publication 60.

� The data confirm embryonic sensitivity to the lethal effects of irradiation in
the pre-implantation period but provide no good reason to believe that, in
general, there are significant risks to health expressing after birth. In this
respect, it would be premature to generalise experimental findings on the
induction of genomic instability and malformations in genetically predisposed
mice. These judgements are of particular importance in cases of unrecognised
pregnancy.

� Experimental data on age-dependent patterns of sensitivity to malformation
induction re-inforce the view of maximum sensitivity during major organo-
genesis, but with a true dose threshold. For practical purposes, risks of
induction of malformation at low doses may therefore be discounted.

� Atomic bomb data on the induction of SMR after irradiation in the most
sensitive prenatal period (weeks 8–15 postconception) support a true dose
threshold of around 0.3 Gy for this effect, and therefore the absence of risk at
low doses. The data on IQ losses of around 25 points/Gy are more difficult to
interpret but, even in the absence of a true dose threshold, any IQ effects at
low doses would be undetectable and therefore not of practical significance.

� For prenatal cancer induction, it is prudent to assume that the risk of
induction of childhood solid tumours will be similar to that of leukaemia. It is
also reasonable to assume that cancer risk in later life will be similar to that
following irradiation in childhood. This somewhat cautious approach should
be considered in the development of nominal cancer risk coefficients that
apply to radiation exposure in utero.

� On the basis of current knowledge, there is no meaningful way in which
judgements can be developed on tissue-weighting factors for the embryo/fetus
for use in the estimation of in-utero risks from internal radiations.

� Finally, in Publication 84 (Paras 3–6), the Commission recommended that
although there is no need to make any distinction between the two sexes in the
control of occupational exposure, when a female worker is known to be
pregnant, it is appropriate that a higher standard of protection is afforded to
the conceptus. We believe that this philosophy continues to be well founded.

Roger Cox

Christian Streffer
ICRP Publication 90
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PREFACE

In 1997, on the proposal of its Committee 1 on Radiation Effects, the International
Commission on Radiological Protection (ICRP) established a Task Group on
Radiation Effects on the Embryo/Fetus.
The Terms of Reference of the Task Group were to give an account of stochastic

and deterministic effects after irradiation in utero as well as in neonates. Attention
was to be paid to the Oxford Survey of Childhood Cancer and to the Japanese
atomic bomb survivors, as well as to studies of haemangioma and thymus. Sponta-
neous childhood cancers were to be discussed. From the analysis, the Task Group
were asked to consider possible tissue weighting factors (wT).
With respect to deterministic effects, the Terms of Reference mentioned lethality,

development, metabolism, and other functional status (e.g. liver, gonads). The dose–
effect relationship for the development of the central nervous system after irradia-
tion was to be discussed.
Other topics mentioned in the Terms of Reference included effects of irradiation in

early gestational stages (taking genetic susceptibility variation and genomic
instability into account), and studies on radiation quality and dose and time dis-
tributions. The Task Group had the following full members:
C. Streffer (Chairman) G
. Konermann A
. Meadows
R. Shore
The corresponding members of this Task Group were:
P. Uma Devi L
.-E. Holm K
. Mabuchi
J. Preston J
. Stather H
.R.
Withers

The contribution of Dr Uma Devi, who drafted Chapter 6 on experimental carci-
nogenesis, was particularly important for this project.
During the period of preparation of this report, the membership of ICRP Com-

mittee 1 was:
(1997–2001)
R. Cox (Chairman) A
.V. Akleyev R
.J.M. Fry (Vice-Chairman)
J.H. Hendry A
.M. Kellerer C
.E. Land
J.B. Little K
. Mabuchi R
. Masse
C.R. Muirhead (Secretary) R
.J. Preston K
. Sankaranarayanan
R.E. Shore C
. Streffer R
. Ullrich (1998)
K. Wei H
.R. Withers
(2001–2005)
A.V. Akleyev M
. Blettner
R. Cox (Chairman)
J.H. Hendry A
.M. Kellerer C
.E. Land
3



J.B. Little C
.R. Muirhead (Secretary) O
. Niwa

D. Preston R
.J. Preston E
. Ron
K. Sankaranarayanan R
.E. Shore F
.A. Stewart
M. Tirmarche R
. Ullrich (Vice-Chairman) P
.-K. Zhou
The report was approved by the Commission in October 2002. The Commission
approved the guest editorial and the executive summary in January 2003.
ICRP Publication 90
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Biological effects after prenatal irradiation
(embryo and fetus)
ICRP Publication 90
Approved by the Commission in October 2002
Abstract-In its 1990 recommendations, the ICRP considered the radiation risks after exposure
during prenatal development. This report is a critical review of new experimental animal data

on biological effects and evaluations of human studies after prenatal radiation published since
the 1990 recommendations.
Thus, the report discusses the effects after radiation exposure during pre-implantation,

organogenesis, and fetogenesis. The aetiology of long-term effects on brain development is
discussed, as well as evidence from studies in man on the effects of in-utero radiation exposure
on neurological and mental processes. Animal studies of carcinogenic risk from in-utero

radiation and the epidemiology of childhood cancer are discussed, and the carcinogenic risk
to man from in-utero radiation is assessed. Open questions and needs for future research are
elaborated.

The report reiterates that the mammalian embryo and fetus are highly radiosensitive. The
nature and sensitivity of induced biological effects depend upon dose and developmental stage
at irradiation. The various effects, as studied in experimental systems and in man, are dis-
cussed in detail. It is concluded that the findings in the report strengthen and supplement the

1990 recommendations of the ICRP.
# 2003 ICRP. Published by Elsevier Ltd. All rights reserved.

Keywords: Lethality; Malformation; Retardation; Childhood cancer; Radiation protection.
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EXECUTIVE SUMMARY

(a) The ICRP considered the risks following radiation exposure during prenatal
development in its 1990 Recommendations (Publication 60). Since that publication,
new experimental animal data on biological effects and re-evaluations of human
studies after prenatal irradiation have been published. A critical review of these new
data has been performed by a task group, and the key findings are listed below.

� The mammalian embryo and fetus are highly radiosensitive during the entire
period of prenatal development. The nature and severity of induced biological
effects depends on the developmental stage during which the radiation
exposure takes place.

� The risk of lethality of the developing organism is highest during the pre-
implantation period (up to day 10 postconception). This effect is mainly due
to killing of blastomeres, caused by chromosomal damage. In certain mouse
strains, radiation exposure induces genomic instability after doses as low as
0.5 Gy of low-linear-energy-transfer (LET) radiation. This form of genomic
instability can be transmitted to the next generation.

� In mouse strains with genetic predispositions for specific malformations, it
has been observed that these malformations are also induced by ionising
radiation during the pre-implantation period. In particular, this is the case
after irradiation of zygotes where no threshold is observed in the dose
response.

� Malformations are mainly induced after exposure during the period of major
organogenesis. In certain stages of major organogenesis (weeks 3–7 post-
conception for human development), enhanced sensitivity exists for certain
specific malformations. During this developmental period, growth retarda-
tion is caused by irradiation. The regenerative capacity decreases as differ-
entiation of tissues and organs progresses.

� After irradiation during the pre-implantation period and the period of major
organogenesis, relative biological effectiveness (RBE) values for fast neutrons
range from 3 to 10. After chronic and fractionated exposures with low-LET
radiation during these prenatal stages, dose-rate effectiveness factors (DREF)
in the range of 4–10 have been observed. Adaptive responses could not be
observed for embryonic development and chromosomal aberrations during
these developmental stages. No human data are available for these para-
meters and phenomena.

� Comprehensive experimental studies have been performed on the develop-
ment of the central nervous system in rodents, and on a more limited scale in
primates, in order to evaluate the mechanisms of radiation effects on these
developmental processes. Early proliferating neuroepithelia are very sensitive
but have a strong capacity for cell substitution and tissue re-organisation
which reduces with progressing differentiation.

� Neuronal plasticity and natural redundancy of neurons can also compensate
for radiation-induced damage during brain development. The most significant
7



period is the ‘window of cortical sensitivity’ in the early and mid-fetal
period in rodents and weeks 8–15 postconception in humans. Experimental
dose–response studies in rodents for structural and functional endpoints
including learning and behavioural changes result in dose–response curves
with thresholds in the range of 0.1–0.3 Gy low-LET radiation.

� The experimental data are in good agreement with human data from the
Japanese atomic bomb study on severe mental retardation (SMR) after
exposures during the most sensitive period (weeks 8–15 postconception). The
lower confidence bound on the threshold dose is 0.3 Gy for this effect. A
radiation dose of 1 Gy would increase the risk of SMR by about 40%.

� For intelligence quotient (IQ) scores, a linear dose–response model provides a
satisfactory fit of data from the atomic bomb cohort with irradiation at weeks
8–15 postconception. The decline in IQ values is about 25 IQ points/Gy in
this sensitive period. School achievement is also reduced following exposure
of 1 Gy. A threshold dose is not apparent for these effects; however, after
radiation doses of 100 mGy, these effects are very small.

� From animal experiments, it can be concluded that radiosensitivity for cancer
induction is highest in the late fetal period. Female mice have a higher risk
than males.

� In industrialised countries, leukaemias, brain tumours, and lymphomas are
the predominant paediatric cancers. Few of these cancers are linked with
known genetic predispositions.

� The largest case–control study of cancer after in-utero irradiation, the Oxford
Study of Childhood Cancers (OSCC), found that radiation increased all types
of childhood cancer by approximately the same degree. The second largest
study showed a larger relative risk for leukaemia than for solid tumours,
while several cohort studies of in-utero radiation found no clear evidence of
radiation-induced childhood cancer. The data from the atomic bomb survi-
vors suggest that the lifetime cancer risk from in-utero exposure may be
similar to that from exposure in early childhood.

� The OSCC data suggest that cancer induction is at least as likely following
exposure in the first trimester as in later trimesters. From the data published
to date, it is not possible to determine tissue-weighting factors in order to
define cancer risk in different tissues and organs. Adequate human in-utero
exposure data are not available to define the dose and dose-rate effectiveness
factor (DDREF) for low-LET radiation or the RBE values for neutron or
other high-LET radiations.

(b) These conclusions, which tend to strengthen and supplement the recommen-
dations contained in Publication 60, have significant implications for protection of
the embryo/fetus. The editorial which prefaces this report provides an interim view
from the Commission on these implications.
ICRP Publication 90
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1. INTRODUCTION

(1) The ICRP reviewed the effects of exposure to ionising radiation during pre-
natal development of mammals in Publication 60 ‘1990 Recommendations of the
International Commission on Radiological Protection’, and has given its recom-
mendations with respect to regulations for radioprotection of the embryo and fetus
on this basis. It has long been known that the developing organism is highly radio-
sensitive; therefore, special regulations are necessary for pregnant women at work
and in public places. As such, many efforts have been undertaken in radiation
research in order to improve our knowledge about radiation effects and risks
through exposures during prenatal development. The most recent data in this
research field will be reported in the following chapters, and possible consequences
for radioprotection will be considered.
(2) Due to the characteristics of the various developmental processes and the

effects that can be induced by toxic agents, such as ionising radiation, at these
developmental stages, prenatal development is divided into three main periods:

� pre-implantation;
� major organogenesis;
� fetal period.

(3) Many experimental and clinical data have shown that the response to radiation
exposure is highly dependent on the developmental stage during which this exposure
takes place. It is very well known that ionising radiation interferes to a high degree
with cell proliferation (Hall, 1994). Therefore, biological systems with a high frac-
tion of proliferating cells show high radiation responsiveness. High rates of cell
proliferation are found throughout prenatal development. However, although cell
proliferation is a key process for the development of radiation effects, the sensitivity
of the embryo and fetus is also determined through processes of differentiation and
cell migration, and the radiation effects on these biological processes. Therefore,
radiation effects in these periods will be considered. Development of the central
nervous system starts during the first weeks of embryonic development and
continues through the early postnatal period. Thus development of the central
nervous system occurs over a very long period, during which it is especially vulner-
able. It has been found that the development of this system is very frequently dis-
turbed by ionising radiation, so special emphasis has to be given to these biological
processes.
(4) Furthermore, studies have been conducted regarding the extent to which

radiation carcinogenesis is possible, which cancers will develop, and whether there
are developmental periods with different radiosensitivities with respect to these
events. It is well known that the cancer risk is very high after small children are
exposed to radiation, and the patterns of cancers are different from those of adults.
Questions arise regarding whether this high radiosensitivity also exists for radiation
exposures during prenatal development, and whether some embryonal/fetal tissues
or organ systems are more radiosensitive than others.
9



(5) The analysis of risk from prenatal exposures has to be performed on the basis
of the developmental stage during which the exposure takes place. For such a risk
analysis, precise knowledge about the specific development of the species and the
time periods is necessary, and extrapolations have to be conducted from animal
experiments to the human situation on the basis of specific developmental stages.
Figure 1.1 shows the effects of radiation exposure during prenatal development with
regard to lethality and abnormalities.
(6) The highest radiosensitivity with respect to lethality occurs after irradiation

during the pre-implantantion period. This effect decreases during major organogen-
esis, while gross malformations (abnormalities) develop after exposures during this
second phase, and no abnormalities and little lethality is observed after radiation
exposures during the fetal period. However, the newer data presented in this report
indicate that this scheme needs to be seen in a more differentiated way on the basis
of new results after exposures during these phases of development.
1.1. Reference

Hall, E.J. (1994) Radiobiology for the radiologist, 4th ed. J.B. Lippincott Co., Philadelphia, PA.
Fig. 1.1. The occurrence of lethality and abnormalities in mice after a prenatal radiation exposure of

about 2 Gy, given at various times postconception. The two scales for the abscissa compare develop-

mental stages in days for mice and humans (redrawn from Hall, 1994 with the permission of Hall and the

publisher).
ICRP Publication 90
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2. RADIATION EFFECTS AFTER EXPOSURE DURING THE

PRE-IMPLANTATION PERIOD

2.1. Introduction

(7) For analysis of radiation risk during the pre-implantation period, no observa-
tions in humans are available, as conception is not noticed at that time. Therefore,
the risk analysis can only be achieved on the basis of animal experiments which have
mainly been performed with mice and rats. However, with respect to the pre-
implantation period, the advantage is that the duration and general biological pro-
cesses (cf. cell proliferation and differentiation) during this period are very similar
for most mammalian species. Thus the duration of the pre-implantation period is 5
days for mice, 7 days for rats, and 8 days for humans (SSK, 1985; Streffer and
Molls, 1987), although the duration of total prenatal development varies to a high
degree. At first sight, the pre-implantation period is determined by cell proliferation
processes from the zygote (one cell) to the hatched blastocyst (100 cells in mice, 250
cells in humans). The hatched blastocyst is then implanted into the uterus for further
development (Carlson, 1994).
(8) After the sperm enters the oocyte, the second meiotic division will be com-

pleted and two pronuclei are formed with the male and female genome, respectively.
Following the period of DNA synthesis in which the genetic material is doubled in
the separated pronuclei, the pronuclei fuse and a diploid genome is formed. After
cell division leading to the two-cell embryo, a comparatively long cell cycle time of
around 20 h follows before the two-cell embryo divides into four cells. Once the first
cell division has occurred, the first gene activation processes occur. Further cell
divisions follow comparatively quickly with a cell cycle time of around 12 h (Streffer
et al., 1980; Streffer and Molls, 1987). When the pre-implantation embryo reaches
around 16 cells, the morula is formed. This occurs around 60–70 h postconception.
With the ongoing cell divisions, the single cells become smaller but the total size of
the embryo remains almost constant.
(9) The zygote and the later pre-implantation embryo are surrounded by the zona

pellucida. This protects the embryo but also makes it necessary that the embryo has
its own resources for cellular maturation. There is apparently little interaction
between the embryo and the mother during this developmental period. After morula-
tion, the formation of the blastocyst takes place at around 80 h postconception in mice
and 100–120 h postconception in humans. During the period when the hatching of
the blastocyst from the zona pellucida takes place, differentiation into the embryo-
blast and trophoblast is progressing and becomes largely completed (Carlson, 1994).
(10) These rapid cell proliferation processes are very similar in all mammals.

Modern molecular biological techniques have shown that the first gene expression
processes in the newly developing embryo occur during the two-cell and four-cell
stages, and the activity of gene expression increases over the following hours and
days (Carlson, 1994).
(11) Radiation effects during the developmental period have mainly been observed

in mice and rats, but data from rabbits and dogs are also available. Radiation can
11



interfere with cell proliferation after comparatively small doses (around 100 mSv
and below during sensitive periods, especially the zygote stage) and this leads to a
delay of development; cells will die and the death of the whole embryo may follow.
Death frequently occurs before the embryo is implanted. With humans, these effects
are not normally observed, as pregnancy is not usually noticed during this develop-
mental stage. Therefore, the risk from exposure during the pre-implantation period
in humans can only be obtained by extrapolation from experimental data. This is
mainly done with mice. Experiments have been performed after whole body irra-
diation of pregnant mice, and also with pre-implantation embryos of mice during in-
vitro incubation.
(12) Biological endpoints such as lethality, cell proliferation, cytogenetic damage,

and malformations have been studied. Such experiments have demonstrated that the
radiosensitivity of the embryo is very different during the various developmental
stages. This change of radiosensitivity even occurs within hours during the develop-
ment of the zygote to the two-cell embryo (one cell cycle). The highest sensitivity is
seen during development of the pronulei (Streffer and Molls, 1987), 2–6 h after the
sperm enters the oocyte. Recent experiments have shown that genetic predisposition
can have a considerable influence on radiosensitivity, especially with respect to the
possibility of radiation-induced malformations after exposure during this period.
Thus it is possible to induce malformations by exposure to ionising radiation during
the pre-implantation period in certain mouse strains but not in others. Genomic
instability can also be induced by such a treatment. This will be discussed later.

2.2. Lethality after irradiation

(13) Studies have shown that radiosensitivity (irradiation with x rays and gamma
rays from 60Co) varies considerably during the pronuclear stage (Dufrain and
Casarett, 1975). Yamada and Yukawa (1984) observed that after in-vitro fertilisation,
the LD50 decreases from about 1.5 Gy (directly after sperm entry) to about 0.3 Gy
4–6 h later. At this time, the ovae reach the pronuclear stage and DNA synthesis has
started. During the S phase of the first cycle, embryos become more radioresistant
(Domon, 1980, 1982), and radiosensitivity increases when the one-cell embryo
cleaves into the two-cell embryo. With further development of the pre-implantation
embryo, the radiosensitivity with respect to radiation effects decreases. Very good
dose–effect curves have been found for various stages of this development. An
overall LD50 for stages from zygote (one-cell embryo) to expanded blastocyst has
been determined to be about 1 Gy.
(14) Irradiation of pregnant mice with x rays during the first day postconception

caused significant lethality with a radiation dose of 135–250 mGy (Friedberg et al.,
1973; Michel et al., 1979; Pampfer and Streffer, 1988; Müller and Streffer, 1990). Gu
et al. (1997) observed increased pre-implantation death after an x-ray dose as low as
0.1 Gy. Again, this high radiosensitivity was only found during the zygote stage.
Most lethally damaged embryos (around 80%) die during the pre-implantation
period; most of the remaining deaths occur during the early postimplantation period
and very few during the late postimplantation period. However, in other experiments,
ICRP Publication 90
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higher postimplantation death rates have been reported (Michel et al., 1979; Fried-
berg et al., 1998).
(15) With cyclotron neutrons (mean energy about 6 MeV), the LD50 after expo-

sure of early zygotes was about 400 mGy. Thus a relative biological effectiveness
(RBE) value of around 2.5 was found from these experiments with mice. An expo-
nential dose–effect curve with a non-quadratic (linear) term of the dose was
observed for this radiation effect after exposure to x rays as well as neutrons. This
means that repair processes during this very early developmental stage are appar-
ently very small (Pampfer and Streffer, 1988).
(16) Radiosensitivity with respect to lethality decreases rapidly during the follow-

ing days of the pre-implantation period (Müller and Streffer, 1990). The lowest
radiosensitivity was observed on day 6 postconception. At this time, the blastocysts
have hatched from the zona pellucida and the developmental stage of implantation
is already in process. When radiation exposure took place during later stages of the
implantation process, embryonic death was more likely to occur during the post-
implantation period. However, this differed between mouse strains (Jacquet et al.,
1995). In some mice, a loss of the total litter was observed (Müller and Streffer,
1990; Friedberg et al., 1998). It appears that pre-implantation death is predominant
after low radiation doses, and the proportion of postimplantation death increases
after high radiation doses. It is thought that the mechanism may be different for
these events (Friedberg et al., 1998).
(17) Morphological development of pre-implantation embryos has also been stu-

died after radiation exposures during in-vitro culture. Under these conditions,
development of the mouse pre-implantation embryo is slightly slower than with in-
vivo development but radiosensitivity does not appear to differ (Streffer and Molls,
1987). Under culture conditions in vitro, radiosensitivity was found to change dra-
matically during the various stages. This is even the case during the various phases
of the cell cycle in two-cell embryos (Domon, 1982; Yamada et al., 1982). Important
parameters are the changes in DNA repair and cell recovery during the various
developmental stages. This effect can lead to very variable RBE values (in the range
of 2–10) when x rays and neutrons are compared. Thus high RBE values were
observed for the survival of embryos when the radiation exposure took place at the
late two-cell stage in mice (Streffer and Molls, 1987).
(18) Several authors have investigated the effect of [3H]thymidine on the develop-

ment of pre-implantation mouse embryos in vitro (Casarett andMorgan, 1973; Snow,
1973; Horner and McLaren, 1974; Kelly and Rosant, 1976; Streffer et al., 1977;
Yamada and Yukawa, 1984). All authors observed that embryonic development is
reduced by comparatively small tritium concentrations (in the range of 0.01–0.1 mCi
[3H]thymidine/ml). This effect is not due to the chemical toxicity of thymidine. Snow
(1973) observed that the thymidine concentration must reach a level of 1 mM in
order to have an inhibitory effect from chemical toxicity instead of radiotoxicity.
The concentration of thymidine used to study radiotoxicity with [3H]thymidine was
orders of magnitude lower.
(19) Beta particles which originate from the radioactive decay of tritium have low

energies, so radiation energy is absorbed not very far from the place of decay within
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cells and tissues (within a range of several mm). Therefore, if a tritium isotope decays
within the cell nucleus, the energy is absorbed almost completely within the cell
nucleus, and if it decays within the cytoplasm, the absorption process takes place in
the cytoplasm. Under these circumstances, the chemical form of tritium that reaches
the cells is very important. Streffer et al. (1977) studied the radiotoxicity of tritium
when it was administered as tritiated water (HTO) compared with [3H]thymidine.
The pre-implantation mouse embryos were incubated with the tritiated compounds
starting at the late G2 phase of the two-cell embryos up to the blastocyst stage.
[3H]thymidine was found to be over 1000 times more efficient than HTO on the basis
of tritium concentration. This effect was confirmed by Yamada and Yukawa (1984).
(20) [3H]thymidine is rapidly incorporated into the DNA of embryos, as cell pro-

liferation is very rapid during the pre-implantation period. This uptake of [3H]thy-
midine, predominantly into the cell nucleus, leads to an uneven distribution of
radiation dose in the blastomeres, as the beta particles from the tritium decay have
only a short range, so energy absorption takes place near the location where the
tritium decay occurred. Thus, the radiation dose is much higher in the cell nucleus
than in the cytoplasm after [3H]thymidine incubation of the pre-implantation
embryo. On the other hand, the tritium of HTO has a rather homogeneous dis-
tribution over all cell compartments. Therefore, the radiation dose will be very
similar in all compartments of the cell. The tritium concentration in DNA has been
measured after [3H]thymidine incubation. The higher effectiveness of [3H]thymidine
with respect to embryo damage can be accounted for if the radiation dose is
calculated on the basis of the tritium content in DNA (Streffer et al., 1977).
Similar results were obtained with the amino acid [3H] arginine that is incorporated
particularly into histones, and therefore is an important constituent of chromatin.
The radiotoxicity of this tritiated compound on the development of pre-implanta-
tion mouse embryos was even stronger than that of [3H]thymidine (Müller et al.,
1996).
(21) When incubation with HTO was started at different developmental stages of

pre-implantation mouse embryos, the pronuclear stage was still found to be the
most sensitive (Yamada et al., 1982). In the same experiments, RBE values for tri-
tium were determined to be between 1.0 and 1.7 using gamma rays from 60Co as the
reference radiation.

2.3. Cytogenetic effects

(22) It has frequently been suggested that the death of pre-implantation embryos
is caused by chromosomal aberrations after exposure to ionising radiation. Struc-
tural as well as numerical aberrations may be responsible for this effect. Both types
of aberration can be expressed as micronuclei measured with the micronucleus test.
Russell (1956) observed micronuclei (subnuclei) one or more cleavage divisions after
in-vivo irradiation. After a dose of 2 Gy, 8–14% of embryos at the pronuclear stage
and 30–40% at the second cleavage had formed micronuclei. Total induced mortality
occurred in 16.5% at the later pronuclear stage and 88.4% at the second cleavage. It
was determined that the death of half or more of all potentially dead embryos was
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already indicated by the presence of extranuclear chromatin after one or two post-
radiation cleavages.
(23) Extensive studies have been performed in order to determine the rate of

chromosomal aberrations at the various cell divisions after irradiation. It has been
observed that only part of the radiation-induced chromosomal damage is expressed
at the first mitotic cell division following radiation exposure. Most chromosomal
damage is expressed at later developmental stages when the embryonic cells (blas-
tomeres) have gone through several cell cycles after irradiation (Weissenborn and
Streffer, 1988). These effects occur after exposure to x rays but they are even more
pronounced after exposure to neutrons. The dose–effect curves correlate well with
the survival of pre-implantation embryos, especially in the early developmental
stages and in low dose ranges. Therefore, it appears very plausible that embryonic
death observed after irradiation is mainly due to chromosomal damage at the early
stages, especially after low radiation doses. A good correlation of RBE values was
observed for the lethality of pre-implantation mouse embryos (RBE: 2.3 for LD50)
(Pampfer and Streffer, 1988) and the micronucleus expression (RBE: 2.5 at 48 h
postradiation) after irradiation of zygotes with x rays and cyclotron neutrons. The
RBE values for micronucleus expression were in the range of 2.5 (24 h postradia-
tion) to 3.5 (48 h postradiation) (Pampfer et al., 1992).
(24) For the induction of chromosomal aberrations after x-ray exposure, a linear-

quadratic dose–response curve is observed, whereas the curve is linear after neutron
exposure. This leads to a strong dose dependence of the RBE value. This effect is
especially pronounced with the chromosomal aberrations in the second and third
mitosis after irradiation. The RBE value is higher in the later mitotic cell divisions.
(25) In a number of cellular systems (cf. human and murine lymphocytes), an

adaptive response to ionising radiation has been found (UNSCEAR, 1994). This
means that a low radiation exposure of about 0.05–0.1 Gy increased the radio-
resistance so that a second radiation dose in the range of 1–2 Gy induced less
radiation damage (i.e. chromosomal aberrations) than without the small adapting
radiation exposure. This effect is dependent on many parameters, such as the dose
range of the adapting dose, the time window in which such an effect is observed, and
others. The range of these parameters is very narrow. In pre-implantation mouse
embryos, such an effect was not seen either with respect to chromosomal aberrations
or embryonic death (Müller et al., 1992; Wojcik et al., 1993).
(26) The development of genomic instability has been observed with pre-implan-

tation embryos very early after radiation exposures. With the progressive develop-
ment of the embryo and fetus, it is assumed that the wave of chromosomal
aberrations decreases. Embryonic cells without gross chromosomal damage survive
and contribute to the prenatal development of the organism. Therefore, it was quite
surprising that an increased frequency of chromosomal aberrations was observed
when studying outgrowing skin fibroblasts from skin biopsies from fetuses just
before birth (Pampfer and Streffer, 1989). Again the irradiation had taken place at
the zygote stage with x rays. This effect is apparently due to the induction of geno-
mic instability which is induced by radiation exposure during the zygote stage but
develops through many cell generations. With this biological system, the induction
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of genomic instability after exposure to ionising irradiation has been observed for
the first time in vivo. There are some indications that this genomic instability is
inherited by the next mouse generation (Pils et al., 1999). These radiation effects may
be important for the development of effects in which several mutational steps are
involved.

2.4. Induction of malformations

(27) Until recently, it was believed that malformations could not be induced by
radiation exposure during the pre-implantation period. For many years, lethality of
the embryo was thought to be the only effect of an exposure to ionising radiation or
other toxic agents during the pre-implantation period, although reports about
developmental effects had been published in the 1960s. However, these data did not
convince the broad scientific community as no dose–effect relationship was observed
(Rugh et al., 1969). In recent years, several groups have shown that malformations
can be induced by radiation exposure during the pre-implantation period in certain
mouse strains. The effects that occur with the highest frequency after irradiation of
the zygote are apparently related to a genetic predisposition which will be discussed
later.
(28) In 1935, Job concluded from his experiments, in which pre-implantation rat

embryos were exposed to ionising radiation, that these early embryos either died or
survived without any detectable malformation (Job et al., 1935). In 1950, Russell
and Russell (1950) found similar results for mice, and Russell coined the well-known
‘all-or-none rule’ in 1956 for radiation damage in mammalian pre-implantation
embryos (Russell, 1956, p. 378).
(29) Since that time, several papers have confirmed the results reported by Job and

Russell for rats (Hicks, 1953; Brent and Bolden, 1967; Roux et al., 1983) and mice
(Russell et al., 1960; Friedberg et al., 1973; Schlesinger and Brent, 1978; Mazur,
1984). It was generally accepted that, during the pre-implantation period, the plur-
ipotency of the blastomeres or the low degree of differentiation of the later stages
could compensate for cell loss to a certain extent, and further radiation damage was
repaired. Therefore, no malformations were expected to be induced during this
developmental stage (Streffer and Müller, 1996).
(30) However, in 1959, the first results were published that have cast some doubt

on the general validity of this rule (Rugh and Grupp, 1959, 1960). Exencephalies
were observed after single or fractionated exposure of murine pre-implantation
stages. These results provoked a lot of criticism (for a review, see Mole, 1992), par-
ticularly regarding the lack of a clear dose–response relationship and sound control
data.
(31) During the subsequent years, however, further information was obtained.

Ohzu (1965) observed a marked increase in the frequency of polydactyly of the
forefeet of mice after radiation exposure on days 0.5 or 1.5 after conception; this
author, however, attributed these malformations to indirect effects.
(32) In 1988, an increased frequency of malformed fetuses on day 19 postconcep-

tion was observed after exposure of zygotes 1 h after conception with either x rays or
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neutrons (Pampfer and Streffer, 1988). Most frequently, gastroschises were found
with the mouse strain ‘Heiligenberger Stamm’ (HLG); this type of malformation
also occurs with a comparatively high frequency in controls in this strain (around
1% in the control group at the time of the study and up to 3% in some other stu-
dies). The observed increase was very pronounced [about 20% of all surviving fetu-
ses were malformed after 2 Gy of x rays (Fig. 2.1) or 0.75 Gy of neutrons], clearly
dose-dependent, and significantly different from the concurrent controls (as men-
tioned, about 1%). Similar results were reported by the group of Generoso (Rutle-
dge et al., 1992), although the types of malformations were different and the
frequency of malformed fetuses was less pronounced after radiation exposure of
(C3HxC57Bl) F1 mice. This working group also reported the induction of mal-
formations after exposure to various chemical agents at the zygote stage (Rutledge,
1997).
(33) Induction of malformations during the pre-implantation period in some

mouse strains is not only caused by ionising radiation. Quite a number of chemicals
(e.g. N-methyl-N-nitrosourea, ethylene oxide, ethyl methanesulphonate, diethyl sul-
phate, dimethyl sulphate) are also able to induce malformations after application
during early embryonic stages (Bossert and Iannaccone, 1985; Generoso et al., 1988;
Rutledge et al., 1992). Whether the mechanisms of induction are comparable for all
agents under study is not yet clear.
(34) There are two important aspects associated with radiation exposure of HLG

embryos on day 1 postconception. First, there is a statistically significant dose-
dependent increase in the number of malformed fetuses of HLG mice after exposure
Fig. 2.1. Induction of malformations (gastroschisis) in a mouse strain with a genetic predisposition for

gastroschisis (HLG mouse strain) after radiation exposure during the pre-implantation period: zygotes

(one-cell embryos) and later-stage embryos (32- to 64-cell embryos) (Streffer and Müller, 1996. Repro-

duced with the permission of the Basque Country Press).
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to x rays or fast neutrons (Pampfer and Streffer, 1988), and second, the extent of this
effect changes within a few hours and days (Müller and Streffer, 1990). The latter
aspect will play some role in the discussion of indirect effects.
(35) An increase in the number of malformations after radiation exposure is not

restricted to the zygote stage. All pre-implantation stages of HLG mice embryos
show a certain probability of the induction of malformed fetuses after radiation
exposure (Müller and Streffer, 1990). The sensitivity, however, is reduced when one
compares the data with the results obtained after irradiation on day 1 postconcep-
tion.
(36) The results obtained after radiation exposure of zygotes and later pre-

implantation embryos offer the unique possibility to test the assumption that radia-
tion dose–response curves of processes that require damage to only one cell do not
show a threshold dose, whereas in the case that damage to several cells is necessary,
a threshold has to be expected (Hulse and Mole, 1982; Müller et al., 1994; Streffer
and Müller, 1996).
(37) The data presented reveal that there is no indication of a threshold dose after

exposure of one-cell embryos (zygotes), whereas exposure of 32- to 64-cell embryos
clearly has a threshold dose (Fig. 2.1). The latter result indicates that in the multi-
cellular situation, it is not sufficient to damage only one cell in order to induce the
malformation, as other cells can compensate for such damage. After damage to
several cells and exceeding a certain threshold, this compensation no longer works as
too many cells have been damaged (Müller et al., 1994). This requirement also explains,
at least partly, the lower sensitivity of stages beyond day 1 of murine development.
(38) Very early during these experiments, it was assumed that the effects observed

were strain dependent. In order to test this assumption, comparable experiments
using C57Bl and HLG mice in parallel were performed (Müller et al., 1996). It
turned out that C57Bl mice did not respond with an increase in malformations after
radiation exposure of pre-implantation embryos (1.7% in the controls, 0% in the 1.0
Gy group), whereas exposure during organogenesis resulted in the expected augmen-
tation of the number of malformed fetuses (almost 60%). The radiation response of
Fig. 2.2. Induction of malformations in a mouse strain with a genetic predisposition for gastroschisis

(HLG mouse strain) after irradiation on day 1 postconception (zygotes) or day 8 postconception (start of

major organogenesis) (Streffer andMüller, 1996. Reproduced with permission of the Basque Country Press).
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C57Bl mice during organogenesis was even more pronounced than that of HLG mice
with respect to radiation-induced malformations. The pattern of malformations is
also quite different after irradiation during the pre-implantation period compared
with the radiation effects observed after exposures during major organogenesis
(Fig. 2.2). While more than 80% of abnormal fetuses have a gastroschisis for which
the high genetic predisposition exists after irradiation during the pre-implantation
period (day 1 postconception), this is only the case in 50% of malformed fetuses
when the irradiation took place during major organogenesis (day 8 postconception)
(Streffer and Müller, 1996). The other malformations were mainly exencephalies, but
microcephaly and polydactyly also occurred. These data suggest that different
mechanisms are involved in the development of abnormalities after radiation expo-
sure during these two prenatal periods.
(39) Cross-breeding of HLG and C57Bl mice resulted in F1 zygotes which showed

no, or only a very slight, insignificant, increased risk of acquiring a malformation
after radiation exposure at this stage.
(40) Thus, the pronounced sensitivity for gastroschisis in response to radiation

exposure of the zygote is specific for the HLG mouse genome. In further experi-
ments, it could be shown that the genetic predisposition is inherited through a
recessive trait in which two or three genes are involved and one of these genes is
located on chromosome 7 of HLG mice (Hillebrandt et al., 1998). The RBE values
for 6 MeV cyclotron neutrons compared with 250 kVp x rays were determined for
the induction of malformations for the HLG mouse strain, for the crossbred mice,
and the backcross mice (HLG�C57BL/6J)�HLG, and it was found that RBE
values ranged between 2.8 and 3.7. It was lowest for the most sensitive mice (Hil-
lebrandt and Streffer, 2000).
(41) The involvement of a genetic predisposition could be underlined further by

the observation that preconceptional x irradiation with 2.8 Gy in HLG mice also
caused an increase of gastroschises in the next generation (Müller et al., 1999). Even
x irradiation of HLG zygotes caused an increased rate of gastroschises, not only in
the mice which developed from these zygotes but also in the next generation. Certain
mothers had multiple fetuses with gastroschisis which may be due to radiation-
induced genomic instability in those particular mice (Pils et al., 1999).
(42) A very similar observation was made by Jacquet et al. (1995) who found an

increase of malformations after irradiation of zygotes of CF1 mice but not of
BALB/c mice. This finding was correlated with a possible reduction of DNA repair.
These data also demonstrate that malformations can be induced by ionising radia-
tion during the pre-implantation period. However, such an effect is only seen in
mouse strains with a genetic predisposition for the corresponding malformation.
Therefore, it is probably a rare event if one considers the risk of a total human
population, e.g. comparable to the frequency of ataxia telangiectasia in humans.
Despite these very interesting findings, the general rule is still that the most impor-
tant radiation risk during the pre-implantation period is the death of the embryo,
and in rare cases, the induction of malformation is possible if a genetic predisposi-
tion exists for such malformations. In this case, family histories give some indication
for such a risk. Even under these circumstances, the time window for such a risk is
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very small. However, such biological models are very important in order to study
the risk of mutagens and developmental toxicity (Rutledge, 1997).
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3. DEVELOPMENTAL EFFECTS AFTER IRRADIATION DURING

ORGANOGENESIS AND FETOGENESIS

3.1. Historical background and state of risk assessment in man

(43) Studies of the increased radiosensitivity of developmental effects can be traced
back to pioneer experiments with different vertebrate and invertebrate species, per-
formed as early as 1903–1907 (Fritz-Niggli, 1959). Radiation-induced malforma-
tions in mammals (rabbits) were first described by v. Hippel and Pagenstecher
(1907), and the report of v. Klot (1911) is among the first to document radiogenic
termination of pregnancy in man. Initial encouragement from the experimental
findings to achieve radiation-induced abortion (‘Röntgenabort’, Schinz, 1923) can
only be understood from an historical point of view. Besides reports on unsuccessful
radiation abortions, numerous cases of unintentional damage to the human embryo
and fetus were described during the early decades of gynaecological radiotherapy
(Flaskamp, 1930; Kraemer, 1931). These cases were analysed in terms of so-called
‘age factors’, since malformations and abortions prevailed after exposure during the
first months of pregnancy, and stillbirths and increasing radioresistance became
more obvious during the second and third trimesters, respectively. It was further
pointed out that exposures from diagnostic x-ray procedures were ineffective and
that direct irradiation effects on the embryo or fetus had a greater impact than
maternal influences. The findings of Goldstein and Murphy (1929) are in line with
these conclusions. Although these authors only considered exposure times before
and after the fifth month of pregnancy, an improved distinction between the types of
damage was described: ‘mental or nervous disturbances’ (mostly associated with
microcephaly) or different ‘gross physical abnormalities’ (excluding mental).
(44) A tentative timetable of organ sensitivity within successive periods of a few

gestational weeks was first presented by Dekaban in 1968. Of over 200 (mainly
‘historical’) case reports on x-ray exposure during pregnancy checked by Dekaban,
only 26 seemed appropriate for this (17 cases from 1921 to 1935, eight cases from
1936 to 1956, and one more recent case report by the author). Although all available
ancillary information for the re-assessment of the midpelvic dose was taken into
account, only rough approximations with lowest doses of 250–300 R and average
doses of 560 R could be made for 10 mothers, while ‘the remaining 16 received doses
which ranged from one to many thousands of roentgens’. Phase-dependent responses
were reflected in that the induction of malformations, in several cases associated
with mental retardation, was most pronounced during organogenesis (weeks 3–11
postconception). Malformations other than cephalic (skeleton, genitals, eyes) were
limited to this period. Growth retardation, microcephaly, and mental retardation
represented the only defects observed in the age categories weeks 10–12 to 16–20 post-
conception. No abnormalities were recorded in these studies beyond week 20 post-
conception. With regard to all combinations of individual damage, however, Brent
(1977) commented on this study ‘that in no instance is there an associated mal-
formation in structures other than the nervous system without either microcephaly
or mental retardation’.
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(45) Epidemiological findings in those survivors who were prenatally exposed to
atomic radiation in Hiroshima and Nagasaki have been evaluated over five decades
(Otake and Schull, 1998). Initial studies, based on very rough dose estimates (dis-
tance from the hypocentre, major signs of irradiation in mother) and gestational
timing (trimesters), showed general conformity with the ‘historical’ findings men-
tioned above. Again, microcephaly, mental retardation, growth stunting, and early
childhood mortality prevailed in contrast to a low rate of minor malformations
(Plummer, 1952; Yamazaki et al., 1954; Burrow et al., 1965; Miller, 1969; Kato,
1971). Application of the tentative 1965 radiation dosimetry estimation (Milton and
Shohoji, 1968) allowed a more quantitative assessment of developmental risks in the
following years (Blot and Miller, 1973; Blot, 1975; Miller and Mulvihill, 1976). A
minimum dose of 50 rad was calculated for the induction of mental retardation in
children whose mothers were exposed in Hiroshima during weeks 6–15 postconcep-
tion. The minimum dose observed in Nagasaki was higher than in Hiroshima (200
rad vs 50 rad), and this was attributed to the lack of relative biological effectiveness
(RBE) effects compared with the 20% neutron component assumed in Hiroshima.
Dose–response relationships for small head size (greater than 2 standard deviations
below normal) were markedly expressed after exposures to more than 20 rads, but
again, in Hiroshima alone. Within the range of 10–19 rads, a causal relationship
between exposure and the occurrence of microcephaly (not associated with mental
retardation) seemed, however, questionable in view of the paucity of cases, the lack
of RBE calculations, and information on other environmental factors.
(46) A study by Mole (1982) provided deeper insight into phase-specific radiation

effects on human fetal development of the forebrain. He combined developmental
data on phases of cortical cell formation (Dobbing and Sands, 1973) with updated
epidemiological findings in the Japanese children. It was thus possible to establish an
apparent correlation between the cortical cell formation phase and mental retarda-
tion, with or without small head size, after exposure between weeks 10 and 17
postconception. Otake and Schull (1984) revised the postconception ages and lim-
ited the phase of maximal sensitivity in the human forebrain to the period between
weeks 8 and 15 postconception. For children exposed during this time, they assumed
a linear increase in the frequency of mental retardation with radiation dose (40%/
Gy)1 without a threshold, whereas a threshold after exposure during the following
weeks was not excluded. In a subsequent comparison of the T65DR and the DS86
dosimetry systems, different extrapolation models have been applied (Otake et al.,
1987). Although some of them were suggestive of thresholds at about 0.20 or 0.40
Gy, it was concluded that ‘damage to the 8–15-week-old fetus expressed as the fre-
quency of severe mental retardation appeared adequately described by a simple
linear model without a threshold’. This statement was changed after another re-
analysis, using maximum likelihood estimates derived from an exponential-linear
model (Otake et al., 1996). This extrapolation was compatible with the assumption
1 Up to this point in the text, definition of doses has been taken from the older original papers. For

uniformity, all doses have been converted to the SI unit gray (Gy) in the following text; 100 rads=1.0 Gy.

An ionising dose of 100 R (roentgen) is given as 1.0 Gy, ignoring a possible deviation of about 5%.
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of a threshold between 0.06 and 0.31 Gy, when two probable spontaneous cases of
Down’s syndrome were excluded. Other parameters such as variation in intelligence
quotient (IQ) and school performance (Otake et al., 1988; Schull et al., 1988) or
neurofunctional deficits (Yoshimaru et al., 1995) were indicative of linear dose
responses, but the existence of thresholds remained obscure (for more details, see
Chapter 5).
(47) In a survey, the historical cases of developmental irradiation damage as well

as the statistical fits from the epidemiological data revealed major limitations in the
risk estimates for man. First of all, the circumstances accompanying exposure and
diagnosis make it impossible to obtain exact developmental timing and dosimetry.
There are no uniform cohorts that cover more extended ranges of doses, which
would allow one to examine continuous dose–response relationships. Furthermore,
it is normally impossible to determine the whole spectrum of the various types of
potential damage, especially at cellular, biochemical, and functional levels. In this
connection, many questions arise as to the initial phenomena of damage, their
transfer and modification during the further course of development, and their final
manifestation as endpoints (cf. Konermann, 1992). Among other open questions are
those of the modification of developmental response by the temporal dose distribu-
tion and by RBE effects. Finally, biological parameters such as individual varia-
bility, genomic instability, and genetic predisposition have not been considered
adequately in the past. Since these specific questions are collectively difficult or
impossible to address in humans, extrapolations from studies with mammals are
likely to be the only promising approach.

3.2. Experimental studies

(48) Developmental damage is predetermined by the natural sequence of devel-
opmental steps. Regardless of the different transition times, the sequence of basic
differentiation processes is identical in mammals and humans. Radiation-induced
and embryotoxic responses are thus altered in the same way in various species if
noxic agents act on homologous embryonic stages (Rugh, 1962, 1966, 1968; Brent et
al., 1987; SSK, 1989; Sadler, 1995). Reference to such stages is thus the basis for
extrapolations from animal data to humans. Interspecies comparisons become
increasingly limited as organogenetic processes near completion and are followed by
fetal growth during which characteristic features of the species are attained. In
Fig. 3.1, homologous stages of development and induction periods for short- and
long-term effects are shown in parallel for humans and mice, the latter being the
laboratory animal most thoroughly studied in radio-embryology.

3.2.1. Short-term effects after acute exposure

(49) The differentiation of short- and long-term effects is based on the general
observation that the development stage at the time of exposure determines both the
type of damage induced initially and the temporal extent of the manifestation peri-
ods. Early embryonic death prevails after exposure before implantation (see Chapter
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2). Irradiation during early organogenesis, i.e. during body axis formation and basic
organ induction, produces gross morphogenetic damage combined with high rates
of early embryonic death. During the subsequent period of major organogenesis,
damage to primordial organs causes a broad spectrum of malformations distinctly
expressed during the intra-uterine period. Prevalence of these types of short-term
effects diminishes as organogenesis is basically achieved and fetal growth processes
start. Although there is a concurrent tendency of morphogenetic stabilisation,
reduced embryonic selection and decreasing regenerative flexibility promote a pro-
longation of response chains interfering with postnatal growth and maturation (see
Section 4.3).

Lethality in utero
(50) Developmental effects induced before implantation are among the best-

documented low dose responses with significant evidence at levels of 0.05–0.10 Gy
(Russell and Russell, 1954; Rugh and Grupp, 1959; Ohzu, 1965; Konermann, 1968;
Rugh, 1969; Friedberg et al., 1973; Streffer and Molls, 1987; Pampfer and Streffer,
1988; Müller et al., 1994). Death may occur even during blastogenesis, but resorp-
tion sites observed after considerably higher doses indicate that a major proportion
Fig. 3.1. Homologous stages of mouse and human development and induction periods for short- and

long-term effects of ionising radiation. Time scale for the major developmental periods (see top) and the

lowest effective dose (see right) refer particularly to mice (modified from OECD, 1988 with permission).

p.c., postconception.
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of sublethally damaged embryos may reach implantation. Postimplantation death,
as measured by litter-size reduction and resorption rates, continues to be the most
frequent response induced throughout early organogenesis, and this becomes less
frequent than malformations during the major organogenesis period (SSK, 1989). In
mice, maximum sensitivity is reached after exposure on days 7–8 postconception and
is reached 1 day later in rats (Kriegel et al., 1962; Rugh et al., 1964; Rugh and
Wohlfromm, 1965; Dekaban, 1969; Brent, 1980; Konermann, 1980).
(51) Different rodent strains vary greatly in spontaneous resorption rates and,

hence, genetic, maternal, or environmental factors may further modify survival rates
after irradiation (UNSCEAR, 1977, 1986). Due to this, there is no uniformity in
evidence as to dose–response relationships. Russell (1954) observed reduced litter
sizes when mice were x irradiated during organogenesis with doses of more than 1.25
Gy. Nash and Gowen (1962) found no or little reduction in litter size of mice after
exposures up to 1.6 Gy on days 6.5–17.5 postconception. These results are consistent
with observations on non-linear responses expressed in prenatal lethality of rats
after x-ray or neutron exposure on day 9.5 postconception (Solomon et al., 1994).
Tribukait and Cekan (1982) reported a threshold dose of 0.75 Gy for embryonal
resorptions in mice x irradiated on day 9 postconception. Uma Devi et al. (1994)
exposed mice to gamma rays during late organogenesis (day 11.5 postconception)
and found a slight increase of total mortality at 0.15 Gy. Mortality reached was
highly significant at 0.50 Gy, after controlling for the effects of litter size. The find-
ings of Jacobson (1968) were interpreted as indicative of a continuous linear asso-
ciation between reduction of litter size and dose after exposure on day 7.5
postconception. Since the database was limited to only three doses (0.05, 0.2, and 1.0
Gy) and, furthermore, seasonal influences occurred, the assumption of linearity did
not appear to be well established.
(52) Data from other experiments with mice exposed between days 5 and 8 post-

conception were fitted to dose–response curves of a shoulder type (Kriegel et al.,
1962; Di Majo et al., 1981; Friedberg et al., 1987; Mole, 1992). However, the ques-
tion of low dose responses was not addressed adequately in these studies and
remained open. Prevalence of shoulder-type curves for lethality in utero is consistent
with a more comprehensive study in mice, which included exposure days 7, 10, and
13 postconception, x irradiations with doses of 0.05–3.0 Gy, and a total of
approximately 10,000 implantations (Konermann, 1987). Animals irradiated on day
7 postconception showed a noteworthy deviation from the overall sigmoid-shaped
curve for total lethality at lower doses (Fig. 3.2). Between 0.05 and 0.5 Gy, the flat
middle section of the curve was preceded by a significant section with a continuously
increased slope due to embryonic and fetal death. The initial slope was less obvious
after irradiation on day 10 postconception. These specific features of low dose
responses were attributed to a fraction of less vigorous embryos or fetuses. On the
other hand, naturally existing variability, i.e. radioresistance above average, has also
to be assumed for the minority of survivors in the high dose range. Typical shoulder
regions were clearly expressed after doses of about 1.25 or 2.0 Gy, and were fol-
lowed by a steep increase in total lethality with the exception of exposure on day 13
postconception. The latter findings are consistent with the majority of observations
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cited above, whereas implications of individual variability within the lower dose
range have obviously been disregarded in the past.

Malformations in utero
(53) Biological and experimental side factors taken into account for prenatal

lethality are also inherent in the assessment of malformations. In contrast to lethality
as a single definite endpoint, further complications arise from both the broad variety
of inducible malformations and from the degree of their expression. In the past,
numerous experiments with rodents have been performed primarily to determine
‘critical periods’ for the induction of malformations, mainly based on ‘morphological
defects visible at birth’ or skeletal defects observed in selectively stained fetuses
(Russell, 1950, 1954, 1956; Russell and Russell, 1954; Rugh, 1969; Sikov and Mahlum,
1969; Fritz-Niggli, 1972; UNSCEAR, 1977). The phase dependency of malforma-
tions can be systematised roughly in so far as systemic defects and more organ-
specific defects are concerned. The phase of major organogenesis is preceded by
extensive induction processes leading to the formation of the early body axis and the
primary central nervous system (see Fig. 3.1). Misinduction may thus cause gross
Fig. 3.2. Dose–response curves for intra-uterine lethality of mice after x irradiation on different days of

development. Curves represent cumulative percentages for lethality during perinatal (*), fetal (*), or

embryonic stages (&). The upper curve thus shows total prenatal lethality at the same stage in each graph.

Percentage values are related to the total number of implantations per group visible shortly before birth

(Konermann, 1987 with permission from Elsevier). p.c., postconception.
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morphogenetic damage, mainly arising from closure defects of the brain primordia
and the neural tube. Among them are brain hernia, spina bifida, and pronounced
aplastic (anencephaly) or hyperplastic lesions (exencephaly). During major organo-
genesis, there is a condensed sequence of differentiation processes during which most
organ primordia are formed. The peak incidence of organ-specific malformations is
reached in mice after exposure on days 10–11 postconception (Dekaban, 1969;
Konermann, 1987).
(54) A major contribution of Russell and Russell (cf. citations above) was to

associate the natural sequence of developmental steps with phase-specific irradiation
damage. For mice, they defined such ‘critical periods of 1 or, more rarely, 2 days’ as
the ‘developmental interval during which radiation must be applied to produce that
change if the dose of radiation is the lowest one that gives a detectable incidence of
change’. In the sense of a rule, this statement retained more validity than it would
appear in view of later criticism (Mole, 1982, 1992). Indeed, Rugh (1966) presented a
comprehensive diagram with homologous phases for the induction of malformations
in mice and humans containing examples of temporal extended periods. However, in
the case of exencephaly, cataracts, and thoraco-abdominal hernias, genetic predis-
position of specific animal strains cannot be excluded and it is conceivable that
retardation effects such as stunting or microcephaly result primarily from cell loss
during extended cell formation periods. Moreover, it is well known that teratogenic
induction phases may become longer with increasing dose. Due to these discussions,
the term ‘stages of enhanced sensitivity’ is now preferred to ‘critical periods’.
(55) Among the numerous experimental studies on phase-dependent malforma-

tions, only a minority have a more or less complete dose–effect series. Due to this and
to biological and experimental side factors, discrepancies in the assessment of the
lowest teratogenic dose or of thresholds are not surprising, even if data are interpreted
in less definite terms as the lowest doses at which various abnormalities have actually
been observed. Fritz-Niggli (1972) tabulated literature data on the ‘dosis minima’ for
mice and rats within a dose range of 0.1–0.25 Gy. Low dose responses compiled for
different mammals by SSK (1989) refer to doses of 0.25–0.5 Gy in the majority of
cases. For mice, ‘lowest effective doses’ of 0.05–0.25 Gy were assumed by OECD
(1988). OECD used the extrapolations to humans made by Kameyama (1982) from
mice and rats, although they warned about the danger of such straightforward pro-
jections. On the basis of compiled mouse, rat, and human data, Brent and Gorson
(1972) estimated the ‘minimal malforming doses’ for the human embryo to be 0.25–
0.5 Gy. Similar to NCRP (1977) and ICRP (2000), they regarded 0.1 Gy at any time
during gestation as a practical threshold for the induction of congenital defects.
(56) Evidence derived from dose–response curves shows some inconsistencies. The

UNSCEAR report (1977) shows several examples of steep dose–response curves
nearing control levels at about 0.5–1.0 Gy and reaching maximum levels at about
2.0 Gy. These refer to externally visible malformations of the head, brain, eye,
extremities, digits, or tail. If grouped data of different types of malformation were
scored, the curves approximated linearity and had non-zero thresholds. Tribukait
and Cekan (1982), performing irradiation experiments with mice on day 9 post-
conception, were able to establish a well-documented dose–response curve for
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grouped external and internal malformations with an inflection point at 0.75 Gy.
Below this dose, the proportion of malformed fetuses increased by about 0.1%
per 0.01 Gy and increased by 0.57% per 0.01 Gy after the higher doses. In a more
recent study, Uma Devi et al. (1994) found, after gamma irradiation of mice on
day 11.5 postconception, a significant reduction of head size and brain weight at
doses above 0.15 Gy, and detectable levels of microcephaly and microphthalmia at
0.1 Gy. A linear dose response was assumed for these effects within the dose range of
0.05–0.15 Gy.
(57) Studies on skeletal defects have contributed much to the knowledge of low

dose responses. This can be attributed to the fact that many single elements of the
skeleton show a complex and thus radiosensitive genesis, and also because devia-
tions in the distinctly shaped bone elements are easily detectable. In 1957, Russell
extended earlier studies on skeletal defects in mice to doses as low as 0.25 Gy, using
a strain with high natural variability in thoracal structures. Various bone elements
of the thorax responded to exposures between 0.25 and 1.0 Gy on day 8.5 post-
conception with significant changes, although not strongly correlated with dose.
Peak sensitivity of the vertebral column was reached 1 day earlier. Jacobson (1968)
grouped different malformations observed in mice after exposure on day 7.5 post-
conception according to the skeletal regions (spine, sternum, ribs). He established
dose–response relationships with only slight deviations from linearity on the basis of
not more than three dose points (0.05, 0.2, and 1.0 Gy). This gave rise to vague
speculations that a teratogenic threshold might not exist.
(58) The complexity of skeletal defects has been demonstrated by Knauss (1978) in

his comprehensive studies in mice involving a total of 7100 irradiated fetuses and
1100 controls. Exposures to x rays were performed on days 7, 10, and 13 post-
conception and included small dose intervals from 0.05 to 3.0 Gy. An important
point was differentiation of the degree of damage according to physiologically
insignificant variations, abnormalities, and gross malformations. If organ-specific
abnormalities and gross malformations were scored additively and were related to
the total number of surviving fetuses, two basic types of dose–response curve were
distinguished. After irradiation on day 7 postconception, the curves for defects to
the skull, sternum, and ribs gradually attained a steeper slope, and a similar con-
tinuous curvature applies to skull and sternum after irradiation on day 10 post-
conception. However, a marked inflection point was seen in the curves for vertebral
defects on both days of irradiation as well as in the curves for defects to the ribs,
legs, shoulder girdle, and pelvis after irradiation on day 10 postconception. The
abrupt increase of vertebral defects appeared when doses greater than 0.25 Gy were
given on day 7 postconception, whereas all inflection points observed after irradia-
tion on day 10 postconception were shifted to doses of 1.25–1.50 Gy.
(59) Konermann (1982) used these data in order to establish more general

dose–effect curves. Seemingly contradictive evidence was found if an anatomically
undifferentiated tabulation of the most severe malformation per fetus was made on
the one hand, or, on the other hand, the remaining portion of normal fetuses
(including smaller variations) was scored (see Figs. IX and X in UNSCEAR, 1986).
As visualised on a logarithmic plot of the severely malformed fetuses, the spontaneous
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incidence of 0.6% increased by a factor of 3 after exposure to 0.05 Gy on day 7
postconception. Only malformations of the skull and the cervical vertebra con-
tributed to this. Exposure to 0.125 Gy on day 10 postconception was ineffective,
while 0.25 Gy doubled the spontaneous malformation rates at this stage. However,
from a linear plot of the remaining portion of normal fetuses, pronounced shoulder
curves with steeper inclination for exposure on day 7 postconception than for
exposure on day 10 postconception were derived. All curves (including the flat curve
for exposure on day 13 postconception) showed clear thresholds for transcending
the control level in their initial parts, i.e. at about 0.35, 0.9, or 1.1 Gy. A detailed
analysis of organ-specific defects revealed that the initial increase of normals above
control level was due to radiation-induced stabilisation of the naturally variable rib
and sternal segments by which other deviations were numerically overcompensated.
(60) Malformations appear to be a complex criterion for the evaluation of devel-

opmental effects, particularly in the low dose range. Most experimental data basi-
cally fit sigmoid or shoulder-type curves, indicating thresholds as expected for
multicellular, i.e. deterministic, effects (cf. Müller et al., 1994). The position of
thresholds for the multitudinous teratogenic phenomena is, however, a matter of
controversy. Mole (1992) attributed detailed criticism to most entries on low dose
effects cited in UNSCEAR (1977), and also to more recent findings. For teratogenic
effects in implanted embryos, he postulated thresholds in the range of 0.40–2.0 Gy
after acute x-ray exposure. This is in agreement with older studies in which higher
doses were used, and is also consistent with the position of the shoulder region or
the inflection points in the dose–response curves mentioned. However, even if it is
conceded that genetic predisposition of some animal strains or methodological
shortcomings may interfere, evidence of malformations found at considerably lower
doses, i.e. within a dose range of 0.05–0.25 Gy, cannot be ignored.
(61) Major sources of disagreement arise obviously from: (i) neglect of individual

variability as a basic phenomenon in all organisms including man; and (ii) the way
in which teratogenic effects are evaluated. Discontinuity of the initial part of survi-
val curves has been attributed to predisposition to radioresistance (see above), and
the occurrence of malformations likewise indicates less morphogenetic stability of
subcohorts (cf. Knauss, 1978; Tribukait and Cekan, 1982). It can be anticipated that
these phenomena will not become overt unless complete dose–response series with
substantial observation numbers are referred to. The second point concerns the
mode of evaluation. Skeletal malformations have mainly been related to the total
number of surviving fetuses, neglecting spontaneous resorption rates of 10–20% of
embryos that are normally included in the evaluation of external malformations.
This implies a marked shift in the respective reference levels by which smaller effects
may be masked. Moreover, the manifestation of malformations is also affected by
embryonic death according to dose and developmental stage (Konermann, 1987).
Early embryos with gross inductive effects are thus more likely to be resorbed than
locally malformed older embryos (Friedberg et al., 1987). Selection effects interfer-
ing with the manifestation of malformations have received only scant attention up to
now. Corollaries like these can be taken into account by plots of the remaining
portion of normal fetuses related to the respective total implantation number. All
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types of damage are thus reflected in general terms (Fig. 3.3). After exposure to
acute x rays, corresponding dose–effect curves exhibit shoulders preceded by a flat
section below the control level. In the case of neutron exposure, steeper curves
without shoulders are obtained (see below).

Growth responses
(62) It must not be overlooked that the large amount of data on weight deviations

during the perinatal stage only refer to a momentary growth status. Brent and Jensh
(1967) took this into account when they defined intra-uterine growth retardation as
‘the failure of a fetus to maintain its expected growth potential at any gestational
age’. Moreover, radiation-induced deviations in organ and body growth fluctuate
and reflect an age-dependent interaction between retardation and compensatory
processes, even overlapping the postnatal growth period (Konermann, 1976b).
Organismic influences may be involved in retardation effects, but the main mechan-
ism of action is likely to be cell loss (Brent and Gorson, 1972). As a rule, compen-
sation for cell loss is more likely when exposure occurs earlier in development,
whereas regenerative capacity diminishes as differentiation proceeds. Concomitant
Fig. 3.3. Live fetuses without external defects (%) in mice on day 18 postconception (p.c.) after acute

exposure to x rays or neutrons on days 7 or 10 p.c. Percentages are related to the total implantation

number of each group (Konermann, 1987 with permission from Elsevier).
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with incomplete cell substitution, topographically normal but overall retarded
organs or fetuses are ‘reconstituted’ (Rugh, 1962, 1963; Balla et al., 1983).
(63) Among the earliest quantitative studies in growth retardation are those of

Russell (1950), who found (in neonatal mice) that the strongest effects after exposure
occur during advanced organogenesis, i.e. on days 10.5–11.5 postconception. Doses
between 2.0 and 4.0 Gy evoked weight loss of 0.22 g/Gy (normal weight of newborns
is about 1.4 g). After lower doses (0.5–2.0 Gy), the highest relative effectiveness to
induce fetal weight loss was observed during this phase (Kriegel et al., 1962; Kriegel,
1965). Further studies in mice and rats have shown that doses of 1.0–1.5 Gy may
cause growth retardation at any stage after implantation, but the phase of highest
sensitivity is not unanimous. Sikov et al. (1969) irradiated rats on day 10 post-
conception with doses of 0.2 or 1.0 Gy and with 0.5 or 1.85 Gy on day 15 post-
conception. Birth weight was reduced in all groups with the exception of 0.2 Gy, but
postnatal growth was only reduced in rats irradiated on day 15 postconception.
Maximum reduction in birth weight together with the highest possible survival rates
was achieved in other experiments with rats after exposure to 2.2 Gy on day 18
postconception (Murphree and Pace, 1960; Martin and Murphree, 1969). In con-
trast, Brent (1977) assumed that rats reach highest sensitivity between implantation
and the period of major organogenesis when a dose of 1.5 Gy was applied. Doses of
low-LET radiation below 0.3 Gy were not found to affect growth. In view of
induction phases, Rugh et al. (1964) performed the most comprehensive study in
growth retardation when exposing mice to 1.0 Gy every day between conception and
birth. Within an observation period of 4 months after birth, decreased body weight
was most pronounced after treatment on day 12 postconception in females and on
day 13 postconception in males. The predominant pattern of phase dependency with
the highest sensitivity during late organogenesis does not exist after considerably
higher doses. Nash and Gowen (1962) observed maximal growth retardation in 40-
day-old mice when exposures up to 3.0 Gy were given on days 6.5, 17.5, 14.5, or 10.5
postconception. The sequence of the exposure days corresponded with the degree of
retardation observed.
(64) There are only a few studies with a more or less complete dose–response ser-

ies. Konermann (1982) exposed mice to doses of 0.05–3.0 Gy at various stages
between days 2 and 13 postconception and determined growth responses in fetuses
near term. Approximately linear relationships between weight loss and doses
exceeding 0.5 Gy were established for the different exposure days. Of particular
interest was the difference observed in the slopes of these curves, since the gradation
was opposite to the discussed susceptibility to lethality and gross induction defects.
Exposure on days 5, 7, or 8 postconception thus led to a lower weight loss than
exposure on day 13 postconception. The greatest weight loss observed after expo-
sure on days 10 or 11 postconception, consistent with the majority of phase-depen-
dent retardation effects cited above. Remarkably, a slight increase in fetal weight
occurred in animals irradiated with doses below 0.5 Gy on days 2–8 postconception,
and this weight increase was even more pronounced after exposure to 3.0 Gy on day
2 postconception. In this connection, two different phenomena of growth stimula-
tion have been discussed (Konermann, 1987). Nutrition-dependent overgrowth is a
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well-known phenomenon when litter sizes are greatly diminished in earlier embry-
onal stages (Schlesinger and Brent, 1978). Radiation-induced growth stimulation
independent of litter sizes may, however, occur at the low dose range. It was thus
possible to differentiate these effects in mice after continuous gamma irradiation
with 0.1 Gy/day (Konermann, 1969b). Similar findings were reported by Jacobson
(1965). He observed both increased and lowered birth weights with differing litter
sizes after acute irradiation of mice, although the experiments were limited to day
7.5 postconception and to doses of 0.05, 0.2, and 1.0 Gy. The partial overshoot in
growth (even after birth) was attributed to interactions between genetically condi-
tioned processes of regeneration and nutritional factors.
(65) Apart from the peculiarities at lower doses, dose–response curves nearing

linearity seem to prevail in retardation effects, contrasting with shoulder-type or
sigmoid curves found for lethality or malformations. Data obtained from the
experiments with rodents indicate a threshold for total body growth retardation or
persistent stunting at about 0.25 Gy given at higher dose rates. The assumption of a
threshold is further supported by overgrowth phenomena that, at similar dose levels,
may occur without interference of nutritional factors.

3.2.2. Modification of short-term effects

(66) The vast majority of experimental investigations on short-term effects have
been carried out after acute x irradiation under standard conditions (tube voltage
150–250 kV, dose rate about 0.5 Gy/min). However, from both scientific and
radioprotection perspectives, questions of effect modification by the radiation qual-
ity or the temporal dose distribution have attracted increased attention. Modifica-
tion of developmental effects related to different types of radiation, i.e. the RBE,
were mainly studied after acute exposure to neutrons. Studies of dose-rate effective-
ness factors (DREF) referred mainly to dose-fractionation experiments with x rays
or to continuous exposure to gamma rays.

RBE effects after neutron irradiation
(67) Cell-inactivation curves in vitro usually show a shoulder after low-LET irra-

diation in the initial part, but curves near overall linearity after high-LET irradia-
tion. The formation of a shoulder generally indicates repair and recovery processes
which do not occur after high-LET radiation (Hall, 1973; Hug, 1974). Accordingly,
radiation quality may also modify developmental effects. However, it must not be
overlooked that these are manifested at a non-comparable higher level of biological
organisation than basic cellular responses.
(68) Several experiments with rodents led to the determination of RBE values for

teratogenic effects in utero. Cairnie et al. (1974) compared the effects of acute
gamma irradiation with those of neutrons in mice at various stages of development
in terms of embryonal lethality and different morphological responses. They found
RBE values between 2 and 3 but found no differences in the types of response. In
contrast, Solomon et al. (1994) concluded from irradiation experiments with rats on
day 9.5 postconception that neutrons, at least in part, evoke qualitatively and
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quantitatively different effects than x rays (after neutrons, more offspring have very
low body weight, but a lower incidence of malformations). In this study, the com-
prehensive tabulation of embryotoxic effects was not used for the calculation of
RBE values, although it was stated that comparable effects were produced after
neutron doses of more than 0.2 Gy or after x-ray doses of more than 0.96 Gy. Di
Majo et al. (1981) performed irradiation experiments with mice on day 7.5 post-
conception with doses up to 0.47 Gy neutrons and up to 2.0 Gy x rays. The shoulder
region of survival curves on day 18.5 postconception was comparatively less pro-
nounced after neutron irradiation, resulting in an RBE value of about 3 at 10%
lethality. RBE values derived from the frequency of malformations reached values
up to 3.4. The experiments of Friedberg et al. (1987), also with mice, were related to
both phase- and RBE-dependent effects using parameters such as exencephalia,
anophthalmia, and prenatal lethality. Single exposures up to 0.39 Gy of 1.2 MeV
neutrons or up to 1.6 Gy of x rays, given between days 7 and 8 postconception,
evoked changes of response within time intervals of only 4 h; this had not been
reported previously to this extent. From the dose–response series performed on day
8 postconception (0.19–0.48 Gy neutrons, 0.4–2.0 Gy x rays), RBE values of about 4
for exencephalia at 20% incidence, of about 3 for anophthalmia at 10% incidence,
and of about 4.5 for prenatal lethality at 50% incidence can be derived. Konermann
(1987) established dose–response curves for the remaining portion of externally
normal mouse fetuses after exposure to x rays or 6 MeV neutrons on days 7 and 10
postconception (see Fig. 3.3), and curves for the remaining portion of fetuses with-
out skeletal defects. At the level of 50% externally normal fetuses (related to the
total implantation number), RBE values for exposure on days 7 or 10 postconcep-
tion were 2.7 and 2.8, respectively. Corresponding RBE values for skeletal defects
(related to the total number of live fetuses) were 1.6 and 2.9. RBE values for these
and other developmental effects are compiled in Table 3.1. Most values refer to
medium levels of response. The mean of the RBE values listed in the table is 3.65.
Table 3.1. RBE values (150–250 kV x rays/fast neutrons) for pre- and postnatal developmental defects in

mice (from OECD, 1988). p.p., post partum
Phenomena observed
 Stage during

exposure
Stage of

observation
Dose level (x rays) level

of response
RBE
Formation of micronuclei
 Cleavage
 Morula
 0.05 Gy
 7.4
Cleavage
 Morula
 1.00 Gy
 1.8
Early embryonic death
 Pronucleus
 Pre-implantation
 1.00 Gy
 4.5
Lethality in utero
 Early organogenesis
 Perinatal
 Up to 2.00 Gy
 3.0
Malformations (external)
 Early organogenesis
 Perinatal
 Up to 2.00 Gy
 3.4
Malformations (skeletal)
 Major organogenesis
 Perinatal
 50% malformed
 2.9
Remaining normal fetuses
 Major organogenesis
 Perinatal
 50% dead or malformed
 2.8
Fetal weight deficit
 Major organogenesis
 Perinatal
 0.2 g underweight
 3.0
Bodyweight deficit
 Early fetogenesis
 Pre-adult
 10% underweight
 4.0
Brain
 Early fetogenesis
 Pre-adult
 30% underweight
 4.0
Myelin density loss
 Early fetogenesis
 2 weeks p.p.
 10% density loss
 4.0
Cross-section of neocortex
 Early fetogenesis
 Pre-adult
 10% reduction
 3.0
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Time–dose relationships
(69) Cellular repair and recovery processes as indicated by shoulder formation in

low-LET cell-inactivation curves are further promoted when radiation is distributed
over a prolonged period. As shown below, this basic rule is consistent with most
findings in radio-embryological studies. However, specific temporal patterns of dose
distribution may also lead to increased developmental damage. After short-interval
fractionation (3�1.0 Gy every 30 min) on day 9.5 postconception, Auerbach (1956)
observed spina bifida and coloboma at a higher degree than after a single dose of 3.0
Gy in mice. Sikov and Lofstrom (1961) described sensitisation phenomena in rats
after pretreatment with 1.1 Gy on day 6 postconception and consecutive exposure to
various doses on day 9 postconception. Sensitisation was observed for embryonic
lethality, weight depression, and eye defects but was absent in maxillary changes.
Inverse dose-rate effects were attributed to a cell-cycle block of embryonal cells in
G2 and M phases by Tribukait and Cekan (1982). They exposed mice to a single
dose of 1.75 Gy on day 9 postconception or to split doses at intervals of 15 min to 8
h. The incidence of malformations and resorptions increased with fractionation
intervals between 2 and 4 h, but it was lower at other intervals. Continuous x irra-
diation with the same total dose led to relatively higher rates of resorption and
malformations of spine and ribs, but external and ocular malformations were
unchanged. Irregular or limited dose-rate responses were also observed in the post-
natal manifestation of ocular malformations (Strange and Murphree, 1972) and of
biochemical effects on the brain (Martin, 1971a,b, 1977). The dose protraction
experiments of Beckman et al. (1994) revealed a lack of dose-rate effects under high-
LET conditions (14.1 MeV neutrons). After exposure of rats on day 9.5 post-
conception to a single dose of 0.75 Gy, there were no significant changes in the
incidence or pattern of embryotoxicity (intra-uterine death, malformations, very low
body weight) when the dose rate was increased from 0.10 to 0.50 Gy/h.
(70) Nevertheless, in the vast majority of studies, reduction of effects with dose

protraction or fractionation has been found after low-LET radiation. Evidence is
most obvious in studies that allow direct comparison of dose-rate effects within
uniform experimental series. Russell et al. (1960), using mice, compared the effects
of continuous gamma irradiation with 2.0 Gy accumulated during the first two
embryonic weeks, and of daily acute fractions of the same total dose, with the effects
of acute exposures to 2.0 Gy given at one of seven stages during this period. Phase-
specific malformations with high incidence were observed after acute exposure,
whereas continuous or fractionated irradiation were ineffective with the exception of
shortening of the breeding period of females. Rugh and Grupp (1960), performing
split-dose experiments with mice (0.5 Gy single dose or two equal fractions between
days 0 and 8.5 postconception), observed a lower incidence of exencephalies and
fetal deaths after fractionation intervals of more than 4 h. Brizzee et al. (1967) stu-
died anatomical defects in the rat brain after various fractionation schedules within
a 12-h period on days 13.5 and 14 postconception. On day 19.5 postconception,
residual damage to the olfactory bulb, striatum, ependymal, and cortical layers was
most expressed after acute irradiation with 1.5 Gy. Damage decreased progressively
when two equal fractions of this dose were given within 1- to 12-h intervals. The
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severity of histological alterations also decreased progressively as the number of
exposures was increased from two to nine fractions. It was concluded that the degree
of damage depends on the size rather than the number of individual fractions.
Similar results of later studies on this aspect (Brizzee and Brannon, 1972; Brizzee et
al., 1975) are supplemented by the observation that there is an inhibition of recovery
processes in the fetal brain within an interval of 6 h induced by a hypothermia–
hypercapnia treatment. Brent (1971) exposed 9.5-day-old rat embryos to 1.5 Gy x
rays at dose rates of 1.0, 0.34, 0.015, and 0.005 Gy/min and found an inter-related
reduction of growth retardation and malformation incidence concomitant with
protraction. A remarkable observation was the absence of at least five frequent types
of malformation at the lowest dose rate.
(71) Dose–response curves established after acute, fractionated, and continuous

irradiation during organogenesis were combined by Konermann (1976a, 1987) in
order to compare levels of effects (normal mouse fetuses near term as percentage of
implantations). The curves obtained after acute exposure to x rays on days 7, 9, 10,
and 12 postconception served as reference curves for those obtained after daily
fractionated x irradiation from days 5–12 postconception or after continuous
gamma irradiation during the same period. The most striking feature of this
comparison was a shift of the shoulder region of the curves from a dose range of
about 1.0–1.5 Gy after acute exposure to 4.8 Gy after fractionated exposure and 6.4
Gy after continuous exposure. DREFs were determined by comparing the total
doses at which 40% of fetuses remained normal following acute, fractionated, or
continuous irradiation at similar postconception ages. For acute exposures at
days 7, 9, 10, and 12 postconception, the 40%-level doses were 1.37, 1.76, 1.62, and
1.30 Gy, respectively, which gives a mean of 1.51 Gy. For daily fractionation
or continuous exposure, the 40%-level doses were 5.9 and 8.2 Gy, respectively.
Thus the DREFs were 3.9 and 5.4 for the fractionated and continuous exposures,
respectively.
(72) The importance of dose rates is further supported by comparisons of inde-

pendently performed experiments with high or low dose rates. Acute exposures to
0.10–0.25 Gy were assumed to be in the lower range of teratogenic doses (see above),
and corresponding doses may thus be chosen as a rough reference level. Opposed to
this level, Coppenberger and Brown (1965) reported that even a total dose of 10.0
Gy distributed over the entire prenatal period did not impair the survival of rat
fetuses, although they were retarded. Brent (1971), reviewing the literature on low
dose effects in rodent embryos, stated that irradiation throughout pregnancy with
dose rates of less than 0.05 Gy/day is not measurably deleterious to the surviving
offspring. This statement is consistent with findings of Kriegel (1965), who exposed
mice from days 1–18 postconception to daily fractionated x irradiation (0.025–0.6
Gy/day) or to continuous gamma rays (0.2–1.20 Gy/day). With regard to resorp-
tions, malformations, and retardations, only marginal effects were observed after
daily x-ray fractions of 0.1 Gy and the same applied to daily gamma doses of 0.2 Gy
(total doses of 1.80 or 3.60 Gy, respectively).
(73) Under similar experimental conditions, Konermann (1968, 1969a, 1970) sub-

divided the exposure periods into blastogenesis, organogenesis, and fetogenesis or
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into different combinations of these periods. During all exposure periods, the
remaining portion of normal fetuses (percentage of implantations) was not sig-
nificantly changed after fractionated x irradiation with doses up to 0.1 Gy/day.
After higher doses, phase-related patterns of sensitivity were expressed in a way that
resorptions were very prevalent when the period of blastogenesis was included dur-
ing treatment. When irradiation started with organogenesis, the incidence of mal-
formations (percentage of live fetuses) remained relatively low after fractionated
exposure not exceeding 0.4 Gy/day, but increased abruptly after 0.6 Gy/day. The
observation of a relative decrease of malformations after exposure throughout
pregnancy was attributed to embryonic selection, i.e. to increased prenatal lethality
interfering with the manifestation of malformations. Based on gross effects such as
malformations and lethality, the fetal period (days 14–18 postconception) turned out
to be very radioresistant, even after doses of 0.6–0.8 Gy/day. Additional experi-
ments were performed with continuous gamma irradiation but exposures were lim-
ited to single prenatal periods (Konermann, 1969b). According to this study, daily
doses of at least 0.2 Gy (1.0 Gy total dose) were presumed to induce macroscopic
effects during blastogenesis. Gross damage including skeletal defects was not
obvious unless daily doses of 0.8 Gy (6.4 Gy total dose) were administered during
organogenesis.
(74) To sum up, the majority of observations on pre- and perinatal damage indi-

cate less teratogenic effects when the dose rate of low-LET radiation is lowered by
fractionation or protraction. Sensitisation effects due to specific interference with the
cell cycle by short-term fractionation or protraction are likely to represent excep-
tions. Dose-rate effects appear to be further promoted by extension of exposure
times from specific developmental phases to main phases or to the total period of
prenatal development. However, the examples given for this should be interpreted
with caution. In these cases, it is difficult to decide how much time-factor effects
depend upon recovery phenomena or upon the temporal interference of the expo-
sures with the sequence of developmental processes. The latter means that the por-
tion of dose committed during a specific developmental step is possibly too low to
cause significant damage and the same could apply to subsequent steps. Further
implications arise from the extent as to which different phenomena of damage are
modified by the temporal dose distribution. Even under uniform experimental con-
ditions, various types of malformation may reflect diverging dose-rate responses.
Effect-related divergences are also expressed by the shoulder curves for morpholo-
gically normal fetuses in comparison with less inclined curves for growth retardation
of the same animals. Thus, developmental dose-rate effects cannot be assessed ade-
quately in general terms.

3.3. Summary

(75) Transfer of experimental results to radioprotection in man is based mainly on
radio-embryologic studies with rodents (mice and rats). The main categories of pre-
natal radiation effects observed after exposure during organogenesis or fetogenesis
are embryonic or fetal death, malformations, and growth retardation.
ICRP Publication 90
38



(76) Lethality in utero reaches a maximum after exposure to acute low-LET
radiation on day 7 postconception in mice, and 1 day later in rats, corresponding to
day 16 postconception in humans. As a rule, embryonic or fetal lethality after
irradiation between days 5–10 postconception fits dose–response curves of a
shoulder type with thresholds in the dose range of 0.05–0.5 Gy. Periods of enhanced
sensitivity to malformations are: (i) during the formation of the early body axis
and the neural tube (mainly induction defects associated with high lethality); and
(ii) during the subsequent period of major organogenesis, when organ-specific
defects prevail. The latter reach a maximum after exposure on days 10–11 post-
conception in mice, and 1–2 days later in rats, corresponding to days 29–32 post-
conception in humans. Although there are discrepancies in the assessment of
dose–response relationships, complete dose–effect series with sufficient animal
numbers show prevalence of sigmoid or shoulder-type curves for various external
and skeletal malformations. Thresholds (specifically for skeletal malformations due
to induction defects) become evident within the dose range of 0.05–0.25 Gy.
Expression of thresholds may be influenced by less morphogenetic stability of
subcohorts or by genetic predisposition. Dose–response curves established for
growth retardation (weight loss of rodents near term) near linearity for various
exposure days after implantation, when doses of more than 0.25 Gy are applied.
Opposed to lethality and malformations, the highest sensitivity to fetal weight loss
is reached during advanced organogenesis. Phase dependency of growth retard-
ation is less uniform in the high dose range. Many observations indicate thresholds
for growth retardation at doses of about 0.25 Gy when given during the more
sensitive stages of development, and at doses of about 0.5 Gy when given during
the less sensitive stages of development. The existence of thresholds is further
confirmed by phenomena of overgrowth observed below the respective threshold
ranges.
(77) Influences of radiation quality and temporal dose distribution represent the

main modifying factors for developmental radiation damage.
(i) Dose–response curves with a shoulder are observed for various teratogenic

effects after low-LET radiation. However, after high-LET radiation, curves are
comparatively steeper and do not have a shoulder. With regard to medium levels of
effects found for intra-uterine lethality, malformations, and growth retardation,
RBE values in the vicinity of 3.0 were obtained, specifically after exposure to
neutrons.
(ii) With a few exceptions, experiments with rodents revealed an inter-related

reduction of lethality, malformations, and growth retardation concomitant with the
degree of dose protraction or fractionation. Pronounced extension of temporal dose
distribution reduces the severity of teratogenic effects and may exclude the induction
of certain types of malformation observed after acute exposure. Different experi-
ments indicate that irradiation given throughout pregnancy with exposure rates of
less than 0.05 Gy/day is not measurably deleterious to the surviving offspring. At a
medium level of damage, DREFs of 4 or 5 were derived when different teratogenic
effects observed after fractionated or continuous exposure during organogenesis
were compared with corresponding effects after acute exposure.
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Ablauf der Gravidität. Münch. med. Wochenschr. 10, 452.

Hug, O. (1974)Medizinische Strahlenkunde. Springer-Verlag, Berlin, Germany.

ICRP (2000) Pregnancy and medical radiation. ICRP Publication 84. Ann ICRP 30.

Jacobsen, L. (1965) Low-dose embryonic X-irradiation in mice and some seasonal effects in the postnatal

period. Radiat. Res. 25, 611–625.

Jacobson, L. (1968) Low-dose X-irradiation and Teratogenesis. A Quantitative Experimental Study with

Reference to Seasonal Influence on Dose Effects. Munksgaard, Copenhagen, Denmark.

Kameyama, Y. (1982) Low-dose radiation as an environmental agent affecting intrauterine development.

Environ. Med. 26, 1–15.

Kato, H. (1971)Mortality in children exposed to the A-bombs while in utero, 1945–1969. Am. J. Epidemiol.

93, 435–442.

v. Klot (1911) Die Unterbrechung der Schwangerschaft durch Röntgenstrahlen. Inaugural Dissertation,

München, Germany.

Knauss, G. (1978) Dosiswirkungsbeziehungen bei embryonalen Strahlenschäden am Beispiel des Skeletts der
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verschiedenen Hauptphasen der Keimesentwicklung. Strahlentherapie 137, 214–230.

Konermann, G. (1969b) Die Keimesentwicklung der Maus nach Einwirkung kontinuierlicher
60Co-Gammabestrahlung während der Blastogenese, der Organogenese und der Fetalperiode.

Strahlentherapie 137, 451–466.
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4. AETIOLOGY OF EFFECTS DURING BRAIN DEVELOPMENT

(78) Over the last two decades, more epidemiological and experimental evidence
has reflected a change of developmental risk research from a concentration on intra-
uterine effects to consideration of postnatal endpoints (Sikov and Mahlum, 1969;
NCRP, 1977; UNSCEAR, 1977, 1986, 1993; ICRP, 1986; SSK, 1989). The latter
applies specifically to the brain, where pronounced sensitivity to long-term damage
is retained during prolonged cell formation and maturation processes. As outlined in
Section 3.2.1, the types of inducible postimplantation damage shift from gross mor-
phogenetic (organogenetic) to cell-specific (histogenetic) effects as the basic organo-
genetic processes near completion. Associated with this is a concurrent tendency for
the redistribution from acute lethal effects (embryonic selection) to non-lethal effects
(see Fig. 3.1). It has, however, proved to be unjustified to regard morphogenetic
stabilisation during advanced intra-uterine development as a general increase in
resistance. Diminished flexibility resulting from advancing differentiation promotes
the manifestation of long-term effects on postnatal growth, maturation, and func-
tion (OECD, 1988). Ultimately, damage may be manifested in relatively more cases
than after earlier exposures causing pronounced embryonic selection. Prevalence of
brain retardation and neurofunctional damage observed in atomic bomb survivors
or in the ‘historical’ cases after clinical exposure is in line with these considerations, as
well as the paucity of gross teratogenic damage observed after birth (see Section 3.1).
(79) Major problems inherent in risk estimates arise from the fact that develop-

mental effects in man are diagnostically difficult or impossible to determine. Above
all, dose-related data elucidating the aetiology of long-term effects are very limited.
Furthermore, adequate risk estimates can not obtained without knowledge of the
way that effects are induced and interfere with subsequent developmental processes
before they reach endpoints. Schull and Otake (1999) referred to the present situa-
tion with the statement that ‘it seems most unlikely that the epidemiologic data will
ever provide a compelling answer to the question of whether a threshold does or
does not exist’, and, beyond this question, they considered that experimental and
molecular studies would be the only way to find answers.
(80) Indeed, model experiments with mammals have broadened our understanding

of the manifestations of long-term damage. In order to systematise the diverse phe-
nomena of experimentally induced brain damage, a general concept of an effect
transfer has been developed (Konermann, 1987, 1992a). The basic idea of this con-
cept is that developmental disturbances reflect chains of responses going along with
the natural course of development. As long as lethal doses are avoided, a transfer of
effects occurs from the substrate present at the time of exposure to cells or tissues
formed later. The response chains arising as a result of this can interfere with a
variety of compensatory responses. With advancing development, both the dama-
ging events as well as concurrent compensatory responses are shifted to higher levels
of biological organisation. Endpoints are, therefore, unlikely to be reached before
organs have achieved structural and functional maturity. Response chains with
hierarchical levels of effects are particularly expressed during the complex and pro-
longed genesis of the brain (Fig. 4.1).
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4.1. Basic features of cerebrogenesis

(81) In a detailed chronology of brain development, Rodier (1980) pointed out
that the bulk of neuron proliferation in mice occurs after embryonic day 12 (E12),1

when the critical period for gross embryonic malformations has passed. At this time,
sequential (and partly overlapping) waves of cell formation start in different brain
stem structures, they reach further peaks during fetal corticogenesis, and continue
postnatally in the cerebellum, the olfactory bulb, and the dentate gyrus. Altman and
Bayer (1995) described homologous cell formation processes for the rat brain and
correlated them with the main sources of neuronal cell production, i.e. the primary
(periventricular) germinal matrix giving rise to macroneurons, and the secondary
(subventricular) germinal matrix giving rise to microneurons and granule cells dur-
ing more advanced stages.
(82) From the rule of Bergonié and Tribondeau (1906), cell inactivation corre-

sponding to these age-dependent patterns of cell formation should represent the
main principle of action. However, in the neuronal matrix, cell formation and
migration interfere such that responses to radiation cannot be described sufficiently
in terms of the classical cell inactivation hypotheses. Coupling of cell formation and
migration attains its highest degree of complexity during the origin of the neocortex,
and leads to an outstanding degree of radiosensitivity. The aetiology of cortical
damage remains unintelligible without knowledge of these developmental processes.
Thus, normal corticogenesis will be discussed first.
Fig. 4.1. Transfer of irradiation effects during brain development and compensative responses (modified

from Konermann, 1992a with permission from Elsevier).
1 In contrast to teratological studies in which developmental timing is mainly related to days post-

conception, embryonic days (E) or postnatal days (P) are usually preferred in neurodevelopmental studies.
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(83) After decades of research, the general consensus is that the mammalian cortex
has a dual origin (Marin-Padilla, 1978, 1992; Raedler and Raedler, 1978; Bayer and
Altman, 1990; Wood et al., 1992; Allendoerfer and Shatz, 1994). Corticogenesis
begins with the formation of a preplate, the primordial plexiform layer. The pre-
plate, containing the earliest generated cortex neurons, splits into two zones as neu-
rons of the future cortical plate intercalate in its middle part. Thus, an outer zone,
termed the marginal zone (the future cortex layer I), and a deeper zone, termed the
subplate, are formed. The majority of early marginal zone and subplate cells repre-
sent transient populations. Nevertheless, it is assumed that these pioneer cells and
early incoming fibres provide a framework that mediates connections between sub-
cortical and cortical structures, and supports correct cortical layering (McConnell et
al., 1989; Ignacio et al., 1995).
(84) After formation of the preplate (E12.5 in mice, 2 days later in rats, embryonic

week 8 in man), the cortical plate arises as a much more prominent structure. In
contrast to the loose horizontal network found in the marginal zone and the sub-
plate, radially oriented cell formation and migration patterns prevail in the anlage in
which the cortical plate is formed. Initially, the total cortical mantle shows: (i) a
proliferation compartment with the ventricular and the subventricular zone; and (ii)
a migration compartment with the intermediate zone and the marginal zone
(Fig. 4.2a). At the inner borderline of the marginal zone, migratory cells accumulate
to form the future cortical plate as described below.
(85) Takahashi et al. (1994, 1995a,b, 1996a,b), using mice, presented details of cell

formation and migration processes within these zones. They distinguished a primary
pool of ventricular cells, giving rise to all neocortical neurons and early glia cell
lineages, and a secondary cell pool in the subventricular zone forming glia cells
alone. These cell pools, although overlapping in the border area of the ventricular
and subventricular zone, show a different interkinetic behaviour during their cell
cycle. In contrast to the stationary subventricular cells, the primary ventricular cells
perform an interkinetic migration. ‘Elevator movements’ occur in a way that cells,
aggregated during S phase at the inner ventricular and adjacent subventricular zone,
migrate towards the ventricle during G2 phase and perform mitosis at the ven-
tricular border. To some extent, daughter cells formed here enter G1 phase and
migrate back to the site of DNA synthesis in order to begin a new cell cycle. The
interkinetic cell movement towards the ventricular border is shown in Fig. 4.3a–c.
Figure 4.2a shows the cell positions at the end of one interkinetic cycle.
(86) Other remigrating cells do not enter a further cell cycle, but become post-

mitotic and start cortical cell migration that is directed on the opposite side to the
pial surface. These cells leave the proliferation compartment, traverse the inter-
mediate zone in the migration compartment, and settle down in the future cortical
plate. Different waves of migratory cells emerge (Fig. 4.2b,c). Cortical cell deposi-
tion occurs with an ‘inside-out’ gradient by which the inner cortical neurons are
deposited first. Later formed cells are distributed to progressively more superficial
cortical layers. This principle of inverse layering has proven generally valid in
mammals and inman (Sidman et al., 1959; Berry andRogers, 1965; Hicks andD’Amato,
1968; Sidman and Rakic, 1973; Caviness, 1982; Goffinet, 1984; Bayer et al., 1991).
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(87) Even more challenging questions are how cortical cells find their proper
position and how the cortical parcellation of the different brain areas is achieved.
McConnell (1988, 1989) argued that there is a correlation between a neuron’s
‘birthdate’ and its ultimate laminar fate. Decision making for the commitment to a
laminar identity was assumed to occur at or around the time of the last mitosis, i.e.
prior to the cortical cell migration. Based on detailed studies in primates, Rakic
(1982, 1988a,b,c, 1990) related the specification of cortical areas to a mosaic of
Fig. 4.2. Binary picture of the cortex anlage of mice restored by microscopic image analysis after labelling

of proliferative neuronal cells with BrdU on early embryonic day 13 (E13). Single labelled cells as well as

fields with condensed labelled cells are white. The ventricular border is on the left, and the pial border is

on the right. The proliferation compartment includes the ventricular zone and the subventricular zone; the

migration compartment includes the intermediate zone and the marginal zone or the future cortical plate.

Gravity co-ordinates of labelled fields are marked with a black cross. (a) E13, 12 h after BrdU injection:

labelled cells aggregated in a field within the subventricular zone, partly overlapping with the ventricular

zone. Single cells in the intermediate zone represent early postmitotic migratory cells. (b) E14, 24 h after

BrdU injection: single migratory cells approach the marginal zone, a first wave of migratory cells is con-

densed in the lower intermediate zone. (c) E14, 36 h after BrdU injection: two waves of migratory cells are

condensed in the intermediate zone. Increasing numbers of single migratory cells form the early cortical

plate (from Konermann,1998, unpublished).
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proliferative units in the ventricular zone from where migratory cells move along a
scaffold of extended radial glia cell processes. These genealogically related neurons
form radially arranged ontogenetic columns when they bypass each other in the
cortical plate. Coherent radial units arising in this way were regarded as a ‘proto-
map’ for the cortical parcellation that is refined later. Although radial arrangement
seems to prevail during early corticogenesis, other streams of cell commitment have
been found. Herrup and Silver (1994) provided evidence that both radial (pattern
preserving) and tangential (pattern blurring) cell movements occur. Altman and
Bayer (1990a,b) differentiated a vertical from a horizontal compartmentation of
germinal matrix patches in the early rat cortex. In a subsequent paper, Bayer et al.
(1991) analysed migration pathways for different cortical areas and arrival times of
cortical cells (radial route 2 days, lateral route 3 days, ventrolateral route 4 days,
lateral cortical stream 5 days or longer). Similarly, Austin and Cepko (1990) asso-
ciated patterns of radial and tangential cell dispersion with the formation of differ-
ent cortical areas. Although cell movement paralleled the distribution of radial glia
fibres in all areas, a marked ramification of migratory streams became evident.
(88) Steering of migratory movement is necessarily associated with cell position-

ing. Rakic (1990) related these processes primarily to an interaction between neigh-
bouring cells and differentiated gliophilic migration (mainly in the neocortex and
hippocampus), neurophilic migration (in brain stem nuclei), and biphilic migration
(in the cerebellum). However, in a subsequent study, it was stated that the final
destination of migratory cells ‘requires the orchestration of multiple molecular
Fig. 4.3. The interkinetic cell movement in the cortex anlage of mice on E13. Binary pictures restored by

microscopic image analysis after labelling of proliferative neuronal cells with BrdU. Single labelled cells

and fields with condensed labelled cells are white. The ventricular border is on the left, and the pial border

is on the right. Gravity co-ordinates of labelled fields are marked with a black cross. (a) 1 h after BrdU

injection: labelled cells are mainly aggregated in a field within the subventricular zone (SV). (b) 3 h after

BrdU injection: the field of labelled cells is shifted to the ventricular zone (V); single labelled cells are

shifted in the same direction, or remain within the subventricular zone. (c) 6 h after BrdU labelling: an

enlarged field of labelled cells nears the ventricular border where mitosis takes place. After completion of

one mitotic cycle (12 h), labelled cells move back to the subventricular zone as shown in Fig. 4.2a (from

Konermann, 2001, unpublished).
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events’ (Rakic et al., 1994). Among the molecular cues for guided migration are cell
recognition receptors, multiple adhesion molecules, and voltage- and ligand-acti-
vated channels providing signals for cell motility processes. Spatial and temporal
changes in the molecular environment have been shown for major extracellular
matrix components of the early mouse cortex (Sheppard et al., 1991). The distribu-
tion of fibronectin and chondroitin sulphate proteoglycan suggested a role in defin-
ing the destination for migrating neurons and in delineating pathways for early
axonal extensions. The late appearance of tenascin correlated best with the forma-
tion of astrocytes and their processes. Temporal and spatial changes were also evi-
dent in the expression of homeobox genes, from which members of the Dix family
are candidates to interfere with the regulation of corticogenesis (Porteus et al.,
1994). A combination of expression patterns of DLX-2, MASH-1, and MAP-2
with bromdeoxyuridine labelling allowed them to identify four molecularly
distinct populations of cells that corresponded with different stages of neuronal
differentiation.
(89) The beginning of neuronal process formation during the migration and cell

deposition period already suggests an interference with directed cell movement.
Axonal processes led by growth cones elongate relatively fast. They reach the sub-
plate, invade the thalamus, or may cross the cerebral midline as commissural fibres
before the cortical plate exists (Wahlsten, 1981; Berry, 1982; McConnell et al., 1989).
Dendritic growth, commencing about the time of cell deposition, proceeds at a
slower rate. Nervertheless, dendritic polarity already arises at these early stages. It is
specifically expressed in presumptive pyramidal cells, which stretch their apical or
basal processes, respectively, between the plexiform layer (layer I) and the subplate.
The arrangement of elongated radial fibres of pyramidal cells, initially parallel to
radial glia cell processes (Peters and Feldman, 1973), is preserved during later
development and is considered to be a mammalian innovation (Marin-Padilla,
1992).
(90) Extracellular matrix components belong to the well-known landmarks exert-

ing a directional influence on the formation of neuronal processes (Thiery et al.,
1985; Sheppard et al., 1991). There is also, however, increasing evidence that process
formation needs an ‘orchestration’ of different steering mechanisms. As formulated
by Stirling and Dunlop (1995), a ‘dance of the growth cones’ takes place in the
external milieu of neuroepithelial and glia cells and is associated with a hierarchy of
molecular cues including the extracellular matrix, neural cell adhesion molecules,
and neurotropic factors. Goodman (1996) suggested at least four different mechan-
isms participating in growth cone guidance: contact-mediated attraction, chemo-
attraction, contact-mediated repulsion, and chemorepulsion. These events are asso-
ciated with three participating families of guidance molecules, namely, neural cell
adhesion molecules of the immunoglobulin (Ig) superfamily, netrins, and sema-
phorins. Interestingly, corresponding mechanisms appear to be highly conserved
from fruitflies and worms to mammals including humans. Heumann (1994) and
Bonhoeffer (1996) stressed the role of neurotropins (NGF, BDNF, NT-4, NT-3) and
related receptors (p75, TrkA, TrkB, TrkC) acting during the early critical period of
neurogenesis and during later activity-dependent phases of neurogenesis.
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4.2. Acute cellular effects

(91) Response chains as systematised in Fig. 4.1 arise from initial effects in the
directly exposed cells, and may lead to secondary effects in unexposed daughter cells
and structures formed immediately thereafter. Usually, both events are taken toge-
ther as acute effects because of their narrow temporal sequence and their overlap in
subpopulations of cells. Distinctions between initial and secondary effects are thus
limited to a certain extent but may, nevertheless, be helpful in classification of the
multitude of phenomena observed.

4.2.1. Initial effects

(92) Provided that excessive radiation doses are avoided, embryonic tissues initi-
ally show a mosaic of suviving and inactivated cells. Russell and Russell (1954)
attributed this phenomenon to cycle-dependent variations in sensitivity and potency
of recovery. They assumed that developmental defects are generally based on
damage to the cell nuclei, and distinguished an aetiologically unknown nuclear
degeneration during the first mitosis from a delayed death of daughter cells with
chromosomal aberrations. Without doubt, cell inactivation, later ascribed to either
acute interphase and mitotic death or reproductive death, is a predominant principle
of action for developmental damage. However, for the brain in particular, there is
increasing evidence for dynamic molecular pathways inherent in damage induction,
rather than damage caused by cell loss in terms of a mainly passive (necrotic)
response.

DNA damage
(93) DNA strand breaks are among the earliest detectable radiation effects.

Cerda et al. (1979), using the unwinding technique and hydroxylapatite separa-
tion, observed single- and double-strand breaks in the early postnatal rat brain
within a few minutes of 4.0 Gy gamma exposure. The strand breaks seemed to
be repaired to a great extent after 30 min, although possibly not in all cell
populations. Pulse-field gel electrophoresis was applied by Konermann et al.
(1998) in order to detect double-strand breaks in the mouse brain DNA isolated
on E13. Immediately after exposure to 2.0 Gy or higher doses, double-stranded
DNA fragments of 1.8–2.2 MBp were separated and quantified by densitometer
scan. In the fetal brain, the density of the DNA fragments declined after 1 h to
considerably lower values than observed initially. By that time, DNA fragments
were absent in the brain of the irradiated mothers, indicating a more effective
repair system in adults than in the early fetal brain. Korr et al. (1999a,b, 2001)
used histoautoradiographical techniques combined with in-situ nick translation
and the in-situ tailing reaction, which allowed the determination of anatomical
and cytological differentiated responses. Apart from effects to the mitochondrial
DNA, neither unrepaired single- nor double-strand breaks were detected in hip-
pocampal or cerebellar neurons 1 day after exposure to 0.1 or 0.5 Gy given on
E13.
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(94) Chromosomal aberrations have not been studied specifically during neuro-
genesis, but indirect evidence can be derived from findings in other embryonic cells.
Chromosomal aberrations may be evoked directly, but they frequently undergo
modifications by misrepair or during the passage through subsequent cell cycles
(Carrano, 1973; Streffer and Molls, 1987). The consequences of aneuploidy induced
in the pronucleus stage of mice are increasingly evident under increased organisa-
tional demands (Russell and Montgomery, 1966; Schlesinger and Brent, 1978). Cell
death was less obvious during the first 3 days after irradiation. However, cytolethal
chromosomal aberrations appeared increasingly at the time of implantation and
continued during early organogenesis. Soukop et al. (1965) studied chromosomal
anomalies in tissue cultures from rat embryos irradiated on E13. Six to twelve
hours after exposure to 4.0 Gy, chromosomal aberrations were found in about
60% of the metaphase figures. Breaks were more prominent than structural chan-
ges. Within hours of exposure, their frequency was clearly reduced and fell to the
spontaneous rate after a few days. Similar results were obtained by Eicke and Hug
(1971, 1973) from chromosome analysis in tissue homogenates from perinatal rats
exposed to 4.0 Gy. Initially, 98.3% of the analysed cells showed chromosomal
aberrations which declined to about the control level after 96 h. Overall, these
observations show that chromosomal damage can be largely eliminated by both
cell death and repair.

Cell pycnosis
(95) In the past, determinations of indices of pycnotic, mitotic, or thymidine-

labelled cells have been widely used in studies of initial cellular effects. Fujita et al.
(1964) analysed the duration of the cell cycle and its variations in germinal matrix
cells in the brain anlage of mice after irradiation with 2.0 Gy on E10. During inter-
kinetic movement, exposure had little effect on the progression of the G1, S, and
mitotic phases but caused a G2 block, which either led to cell inactivation or was
overcome within 5–7 h of irradiation. A later diminution of S-phase cells was con-
sidered to be a result of impaired migratory return of proliferative daughter cells.
D’Agostino and Brizzee (1966) applied light and electron microscopy in order to
study ‘radiation necrosis’ in the telencephalon of rat embryos exposed to 1.3 Gy on
E13. Arrest of mitosis at 50 min and resumption at 100 min indicated a cycle
blockade prior to cell division. Ultrastructural changes were not observed during
that time, but were manifested immediately thereafter by the simultaneous occur-
rence of nuclear and cytoplasmatic pycnosis. Hicks and D’Amato (1966) described a
loss of neuroepithelial cells in the G1 and G2 phases as well as a temporal inhibition
of DNA synthesis in 13- to 14-day-old rat embryos after irradiation with 2.0 Gy.
Cell death was not necessarily combined with passage through mitosis. Prevalence of
acute interphase death was also observed in fetuses irradiated at 16–17 days of age,
where late G2 cells constituted the bulk of inactivated neural cells. They were to be
found both in the subventricular zone, i.e. in the proliferation compartment, and in
the overlying migration compartment, with thresholds in the range between 0.3 and
0.4 Gy. Berry and Eayrs (1966) investigated cortex development in the rat after
irradiation with 2.0 Gy on E17, E19, and E21. The stratification defects found could
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also be attributed to an inactivation of both G2 cells and differentiating migratory
cells.
(96) Similar patterns of compartment-related reactions were reported by Koner-

mann (1986) for mice: One day after exposure to 1 Gy on E13, pycnotic cells were
scattered within the V and the S zone although thymidine labelling of S-phase cells
was not markedly reduced. Cell degeneration and depletion became, however, much
more pronounced in the I zone belonging to the migration compartment. This could
mean that acute death of early postmitotic neuronal cells, rather than the most
common type of cycle-bound cell inactivation, is the predominating mode of inacti-
vation here. Schmahl (1982) irradiated mice with 0.95 Gy shortly before the migra-
tion period (E12). He observed inactivation of nearly all actively proliferating
telencephalic cells that were in the G1, G2, or M phase, whereas 25–50% of those in
the S phase survived and gave rise to regenerative cell pools. All in all, S-phase cells
seem to represent the fraction with the relatively lowest radiosensitivity. On the
other hand, the less uniform responses observed in the other phases of the cell cycle
could be attributed to the high doses of about 1.0 Gy and more by which specific
responses are likely to be masked.
(97) Further studies on the initial effects in the embryonic telencephalon were

extended to dose–response relationships within the low dose range, and included the
time course of cell inactivation and influences of developmental age. Hoshino and
Kameyama (1988) irradiated mice and rats with x-ray doses of 0.48 Gy or less on
different days between E10 and E15 or between E13 and E19, respectively. Ven-
tricular cells responded most sensitively at the beginning of corticogenesis, i.e. on
E13 in mice and E15 in rats. The maximal occurrence of pycnotic cells was reached
in all experimental groups 6–9 h after exposure. Dose–response curves established
for mice at that time showed a linear correlation with dose for all exposure days.
The steepest curve was obtained for E13 and indicated significant cell inactivation
after a dose as low as 0.03 Gy. From sequential thymidine labelling experiments, it
was concluded that the enhanced radiosensitivity of ventricular cells towards E13
corresponds with a marked prolongation of the G1 phase and the emergence of G0

cells, both representing stages of cytodifferentiation before cell migration starts.
Norton and Kimler (1990) exposed rats to gamma radiation with doses of 0.25–1.0
Gy on E15. They pointed out that insight into cell kinetic responses is only provided
at doses of less than 1.0 Gy so that gross anatomical distortions are prevented (effect
masking). The sequential occurrence of pycnotic cells in the layers of the cortical
mantle is of special interest. At 3 h after exposure to 0.5 Gy, about 60% of pycnotic
cells appeared in the subventricular zone and about 25% in the intermediate zone
and the cortical plate. Inverse responses developed up to 24 h with about 70% of
pycnotic cells in the latter zones, i.e. in the migration compartment. In a subsequent
study, Kimler (1998) extended the dose range down to 0.0625 Gy. Between this
dose and 1.0 Gy, a linear dose–response relationship without a threshold for pyc-
notic cells was observed 6 h after exposure. There was no marked macrophage
response at that time. However, by 24 h postirradiation, there was a threshold for
pycnotic cells at 0.375 Gy coinciding with the same threshold for the appearance of
macrophages.
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Cell apoptosis
(98) Cell inactivation studies have advanced substantially with the understanding

of apoptosis under normal and pathological conditions. By 1972, Kerr et al. had
described apoptosis as a ‘basic biological phenomenon with wide-ranging implica-
tions in tissue kinetics’. Unlike necrosis, which is a process of passive cellular dis-
solution, apoptosis represents an active process of selective and biologically
meaningful cell deletion according to an intrinsic biochemical programme (Wyllie,
1987; Cotter et al., 1990). Apoptotic cells exhibit chromatin condensation and
endonuclease activation, the latter leading to internucleosomal DNA fragmentation
as manifested by a ‘ladder’ pattern after DNA electrophoresis (Harmon and Allen,
1988; Ferrer et al., 1994a; Borovitskaya et al., 1996). In many normal developmental
processes, apoptosis is a ‘morphogenetic tool’ acting in order to eliminate redundant
cells. The fusion of palatine processes, the elimination of interdigital webs, the for-
mation of intestinal villi, and the differentiation of the retina are examples of this.
Also in the brain, naturally occurring or programmed cell death is a widely dis-
tributed phenomenon. It has been shown that as many as 50% of various types of
vertebrate neurons die during normal development. Only neurons that receive ade-
quate signals from both target and afferent sources ultimately survive in the new-
born (Oppenheim, 1991). Developmental remodelling in this way has been
specifically noted in the cortical subplate and the subcortical white matter, in the
future cortical layers II–III, and in the early hippocampus formation (Ferrer et al.,
1990a,b; 1992).
(99) Harmon and Allen (1988) were among the first to question whether seemingly

pycnotic cells reflect a passive (necrotic) response as assumed in many older studies.
According to their detailed analysis of cell death in the external granular layer of the
rat cerebellum, definite apoptotic responses occurred 7 h after x irradiation of 5-day-
old neonates in the remarkably wide dose range of 0.04–4.0 Gy. Moreover, it was
pointed out that early apoptotic changes are indicated by a thin rim of condensed
marginated chromatine, which is likely to be overlooked in ‘pycnotic cell’ counts.
(100) Later on, the time course of apoptotic responses was studied under various

experimental conditions and in different brain areas. In the germinal layer of the
telencephalon of neonatal rats, apoptosis reached peak values 6 h after exposure to
2.0 Gy of x rays and decreased thereafter to normal values by 48 h, concomitant
with cell clearance (Ferrer and Borras, 1994). Different subunits of the neonate
hippocampus formation or the cerebellum responded to that dose in a similar way
(Ferrer et al., 1993a,b). Hoshino et al. (1991) and Kameyama and Inouye (1994)
studied the duration of apoptotic signals and recovery responses in telencephalic
ventricular cells in mice by split-dose experiments performed on E13. About 8–9 h
after exposure, apoptosis reached similar peak values after a total dose of 0.25 Gy
compared with two fractions of 0.125 Gy given at 0.5–6-h intervals. An additive
effect was also observed after 12 h, when a first exposure to 0.125 Gy was followed
by a second one after 6 h. This led to the conclusion that signals triggering the
apoptotic response persist for at least 6 h without signs of recovery. Two weeks after
birth, Fritsch et al. (1994) analysed the progression and frequency of apoptosis in
the external granular layer in rats, representing the main pool of cell formation in
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the cerebellum. After acute exposure to gamma rays, the duration of the apoptotic
response increased with dose from 6 to 9 h after 0.25 Gy, to 18 h after 0.5 Gy, to 24
h after 1.5 Gy, or to at least 30 h after 3.0 Gy. Exposures to less than 1.0 Gy yielded
maximal responses after 6 h, and a linear increase of apoptosis with dose was
observed at that time. Reduction of the dose rate from 0.18 to 0.022 Gy/min had no
effect.
(101) Since non-stationary cells are mainly affected by apoptosis, interference with

their spatial distribution seems plausible. As mentioned above, the sequential
appearance of ‘pycnotic’ cortical cells in the proliferation compartment and in the
overlying migration compartment has already led to speculation on movement of
dying postmitotic migration cells (Konermann, 1986; Norton and Kimler, 1990;
Kimler, 1998). Further evidence of this has been provided recently by quantitative
image analysis of distribution patterns of apoptotic cortical cells visualised by the
TUNEL reaction (Fig. 4.4a–d). The binary images obtained after exposure to 1.0
Gy on E13 show that apoptotic cells are mainly distributed in the ventricular and
the subventricular zone up to 12 h after exposure. They are progressively shifted to
the subventricular and the intermediate zone by 24 h, and show a maximum within
the growing intermediate zone by 36 h. Some of them reach the early cortical plate
at the same time. In all zones, cell clearance progresses by 48 h. Since the migration
compartment is poorly developed during the early postirradiation period, sub-
sequent invasion of this compartment by apoptotic cells must be assumed. The
question of an active or a passive movement has yet to be solved. The latter possi-
bility would be consistent with earlier findings of D’Agostino and Brizzee (1966)
who noted that ‘four hours postirradiation, the distal processes of necrotic cells were
sequestered between the internal limiting membrane and the radioresistent basement
membrane of the pia’. Besides a ‘pull’ movement like this, a ‘push’ movement could
also be evoked when newly formed cells invade the migratory compartment from the
opposite side.
(102) Interestingly, the patterns of apoptotic cell movement studied by image

analysis exhibited dose- and time-related changes. After exposure to 0.1 Gy,
apoptosis peaked within the ventricular and subventricular zones by 6–12 h
(Fig. 4.5a), whereas apoptosis was permanently low in the intermediate zone up to
48 h. After exposure to doses of 0.25–1.0 Gy, apoptotic responses increased with
dose, but they were shifted to the intermediate zone (Fig. 4.5b). In this zone, the
number of apoptotic cells reached a maximum at 24 h after doses of 0.25 or 0.5
Gy, and a maximum at 36 h after 1.0 Gy. Another dose-related phenomenon was
also observed (Fig. 4.6). The mean distance of apoptotic cells in the intermediate
zone (related to the ventricular border) increased with doses of 0.25–1.0 Gy by 12
h after irradiation. This could be indicative of a ‘pull’ movement mentioned
above. Thereafter, distances generally progressed with time; however, distances
were relatively reduced by 36 and 48 h when the highest dose of 1.0 Gy was
given.
(103) All in all, developmental implications inherent in apoptotic cell movement

have yet to be solved. Nevertheless, it seems conceivable that the shift of dying cells
affects the complex cell-to-cell interactions during the cortical cell migration, either
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by biochemical and structural changes of the migration pathways or simply by the
establishment of barriers.
(104) Different studies have been undertaken in order to elucidate apoptotic

mechanisms by chemical modification. The assumption that apoptosis is an active
process and requires protein synthesis has been investigated by combined applica-
tion of radiation and cycloheximide as an inhibitor of protein synthesis. When rats
were irradiated with 2.0 Gy x rays on P0, P3, P7, or P15, apoptosis in the cerebral
cortex and the subcortical white matter observed 6 h later was largely suppressed in
experimental groups that received 2 mg/g cycloheximide 1 h after exposure (Ferrer,
1992). Interestingly, radiosensitivity decreased between P0 and P15, whereas sensi-
tivity to the substance itself reached a maximum on P7. Hence, the activation of
different proteins according to the agent or to the maturation and functional state of
the cells was assumed. During the early postirradiation phase, abolition of apoptotic
responses by cycloheximide was observed in the hippocampal complex (Ferrer et al.,
Fig. 4.4. Neuronal cell apoptosis in the cortex anlage of mice after acute x irradiation with 1.0 Gy on E13.

Binary pictures restored by microscopic image analysis after labelling of apoptotic cells by the TUNEL

reaction. Single or clustered apoptotic cells are black. (a) 12 h after irradiation: apoptotic cells are mainly

distributed in the ventricular (V) and the subventricular zone (SV). (b) 24 h after irradiation: apoptotic

cells increase in the subventricular zone and are progressively shifted to the intermediate zone (I). (c) 36 h

after irradiation: apoptotic cells show a maximum within the growing intermediate zone, some of them

reach the early cortical plate (CP). (d) 48 h after irradiation: clearance of apoptotic cells progresses in all

zones (from Konermann, 2001, unpublished).
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Fig. 4.5. Number of apoptotic cells in the cortex anlage of mice after acute x irradiation on E13. Micro-

videometric measurements within a standardised cortical segment of 500-pixel width. (a) Apoptotic cells

in different zones after exposure to 0.10 Gy; (b) apoptotic cells in the intermediate zone after exposure to

0.25–1.0 Gy (from Konermann, 2001, unpublished).
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1993a), as well as in different layers of the cerebellum (Ferrer et al., 1993b). These
studies, however, were limited to a single radiation dose of 2.0 Gy.
(105) Inouye et al. (1992) exposed newborn mice to 0.24 Gy gamma rays and

modified the progression of apoptosis in the external granular layer of the cere-
bellum by different intervals of treatment with cycloheximide. After irradiation
alone, the number of apoptotic cells began to increase after 3 h, reached a maximum
after 6 h, and then gradually fell to the control level by 18 h. Cycloheximide (3 mg/g),
injected 1 h after exposure, suppressed apoptosis for 6 h, but shifted the maximal
response observed 6 h after irradiation alone to 15 h after exposure. Double treat-
ment with cycloheximide 1 and 6 h after irradiation suppressed apoptosis for 15 h;
however, after 30 h, apoptosis reached similar peak values as observed before.
Under these circumstances, the ‘signal’ for apoptosis seems to persist for about 15 h,
which corresponds with the time until this chemical is metabolised. In another study,
Inouye et al. (1995) modified radiation-induced apoptosis in the external granular
layer of newborn mice by lithium (10 mmol/g), an inhibitor of intercellular signalling.
Treatment with lithium prior to irradiation with 0.5 Gy delayed the apoptosis max-
imum observed 6 h after irradiation alone to 12 h, and also delayed subsequent
clearance of dead cells for about 1 day. Since lithium is reported to inhibit guanine-
nucleotide binding to G proteins and phosphoinositide turnover, interference of
apoptosis with these signalling systems was assumed rather than directly mediated
damage to the DNA. Previously, Inouye et al. (1991) performed similar experiments
Fig. 4.6. Distance of apoptotic cells in the intermediate zone of cortex anlage of mice related to the

ventricular borderline after acute x irradiation on E13. Microvideometric measurements within a

standardised cortical segment of 500-pixel width (from Konermann, 2001, unpublished).
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using methylmercuric chloride for a combined treatment with x rays (0.125 or 0.5
Gy). Mercury alone did not influence the apoptotic response; however, it retarded
tissue restoration in the early postnatal cerebellum after combined treatment. Cur-
iously, these cerebella overtook the normal ones in development by P10.
(106) A series of more recent studies concerns gene expression accompanying

apoptosis in the developing brain. Ferrer et al. (1994b) observed, in unirradiated
rats, that the bcl-2 proto-oncogene, which encodes a regulator protein for cell sur-
vival, was highly expressed in the neocortex and the hippocampus during the first
postnatal week, which is a phase of increased natural cell death. Irradiation-induced
apoptosis during that time was associated with strong c-Jun expression and c-Jun/
AP-1 activity in different forebrain structures and the cerebellum (Ferrer et al., 1995,
1996, 1997). In contrast to the selective overexpression of c-Jun during the apoptotic
process, no major changes in the immunoreactivity of Bcl-2, Bax, c-Myc, c-Fos, Jun
B, and Jun D were observed in the cerebellum after 2.0 Gy gamma irradiation.
Studies of Borovitskaya et al. (1996) on apoptosis and associated specific messenger
RNA elevations were performed with rats exposed to 4.0 Gy on E17. The excessive
dose and the earlier developmental stage at exposure could have contributed to
slightly different reactions than those cited before. Radiation elicited dramatic
increases in the levels of c-fos and jun B mRNAs, but had little or no effect on c-jun
mRNA levels. Apoptotic responses were strongly associated with the activation of
the p53 transcription factor. An increase in AP-1 Fos/Jun B heterodimers and an
increased ratio of Bax to bcl-2 + bcl-xL was also assumed. A study of Bolaris et al.
(2001) referred specifically to p53 gene expression and apoptosis in the prenatal rat
brain after low dose exposure on E15 or E17. Both biochemical methods (gel elec-
trophoresis, Northern and Western analysis) and in-situ immunohistochemistry
were applied. Exposures in the range of 0.1–0.4 Gy were effective enough to induce
dose-related apoptotic responses within 4–24 h concomitant with increased levels of
p53 protein and p53 mRNA. Benekou et al. (2001) analysed changes in growth fac-
tor levels (IGF-I, BDNF, and NT-3 protein by immunocytochemistry; IGF-I and
IGF-II mRNA by in-situ hybridisation and Northern analysis, respectively) under
the same experimental conditions. Irradiation evoked downregulation of IGF-I,
possibly leading to p53 induction and apoptosis as observed in the parallel study.
However, expression of IGF-II, BDNF, and NT-3 gene increased, which has been
interpreted as a compensatory reaction.
(107) Studies with knockout mice revealed a different interference of p53-depen-

dent apoptosis with teratogenic effects. Kubota et al. (2000) irradiated wild-type
mice p53 (+/+) as well as heterozygous p53 (+/�) and homozygous p53 (�/�)
mutants on E13 with acute x-ray doses of 0.75–3.75 Gy. Six hours after irradiation,
the percentage of apoptotic cells in the brain mantle increased linearly with dose in
p53 (+/+) mice, but no increase was observed in p53 (�/�) mice. The p53 (+/�)
strain showed intermediate responses. The extent of apoptosis corresponded closely
with the degree of tissue abnormalities in the brain mantle (destroyed ventricular
lining, deranged glial fibres, rosettes) observed 3 days later. Similar observations
were made by Kato et al. (2001) who irradiated mice on E9.5–E10.5 with 2.0 Gy
gamma rays at high and low dose rates (1.06 or 1.2 mGy/min). Application of the
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high dose rate led, particularly in the neural tube, to 20% apoptosis in p53 (+/+)
mice, but did not produce apoptosis in p53 (�/�) mice. However, threshold
responses observed for different malformations interfered with the dose rate and p53
deficiency in an unexpected way. Acute exposure produced 70% malformations in
p53 (+/+) mice, but no malformations were observed when the dose rate was
lowered to 1.2 mGy/min. In contrast, 12% of the p53 (�/�) fetuses were malformed
when the low dose rate exposure was applied. This led to the conclusion that the p53
gene is indispensable for the expression of teratogenic thresholds during protracted
exposure. This view of the conditions under which apoptotic processes promote
radiation-induced teratogenesis is contrary to the previous interpretations. After
irradiation of mice with 2.0 Gy on E9.5, Nomoto et al. (1998) observed no mal-
formations near term in a p53 (+/+) strain, but 30% malformations in a p53
(+/�) strain. Within a dose range of 1.0–3.0 Gy, the initial rate of apoptosis was
two-fold higher in the homozygous than the heterozygous animals. These findings
were interpreted to mean that subcompetent apoptosis in the p53 (+/�) mice
causes insufficient removal of apoptotic cells by which regenerative processes are
suppressed.
(108) Altogether, the studies on apoptosis during brain development have

broadened our view of cell inactivation from a passive initial event to an active
response. This could mean that the ‘classical’ assumption of cell inactivation
arising from directly induced DNA damage (especially double-strand breaks,
chromosomal aberrations) is one principle of action besides or combined with an
intrinsic biochemical programme triggering apoptotic cell death. Furthermore,
there is increasing evidence of radiation-induced expression of genes encoding
regulator proteins and growth factors which may further modify initial radiation
responses.

4.2.2. Secondary effects

(109) Responses of daughter cells or tissues originating directly from the irra-
diated substrates may be considered as secondary effects. At the tissue level, pro-
gressive organogenetic disorders either due to induction defects (in earlier stages) or
to cell depletion (in more advanced stages) must be mentioned. At the cellular level,
reproductive cell death is dominant. It is expressed mainly in subpopulations of
matrix cells affected with chromosomal aberrations that are not severe enough to
exclude progression through a few cell cycles. However, secondary effects are also
reflected by modified cell cycles of the surviving cells. Overproliferation of these cells
may contribute to regenerative processes after their cell cycles are restabilised. Spe-
cial implications arise from the widespread phenomena of combined cell formation
and migration during cerebrogenesis, i.e. effects to migratory cells continue outside
the environment of their initial induction.

Sequential cellular responses
(110) In various types of proliferating cell, the disturbances in cycle progression

proceed in a similar way. A cycle delay, followed by a temporary partial synchroni-
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sation and a subsequent ‘swinging in’ of the mitotic rhythm, has been described by
Langendorff (1936) and Jüngling and Langendorff (1941) for irradiated spermato-
gonia or cancer cells, respectively. In the embryonic rat brain after exposure to 1.5
Gy, Wegner (1969) observed retarded cycle progression within 24 h of irradiation,
intermediate restabilisation of DNA synthesis, and, once again, reduction of DNA
synthesis and mitosis concomitant with cell death up to 6 days. Dose-related pat-
terns of proliferative responses were studied by Konermann (1987) in the perinatal
mouse brain and other organs after thymidine labelling. During the first day post-
exposure, doses of more than 0.5 Gy inhibited thymidine incorporation into the
DNA in proportion to dose. The incorporation capacities recovered over the next
few days as indicated by oscillating responses. However, doses of 0.25 and 0.5 Gy
stimulated proliferation in such a way that fluctuating responses above the control
level continued for several days.
(111) Among the most characteristic responses of proliferating brain tissues to

higher doses is the formation of cell aggregates, either arranged in ectopic nodules or
in ring-like rosettes (Hicks et al., 1957, 1959; D’Agostino and Brizzee, 1966;
Schmahl et al., 1979; Ferrer et al., 1984). The formation of these structures and their
significance for regeneration processes after cell loss were studied by Schmahl (1982,
1983) in the early mouse cortex. After exposure to 0.95 Gy on E12, only a portion of
the actively proliferating ventricular cells in S phase was assumed to survive. These
cells gave rise to a pool of orthotopic regenerative cells within the rudiments of the
ventricular zone, and to another pool of heterotopic regenerative cells forming
rosettes within the subventricular zone. On E15, the growth fraction was 100%
among heterotopic cells compared with 44% in orthotopic cells in the ventricular
zone. Hence, it was concluded that rosette cells had a particularly high regenerative
capacity. During the perinatal stage, the rosettes and druselike glial structures were
observed to ‘melt down’ to rudiments after being infiltrated with thalamocortical
axons.
(112) Ferrer et al. (1993e) observed, in rats, that rosettes induced in the cortex

after exposure to 2.0 Gy on E14 were postnatally transformed to larger masses of
subcortical ectopias. In contrast to the inside-out gradient in the normal cortex, the
ectopias showed mixed populations of cortical neurons roughly arranged with an
outside-in gradient. Nevertheless, the ectopic cells formed numerous fibre connec-
tions with the rudiments of the ‘true’ laminated cortex. As shown in another study
of Ferrer et al. (1993d), the pattern of response changed when irradiation was per-
formed on E15 or during the following days. After birth, nodules composed of pyr-
amidal and non-pyramidal cells were formed within the cerebral cortex. They
occupied normal positions at different levels of the cortex and followed the normal
inside-out gradient. A multifocal origin of these structures due to the local pro-
liferative status of the matrix cells was assumed since groups of dead cells appeared
beside patches of preserved cells within 6 h of exposure and were then transformed
into columns of migrating cells with intermittent low-density cell zones. Similarly,
Altman and Bayer (1990a) described a vertical periodicity of patches of neuroe-
pithelial cells with different proliferative behaviour and different radiosensitivity for
the fetal rat cortex. Phase-dependent changes in local radiosensitivity could thus
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cause inactivation of specific proliferative units, and could entail corresponding
damage to the cortical parcellation later on.

Tissue re-organisation
(113) Developing neural tissues exhibit a pronounced dichotomy of high radia-

tion sensitivity and concomitant flexibility. As mentioned before, restabilisation of
the mitotic cycle associated with clearance of inactivated cells has to be regarded
as a prerequisite for regenerative processes. The limiting conditions for that
depend, apart from dose, on the respective degrees of differentiation in neural
tissues. As a rule, the pool of flexible cells capable of regeneration diminishes
with increasing age of development. Hence, the earlier stages of cerebrogenesis
have an extensive regeneration potential, but in more mature stages, cell loss can
only be compensated for partially. In the latter case, the result is usually a re-
organisation of a smaller but externally normal organ (Rugh and Wolff, 1955;
Rugh, 1963a,b).
(114) Compensatory proliferation may be effective enough for an almost normal

histological status to be reached by the embryonic rat brain in which over one-third
of the cells had initially been lost (Hicks, 1954; Hicks et al., 1957; D’Amato, 1982).
These observations applied to exposures of 1.5–2.0 Gy on days E11 or E12, but in
both the earlier phases of organ induction and the later stages of development, the
regeneration capacity of different telencephalic structures was much smaller. Brizzee
et al. (1961) exposed mice to a cumulative dose of 3.0 Gy between E10 and E14, and
found different cerebral retardation effects. However, they noted that the growth
curves for cortical thickness for irradiated and control animals tended to be parallel
in each specific area, and that the surviving cells followed approximately normal
growth patterns with normal spatial integrity. Ferrer and Borras (1994) studied age-
dependent effects of the germinal layer giving rise to glia cells. Exposure of rats to
2.0 Gy on the first or third postnatal day caused initial cell loss, equally pronounced
on both exposure days. Oligodendrocytes, populating the subcortical white matter
of the cingulum, recovered substantially after the earlier exposure, but failed to be
substituted adequately after the later exposure.
(115) In a number of instances, it has been shown that the cerebellum is also cap-

able of compensating for cell loss to a varying extent by means of proliferation
entailing regenerative processes. Cortex formation of the cerebellum does not origi-
nate from a subventricular matrix as in the telencephalon, but in the opposite
direction from an external granular layer. Furthermore, the cerebellum represents
the last brain unit to be formed and attains, specifically in rodents, its highest
radiosensitivity during the early postnatal proliferation period (Altman et al., 1968;
Altman and Nicholson, 1971). According to this developmental schedule, growth of
the forebrain was little affected when rats were irradiated with 1.0 Gy daily from
birth to 10 days of age (Patel et al., 1975; Patel and Balázs, 1975). In contrast,
growth of the cerebellum of the same animals was severely retarded initially due to
depressed cell formation. Subsequent restitution of the cerebellum was incomplete;
however, recovery processes were indicated by the substantial growth of the mole-
cular and the internal granular layer, as well as by normal concentrations of DNA
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(cell density) and RNA in the external granular layer. Das (1977) related different
aspects of the regeneration of the rat cerebellum to the inductive influences of Pur-
kinje cells underlying the cerebellar layers. Altman et al. (1969) described compen-
satory cell formation leading to reconstitutional processes in the external granular
layer of rat cerebella after low-level x irradiation. This study was followed by a series
of seven papers on ‘experimental re-organisation of the cerebellar cortex’, in which
acquisition of several cell types and their contribution to regenerative processes were
analysed under different temporal exposure conditions (see Altman, 1976). Accord-
ing to Ferrer et al. (1993b), proliferating (PCNA-immunoreactive) cells decreased
dramatically in different layers of the rat cerebellum after exposure to 2.0 Gy on P1
or P3. However, PCNA-positive cells re-appeared, reached age-matched values a
few days later, and gave rise to reconstitutional processes in the cerebellum later on.
(116) Similar to the brain, the reactions of the irradiated embryonal eye retina are

characterised by an age-dependent (and concomitantly dose-dependent) transition
from more regenerative to more re-organisational processes. Rugh and Wolff (1955)
irradiated mice on E12.5 and analysed acute and delayed cytological effects. Exten-
sive cell inactivation occurred in the retina 24 h after exposure to 1.5 Gy. This dose
eliminated neither the phagocytosis of cell debris nor the extensive regeneration
processes within 3 days of irradiation. After higher doses, both phagocytosis and
regeneration were incomplete, but ‘reconstitution’ of overall smaller (micro-
phthalmic) eyes was possible. Kriegel and Shibata (1964) presented evidence of
invaginational defects to the anlagen of the eyes in mice exposed to 1.75 or 2.0 Gy
on E8. The massive disturbances of organ induction did not exclude a surprisingly
extensive regeneration of the residual blastemas of the retina. Hicks and
D’Amato (1966) also mentioned the large regenerative capacity of the retina and
lens anlage in 13–15-day-old rat embryos following irradiation up to 2.0 Gy.
Towards E19, the degree of the lesions decreased, similar to that in the brain.
However, there was a noteworthy short-term increase in sensitivity after exposure
on E21, as manifested by delayed cell death during the subsequent perinatal
stage. Investigations of Balla and Michel (1982) and Balla et al. (1983) on the
irradiated mouse eye anlagen included the phenomenon of naturally occurring
cell death, which has often been overlooked. In the unirradiated retina on E9,
cell death rates of up to 14% and aberration rates in anaphase of 28% (19% on
E10) were observed. Exposure to 0.9 Gy on E8 led to a diminution of the optic
vesicles, which was compensated for after 24 h. During this phase, the rate of
chromosomal aberrations was raised only slightly or not at all. After exposure to
the same dose on E9, retinal cell loss was more pronounced due to enhanced
differentiation activity. However, initial loss of 45% of primordial neuroblasts
could be compensated for within 1 day, concurrent with phagocytosis of cell
debris.
(117) Remarkable self-stabilisation features have been analysed by Ferrer et al.

(1991a) in the microcephalic cortex of rats. Exposure to 1.0 Gy on E15 reduced
cortical cell numbers, cortical thickness, and brain weight within an observation
period up to P21. However, during the early postnatal period in which cortical cell
numbers are naturally reduced (see above), cell death in irradiated animals ranked
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far behind the controls. In a similar way, cell adjustment was observed in a sub-
sequent study (Ferrer et al., 1992) when the same exposure was given on E18.
Reduced cell death in both the upper and the inner cortical layers was most pro-
nounced between P5 and P10, but was not observed in the subcortical white matter.
A correlation between initial cell loss and increased postnatal survival of cortical
cells was also observed in mice after treatment with methylazoxymethanol (MAM)
(Ciaroni et al., 1995). Within certain limits, apoptotic processes are thus likely to be
modified in a way that cortical cell numbers become adjusted towards normal neu-
ronal density.
(118) The compensation responses described so far refer primarily to doses of

about 1.0 Gy and more, where residual damage is likely to persist. Thus, true
regenerative processes appear to rank behind re-organisational processes in accor-
dance with the thesis developed by Rugh on organ-size reduction. On the other
hand, higher effectiveness of regenerative responses can be anticipated in the case of
less pronounced initial damage. This may include the possibility of a restitutio ad
integrum and, in practical terms, a forward shift of threshold ranges.

Effects on cell migration
(119) Although disturbances in neuronal cell migration have been known for

decades, quantitative data are limited to more recent studies. Migration-related
changes in the spatial distribution of cortical cells were evaluated at relatively low
dose levels. After exposure of mice to 0.24 Gy gamma rays on E17, Inouye et al.
(1993) observed that more BrdU-labelled cells than normal remained in the ven-
tricular zone of the cortex on P2. Extension of the observation period up to 6 weeks
of age revealed reduced cell numbers in layers II and III, but increased cell numbers
in layers IV–VI. Fushiki et al. (1993) and Matsushita et al. (1997) performed
experiments with tissue explants obtained from the rat neocortex on E16. In these
equivalently designed studies, the explants were labelled with tritiated thymidine and
exposed to gamma rays of 0.05, 0.10, 0.15, or 0.20 Gy. After 2 days of culture, the
distribution of labelled cells in the matrix zone, the inner and outer intermediate
zone, and the cortical plate indicated retarded cell migration at a dose as low as 0.1
Gy. Immunohistochemistry of the cell adhesion molecule N-CAM revealed reduced
reactivity within the matrix zone at the same time. Under in-vivo conditions (intra-
uterine exposure of rats to the same doses on E16), the lowest dose for detectable
effects on the spatial distribution of migratory cells or on the expression of N-CAM
was shifted to 0.15 Gy (Fushiki et al., 1996). Immunoreactivity of N-CAM was
depressed 24–48 h postirradiation, but was restored after 3 days. The absence of
demonstrable effects at doses below the range of 0.10–0.15 Gy was thought to indi-
cate thresholds for the parameters being evaluated. Another in-vivo study of Fushiki
et al. (1997) was performed with mice, which were irradiated with doses of 0.1–1.0
Gy on E14. In this case, cells were labelled with BrdU 1 h before exposure. Short-
term effects on cell migration were examined by cell counts in the abovementioned
cortical zones at 4 h and 3 days after exposure. Decelerated cell migration towards
the cortical plate was observed after doses of 0.25 Gy upwards, and was combined
with aberrantly positioned neurons in the cortical plate. Two further observations of
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interest have been made: (i) on E17, the relative percentage of labelled upper cortical
cells was marginally higher after exposure to 0.1 Gy than in the controls, which
could indicate that minimum irradiation accelerates migration; (ii) during the post-
natal period (up to week 8), derangement of cortical cells diminished and there were
no significant differences in the number of labelled cells per unit area of the cerebral
mantle compared with the controls. Prolonged processes of re-organisation should
thus be anticipated.
(120) As described in Section 4.1, the interkinetic movement (directed to the ven-

tricular border) precedes the cortical cell migration (directed to the pial surface).
Both movements have been analysed by Konermann et al. (1998) by means of
microvideoanalysis, which allows direct distance determination of agglomerated
cells in different cortical zones and also of individual cells. On E13, cells in the cortex
anlage of mouse fetuses were labelled with BrdU 1 h before exposure to x rays.
Experiments with doses of 0.5 and 1.0 Gy were extended to doses of 0.1–0.5 Gy.
Within 24 h of exposure, irradiation mainly affected the interkinetic movement, as
measured by the mean transversal chord length of the ventricular zone or by gravity
point distances (cf. cortical zones in Figs. 4.2a and 4.3a–c). In comparison with the
controls, cell movement to the ventricular border was retarded after 3 h, whereas
remigration to the subventricular zone was retarded after more than 6 h. Shortening
of the remigration distance was most pronounced after one cell cycle (12 h) and re-
appeared after the second cell cycle (24 h) with significant deviations from the con-
trols after 0.1 Gy. However, interkinetic movement was not changed at later stages
of development, even after higher doses.
(121) The migration compartment was mainly affected between 36 and 48 h after

exposure. At that time, microvideometry revealed significantly reduced numbers of
early postmitotic migrating cells after irradiation with 0.25 and 0.50 Gy. An almost
linear dose–response curve indicative of marginal effects at 0.10 Gy could be estab-
lished from combined cell counts in the cortical and subcortical areas on E15
(Fig. 4.7). Associated with this, there was a significant diminution in the diameter of
the early cortical plate after irradiation doses of above 0.10 Gy. So far, these find-
ings correspond with the results of Fushiki et al. as mentioned before. However,
their conclusions, drawn from zone-related cell counts to migration disturbances,
disagree with the individual microvideometric cell distance determinations, at least
within the low dose range. The mean distance of migratory cells from the ventricular
border (as a reference line) 24, 36 or 48 h after exposure to 0.1 or 0.25 Gy was not
significantly shorter than that for the controls (Fig. 4.8). Mean cell migration dis-
tances were reduced after 0.50 Gy but, in a previous experiment, came to 90% of the
distance for the controls after 1.0 Gy. This indicates that the capacity of migration
performance is almost retained provided that excessive doses are avoided.
(122) Neuronal migration studies of Sun et al. (1996, 1999) included aspects of

cortical cell deposition and changes in the migratory pathways. In a first experiment,
mice were exposed to 1.5 Gy gamma rays on E13, and injected with BrdU on E15.
Although extensive cell death occurred 6 h after exposure and ectopic neuronal
masses (rosettes) were formed on E16, a large proportion of BrdU-labelled cells
reached the superficial cortical layers on E18. However, labelled cells in layers II and
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Fig. 4.7. Number of early postmitotic migration cells in different compartments of the cortex anlage of

mice on E15 after acute x irradiation on E13. Microvideometric measurements within a standardised

cortical segment of 500-pixel width (from Konermann, 2001, unpublished).
Fig. 4.8. Mean individual distance (pixels) of early postmitotic migration cells in the cortex anlage of mice

after acute x irradiation on E13. Microvideometric measurements related to the ventricular borderline

within a standardised cortical segment of 500-pixel width (from Konermann, 2001, unpublished).
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III were fewer, and those in layers IV–VI were more numerous in irradiated animals
compared with the controls. Immunostaining of the radial glia fibres with anti-
GFAP revealed that the migration pathways were partly disorganised but mainly
preserved. Thus, the migrating neurons could mostly reach their normal laminar
postnatal position, although some neurons failed to migrate or were aggregated in
ectopic masses. In the second experiment, mice were exposed to the same dose 1 day
later (E14), and migratory responses within the lateral and the dorsal cortex were
compared. Within the lateral cortex, the distribution of BrdU-labelled cells was
changed in a similar way as described above. In the dorsal region, a four-layered
cortex with a few cells in layer II and increased cell numbers in layer IV was formed.
Immunostaining of the radial glia cells revealed area-specific responses with crum-
pled fibres in the lateral cortex and markedly reduced fibre numbers in the dorsal
cortex associated with radial glia cell loss. A four-layered dorsal cortex, corre-
sponding with a lissencephalic brain in primates (Rakic, 1988b), was also observed
in rats after exposure to 2.0 Gy on E16, a stage that is homologous to E14 in mice.
In a study of Ferrer et al. (1993c), migration defects were attributed to reduced
numbers of radial glia fibres as shown by immunostaining with vimetin. Biochemical
effects were addressed in a study on fibronectin, which is an extracellular glycopro-
tein involved in neuronal cell migration (Meznarich et al., 1993). When mice were
exposed to gamma rays of 0.5 or 1.0 Gy on E13, total amounts of brain fibronectin
were reduced on E17. The expression of fibronectin mRNA was regulated devel-
opmentally as indicated by a variable downregulation between 1 h and 4 days after
exposure.
(123) Summing up, morphological and biochemical changes of intracellular and

extracellular migration pathways are likely to go along with impaired cell-to-cell
interaction. Such alterations interfere with the migration performance of early neu-
ronal cells to a different extent. Reduced migration capacity combined with changes
of biochemical ‘landmarks’ has been observed after doses in the range of 0.1–0.25
Gy, where cell inactivation is less pronounced. On the other hand, doses of 0.5–1.0
Gy do not exclude a significant portion of migratory cells from approximately
reaching their normal laminar position. The formation of ectopic clusters frequently
observed after higher doses suggests that cell migration may completely fail,
although a major portion of dislocated cells survive. Well-known malformations in
the primate and the human brain, such as lissencephaly or polymicrogyria, have
been interpreted by Rakic (1988b) in terms of interference of defective proliferation
and migration processes, either induced before or after the formation of cortical
ontogenetic columns.

4.3. Long-term effects

(124) According to Altman’s (1969) concept of hierarchically organised pools of
brain cell formation in rodents, the primary germinal matrix gives rise to macro-
neuronal cells being formed mainly before birth. The secondary germinal matrix
within the subependymal layers of the lateral ventricle represents (besides the exter-
nal granular layer in the cerebellum) the predominant source of postnatally formed
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brain cells. From here, either microneuronal cell lines or precursors of glia cells ori-
ginate, the latter also forming a pool of dispersed proliferating cells. This means, in
terms of an effect transfer, that prenatally induced damage is postnatally shifted to
the later progeny of qualitatively different cells and to maturation processes that
were not even initiated during the exposure. Long-term effects are thus likely to be
manifested during the neonatal metabolic changeover period, and during the sub-
sequent ‘critical phase of brain maturation’ (Flexner, 1955).

4.3.1. Proliferative responses and growth retardation

(125) The narrow sequence of complex and qualitatively different cell formation
processes can be regarded as a general reason for the proneness to disproportionate
retardation effects observed in the brain in comparison with the majority of other
organs retaining more postnatal flexibility (Hicks and D’Amato, 1966; Martin and
Murphree, 1969; Sikov et al., 1969; Konermann, 1976; Vogel and Antal, 1984).
Maximal induction of retardation effects during early corticogenesis (about E13 in
mice, E15 in rats) is reflected by a loss of specific macroneuronal cells which can no
longer be compensated for after birth (Cowen and Geller, 1960; Nash and Gowen,
1962; Takeuchi et al., 1981; Hoshino and Kameyama, 1988; Kameyama, 1989).
Furthermore, Sakuraba and Tanaka (1983) have pointed out that effect initiation in
the fetal brain is promoted by low activities of radical scavengers (specifically of
superoxide dismutase) that normally protect cellular constituents against free radical
attacks.
(126) Among many studies on postnatal brain retardation, only a few refer to

sequential aspects of growth and proliferation. Brizzee et al. (1961) exposed rats to a
cumulative x-ray dose of 3.0 Gy from E10 to E14 and observed a relatively constant
deficit in brainweight gain and cortical thickness compared with controls during the
first 20 days postpartum. Differences in the neuron nuclear volume, cytoplasmic
volume, soma volume, and cell packing density were less pronounced by compar-
ison. When rats were irradiated with 1.6 Gy gamma rays at different dose rates on
E18, the weight of the cortex and its DNA content (cell numbers) lagged perma-
nently behind the controls from perinatal to pre-adult stages (Martin, 1971a,b). In
contrast, the rest of the brain (mainly brain stem) was less affected and exhibited
partial recovery. Uneven sensitivity was also observed when doses from 0.4 to 2.4
Gy were applied (Martin, 1977). At all doses, the greater depression in weight and
cell numbers in the cortex compared with the rest of the brain was consistent with
the intensity of cortical cell formation during exposure, and with already decreasing
developmental activity of the brain stem.
(127) Postnatal growth and proliferative responses of the brain were studied by

Konermann (1977) under various exposure conditions. Mice received fractionated x
irradiation with daily doses of 0.1–0.6 Gy during blastogenesis, organogenesis, or
fetogenesis (E1–E5, E6–E13, E14–E18) as well as during early or advanced neuro-
genesis (E6–E10, E11–E15). Brain weight and thymidine incorporation into total
brain DNA were recorded from neonatal to pre-adult stages. In neonates, thymidine
incorporation indicated that depressed proliferation correlated with dose. However,
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between the end of the first and the beginning of the third postnatal week, over-
proliferation with partly biphasic patterns was generally observed. Paradoxically,
thymidine incorporation increased further with increasing dose without reducing the
loss in cerebral weight, and these responses became more pronounced the later the
exposure took place. Concomitant with this, total brain DNA increased after an
initial decrease had been overcome. Similarly, an inverse correlation of proliferation
intensity and degree of retardation became evident after acute exposure to x rays or
to 6 MeV neutrons given on E13 (Konermann et al., 1984; Konermann, 1986). The
lowest dose inducing significant effects was about 0.25 Gy for x rays. After neutron
exposure, the effects were much higher, but nomeasurements were taken below 0.25Gy.
(128) The seeming contradiction between proliferation and retardation could be

clarified by thymidine histoautoradiography, which was performed in parallel in the
above-cited experiments. Labelling indices of microneuronal cells and, in particular,
dispersed glia cell precursors changed in different areas of the forebrain and the
brain stem according to the proliferative responses described before, whereas mac-
roneuronal cells remained unlabelled. The coincidence of overproliferation with the
natural period of brain gliosis thus indicated unilaterally channelled responses that
led, especially with a high degree of retardation, to a pathological imbalance
between neurons and oligodendroglia cells (Konermann, 1980). A marked increase
of glia cells was noted in earlier studies in which rats were irradiated on E18 or on
E14 (Hicks and D’Amato, 1963).
(129) In the autoradiographic studies performed by Konermann et al. (1984),

proliferative responses of the local pools of postnatal cell formation, i.e. in the sub-
ventricular matrix of the lateral ventricles and in the external granular layer of the
cerebellum, have also been addressed. After acute x irradiation with 0.5 Gy on
E13, formation of subventricular cells was slightly but continuously stimulated
from the first to the third week after birth. In contrast, oscillating responses below
the control level were observed after 1.0 and 2.0 Gy. In the cerebellar germinal
matrix, the same doses applied at the same time induced only a temporal shift
towards earlier proliferation profiles rather than quantitative changes in cell for-
mation. Fractionated irradiation from E6 to E13 with daily doses up to 0.6 Gy
led to significantly increased labelling indices on P27. This means that cell forma-
tion is not obviously inhibited or even enhanced when exposures are given before
the cerebellar primordium is formed. Effects like these correspond with recent
findings of Schmitz et al. (2000), who determined, under identical conditions of
acute exposure (0.5 Gy on E13), higher granular cell numbers persisting during
adulthood.
(130) All abovementioned responses occurred in cells that were not directly

exposed to irradiation. The late proliferative responses therefore differ basically
from the cell-cycle-associated responses described in Section 4.2.2. Although spe-
cialised pools of postnatal cell formation retain a certain flexibility (see also Bayer
and Altman, 1975), the prevalence of retardation effects indicates a limited com-
pensatory capacity of late proliferative responses due to the natural progress of
brain differentiation. Hence, re-organisational processes become dominant over
regenerative ones in the majority of brain structures.
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4.3.2. Biochemical maturation responses

(131) Various long-term responses after pre- or perinatal exposure are manifested
at the biochemical level and are most pronounced during the ‘critical period of
postnatal brain maturation’ (about P5–P20 in mice and somewhat longer in rats).
This term was introduced by Flexner (1955), describing different fluctuating
responses, especially in the activities of cholinergic enzymes. In this connection, the
pivotal role of neurotransmitters should be referred to, since many of them are
involved in neurogenic processes like neuronal process outgrowth, synaptogenesis,
and the formation of neuronal circuits (Mattson, 1988).

Neurotransmitters
(132) Maletta et al. (1967) irradiated rats on E14 with 1.0 Gy and observed low-

ering of acetylcholinesterase activity in the sensomotor cortex on E18, P2, and P9
but not thereafter. Protein content remained permanently normal. In previous
experiments, neonatal rats were exposed to the enormous dose of 4.5 Gy (Maletta
and Timiras, 1966). Acetylcholinesterase activity was significantly decreased in
ontogenetically newer brain structures on P10, but not on P64. In the hypothalamus,
it remained normal up to P10, but decreased between P24 and P64. It was concluded
that radiation alters acetylcholine/acetylcholinesterase ratios and thereby cholinergic
synaptic transmission. In total mouse brain homogenates, the activities of acetyl-
cholinesterase and Na-, K-ATPase oscillated between P16 and P48 initially below
and then above normal, when doses of 0.5, 1.0, and 2.0 Gy were given on E12
(Weber et al., 1979). By P64, the activities, apart from those after 2.0 Gy, approa-
ched the corresponding control values. After irradiation during the beginning of the
second trimester, the cortex, brain stem, and cerebellum of 30-day-old squirrel
monkeys also showed above-normal activity of acetylcholinesterase and choline
acetyltransferase (Kaack et al., 1980). In contrast to the highest dose of 1.0 Gy
given, irradiation with 0.1 Gy caused minor overshooting effects in certain brain
regions.
(133) Further radiation effects on neurotransmitter systems and associated

enzymes have been studied in neonatally exposed rats, although partly at inade-
quately high dose levels. After irradiation with 5.0 Gy, there were increases in the
activity and specific activity of acetylcholinesterase and choline acetyltransferase in
the microsomal and synaptosomal fraction of cerebellum homogenates, whereas
total cerebellar activity was depressed (Valcana et al., 1974). An imbalance between
cholinergic and non-cholinergic elements, as well as an altered synaptogenesis aris-
ing from neuronal branching defects, was proposed as the possible cause. The latter
agrees with observations of Lee et al. (1982) on postnatally irradiated rats, whose
gyrus dentatus granular cells were more densely innervated and packed with more
synaptosomes than those of the controls. Hudson et al. (1976) studied monoamine
metabolism in various brain regions of rats on P9 and P22 after irradiation with
5.0 Gy on day 2 postpartum. Exposure led to a temporary rise in the concentrations
of noradrenaline and 5-hydroxytryptamine in pathologically branched nerve
processes. Vernadakis and Timiras (1963) have pointed out the relationship
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between these effects and an increased irritability in exposed animals. Induction of
long-term responses of biogenic amines was also demonstrated by Deroo et al.
(1986) after prenatal irradiation of rats with 0.95 Gy on E10, E12, or E15. High-
pressure liquid chromatography separation starting on P15 revealed an increase of
various transmitters in different brain regions, especially after exposure on E12 and
E15. Marked changes were found for serotonin and dopamine in the striatum,
but glutamate, glutamine, and GABA also showed higher concentrations than the
controls.
(134) In several studies, irradiation was used as a ‘tool’ in order to determine

neurotransmitter function and localisation. Minneman et al. (1981) irradiated neo-
natal rats in a way that the vast majority of late maturing interneurons in the cere-
bellum including granular, basket, and stellate cells were inactivated, whereas the
earlier formed Purkinje cells survived. They were able to demonstrate a decrease of
81–83% in the b2 adrenergic receptors of interneurons but almost-normal levels of
the b1 receptors in Purkinje cells. Also, Dolphin et al. (1983) made use of selective
inactivation of cerebellar interneurons and survival of Purkinje cells. Decreased
concentrations of cAMP-dependent protein kinase and increased concentrations of
cGMP-dependent protein kinase led to the conclusion that the former is distributed
throughout the cerebellum and the latter is concentrated in the Purkinje cells. Rohde
et al. (1979) combined selective inactivation of cerebellar granular, basket, and stel-
lar cells with incorporation of tritiated glutamate, aspartate, and GABA. From the
respective correlations between cell loss and incorporation, it was shown that glu-
tamate, an excitatory transmitter, was released from the granular cells whereas
GABA, an inhibitory transmitter, was released from the basket cells.
(135) Re-aggregating cell cultures from the telencephalic mouse brain were used

by Dimberg et al. (1992, 1993) to study the effects upon different neuronal and
glia cell markers after exposure at a stage corresponding to E15–E16. Exposure
to 0.5 Gy induced fluctuating responses with decreased activities of the glial
markers glutamine synthetase and cyclic nucleotide phosphodiesterase after 30
days and with increased activities after 40 culture days. Irradiation did not sig-
nificantly change the activity of the neuronal cell markers choline acetyltransfer-
ase, acetylcholine esterase, and glutamic acid decarboxylase based on the protein
content. However, nerve growth factor (NGF) levels were twice as high as in the
controls after 20–30 days, before approaching normal values after 40 days. Irra-
diation with 2.0 Gy led to increased activities of acetyl transferase and acet-
ylcholine esterase, and to increased activity of the astrocyte marker glutamine
synthetase. The latter effect was prevented by exogenously added NGF, but NGF
treatment did not influence the responses observed in the neuronal markers. In
another study by Dimberg and Lärkfors (1994), dose–response relationships for
the neuronal markers and native NGF were addressed. The establishment of
dose–response curves (within a dose range of 0.5–2.0 Gy) was limited by age-
dependent fluctuations, with seemingly increased values after 10 days and see-
mingly decreased values after 30 days in culture. Nevertheless, the respective
changes in acetylcholine esterase and NGF mRNA were obviously correlated.
The studies in cell re-aggregates were followed by in-vivo experiments (Dimberg
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et al., 1997). Mice were irradiated with doses of 0.02, 0.1, 1.0, and 2.0 Gy on
E15. On P1 and P21, enzyme assays or in-situ hybridisation were applied to
determine different cholinergic markers and growth factors. Among the effects
described was the statistically supported finding that a dose as low as 0.02 Gy
affects NGF protein levels and the expression of BDNF and trkC mRNA.
However, continuity in the dose–response curves was limited and the responses
showed marked variances in different brain regions.

Myelination gliosis
(136) Brain gliosis is accompanied by enhanced activity of metabolic enzymes and

increased uptake of myelin precursors. There are various earlier experiments in
which corresponding effects were analysed, although higher doses were mainly used
shortly after birth. Irradiation of the head of 2-day-old rats with 7.5 Gy resulted in
decreased concentrations of lipids and proteolipid proteins in the brain stem on P12
(De Vellis et al., 1967). The specific activities of glycerophosphate, malate, and lac-
tate dehydrogenase diminished concurrently. A direct relationship was assumed to
exist between the decrease in glycerophosphate dehydrogenase activity and the
reduced myelin synthesis observed, since this enzyme catalyses a key reaction in the
formation of glycerophosphate, the most important precursor of phospholipid
synthesis. Similar enzymatic effects were also obtained by irradiation of the head of
8–30-day-old rats with doses of 1.0–15 Gy, but not after exposure at 40 days of age
(De Vellis and Schjeide, 1968). The effects on glycerophosphate dehydrogenase were
dose-dependent, non-compensatable, and delayed in their temporal appearance. In
other dehydrogenases, age-related responses were more pronounced. Irradiation of
the head of rats with 7.0 Gy on P2 reduced myelin formation but did not change the
quantitative portion of individual myelin components (Schjeide et al., 1968). Defi-
cient myelin maturation was expressed as shorter lengths of fatty acid chains and a
higher degree of saturation of fatty acids, as seen in younger animals. These changes
were attributed to direct interference with the biochemical differentiation of oligo-
dendroglia cells by which myelin is synthesised. Zaman et al. (1992) determined total
myelin in cortex, brain stem, and cerebellum of juvenile rats after irradiation on
E20. A dose of 1.5 Gy reduced total myelin in the cortex alone, according to its
disproportionate retardation, but myelin concentrations related to weight were not
affected in all parts of the brain. A dose of 0.15 Gy induced growth retardation of
the brain, but did not affect myelination at all.
(137) Prenatally induced proliferative late responses as described in Section 4.3.1

coincide in a remarkable way with the period of myelination gliosis. Relationships
between overshooting glia cell formation and lipid precursor uptake during myelin
synthesis were studied using fractionated x irradiation with daily doses up to 0.6 Gy
given from E6 to E10 (early neurogenesis), from E11 to E15 (advanced neurogen-
esis), or from E5 to E12 (organogenesis) (Konermann, 1977, 1980, 1982). A notice-
able coupling of increased cell formation and increased incorporation of 3H-
mevalonic acid, sodium 32P-phosphate, and 3H-glucose into the lipid fraction of
the total brain was observed even in strongly retarded brains with imbalanced
populations of neuronal cells and oligodendroglia cells. Additional histoautoradio-
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graphic studies revealed that the increase of lipid precursor incorporation primarily
occurred in brain stem regions with augmented oligodendroglia populations. In
another study, Konermann (1986) isolated myelin proteins from the total brain of
adult mice after acute prenatal x irradiation. Doses up to 2.0 Gy were given on E13,
E16, E18, or P3. Densitometer scans of myelin protein bands indicated no sig-
nificant change in the content of proteolipid protein or of the basic proteins 1, 2, and
3 under any exposure condition. As will be described in Section 4.3.3, the responses
observed at the biochemical level do not correspond with the formation of struc-
tured myelin.
(138) Vernadakis et al. (1968) studied myelination-related changes of brain lipids

and cerebrosides in 9–16-day-old rats after x irradiation with 1.0 Gy on E14. Speci-
fically in the brain stem, lipid content in general remained unaltered, whereas cere-
brosides were increased significantly after exposure. Gangliosides represent a
significant component of the glycolipids associated with neuronal fibre membranes
and synaptic formations (Rahmann and Rahmann, 1988). Effects on gangliosides
are therefore likely to be expressed during neuronal fibre formation. Accordingly,
maturation profiles of gangliosides were established for the mouse brain between
P27 and P48 (Konermann et al., 1998). X-ray doses of 2.0 or 3.0 Gy were given on
E13 or E18, respectively. Column chromatography was applied in order to deter-
mine total ganglioside content and the content of different subfractions in the fore-
brain and the brain stem. The subfractions exhibited small irregular responses below
the control level. On a percentage basis, total gangliosides tended to decrease more
in the forebrain than in the brain stem, and this tendency was more expressed after
exposure on E13 than on E18. Towards P48, diminished deviations from the con-
trols indicated effect compensation. All responses (including small temporal increa-
ses of gangliosides) were no more than marginally expressed when the dose was
lowered to 1.0 Gy. This corresponds with earlier findings of Timmermans et al.
(1986), who exposed rats on E12 and E15, and noted virtually unaltered contents of
gangliosides postnatally, as well as temporary increases in cholesterol, sphingomye-
lines, cholin, and ethanolamine.

Energy metabolism
(139) Wilson (1977) considered impaired energy metabolism, specifically insuffi-

cient production of ATP, to be one of the main factors of biochemically induced
developmental defects. Corresponding questions have been addressed by various
irradiation experiments. After selective irradiation of the rat cerebellum with daily
doses of 1.0 Gy from P1 to P10, energy metabolism was measured by Patel and
Balázs (1975) and Patel et al. (1975) on the basis of the uptake of 14C-glucose and
14C-acetate. Although cerebellar cell formation was severely impaired between P10
and P23, the respective changes in the tracer uptake were not indicative of metabolic
effects. Heinzmann et al. (1986) irradiated mice with 0.9 or 1.9 Gy on E12 and cor-
related subsequent natural changes of the metabolic activity with changing radio-
sensitivity, as measured by scintillation counting of 3H-deoxyglucose uptake. One
hour after the injection, a dose-related deficit in uptake was observed in the tele-
ncephalon and in the mesencephalon on E15 and P14 compared with the controls.
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In contrast, uptake after irradiation was relatively increased when measured during
the phase of naturally reduced metabolic activity shortly before birth (P18). Digital
autoradiography was used by Konermann et al. (1998) to determine 14C-deoxy-
glucose incorporation in frozen sections of the mid-horizontal brain of mice entering
adulthood. Five times as much glucose accumulated in the brain stem than in the
cortex. After exposure to 1.0 Gy on E13, accumulation was depressed by only 3%
on average, but the depression reached 45% after exposure to 2.0 Gy. Earlier studies
of Konermann (1986) revealed unexpected stability of ATP synthesis continuing
during pre- and postnatal stages. As measured by bioluminescence techniques, x-ray
doses of 0.25–2.0 Gy given on E13 did not change the concentrations of ATP (mmol/
g total brain) significantly between E13 and P14, although brain retardation pro-
gressed with increasing doses. A similar stability of ATP was observed after expo-
sure on P3.
(140) To sum up, the majority of biochemical maturation responses determined

so far indicate higher stability than expressed by proliferative responses or cell
inactivation. With a few exceptions (e.g. some neurotransmitters and growth
factors), maturation responses are not likely to be induced by doses markedly
below 0.5 Gy, whereas proliferation and cell survival may be affected by doses of
0.1–0.25 Gy. Many biochemical effects are characterised by fluctuations. To a
certain degree, these fluctuations may represent effect compensation, but may
also lead to partially overshooting responses reflecting deviation from normal
maturation.

4.3.3. Histochemical maturation responses

(141) Histochemical techniques have the advantage that responses can be co-
ordinated to more circumscribed anatomical units, the cellular level included. In-situ
maturation disturbances observed in the brain fit into the modes of transfer and
manifestation of effects characterised before. The histochemical studies also cover a
broad range of doses. However, the inclusion of extreme exposure levels may pro-
vide insight into phenomena and mechanisms rather than into dose–response rela-
tionships relevant for radioprotection.
(142) Critical phases of vulnerability of different brain regions were determined

after postnatal irradiation by Gaertner et al. (1973) and Babbel et al. (1973). Guinea
pigs or rats received local irradiation to the head with doses up to 20 or 10 Gy,
respectively, up to 20 days after birth. The effects on carbohydrate metabolism were
quantified by analysing pathological glycogen and glucosamine deposits in brain
slices. According to these criteria, there was enhanced vulnerability, particularly
during the changeover from anaerobic to aerobic metabolism in individual brain
regions. After irradiation of the head of rats with 5 or 10 Gy on P10, Arnold et al.
(1973) observed release of acid phosphatases by glial cells in the corpus callosum
and the basal cerebellum. This capacity was exhausted after repeated exposures
between P10 and P13. The glia in diencephalic nuclei, the vermis of the cerebellum,
and the hippocampus responded less strongly. In general, activation of the phos-
phatases decreased towards P15.
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(143) Irradiation experiments performed with mice in a somewhat earlier post-
natal stage (P3) studied long-term effects on neurosecretion within the hypothala-
mus/hypophysis axis, which governs many humoral processes (Konermann, 1987).
Neurosecretory granules were stained in the infundibulum and the pars nervosa of
the pituitary gland according to the methods of Paget or Gomori. Optical density
was determined by selective microtransmission measurement. Exposures of 0.5–4.0
Gy given on P3 induced a dose-related decrease of neurosecretory material at early
ages compared with controls within an observation period from P25 to P50. After a
‘swingover’ by P36, a dose-related increase in optical density was seen, indicating
compensatory processes.
(144) In the preceding sections, a remarkable parallelism of prenatally induced

overproliferation of oligodendroglia cells and enhanced lipid precursor uptake dur-
ing myelination gliosis has been referred to. Biochemical determination of myelin
and its components were not indicative of marked changes concomitant with cell
formation, provided that excessive doses were avoided. The remaining question of
effect manifestation in structured myelin in situ was addressed by Konermann (1980,
1986), who determined changes in myelin density by microphotometry of various
fibrous brain stem regions of the mouse. Selective microtransmission measurement
in brain slices with Sudan B lipid stain revealed that daily fractionated x irradiation
(0.6 Gy/day) during different prenatal stages induced transient density enhancement
during the myelination period. In contrast, x-ray doses of 0.5–4.0 Gy, as well as
neutron doses of 0.25–1.0 Gy, induced significant myelin density loss in different
brain commissures and fibrous brain stem regions at that stage. Under these condi-
tions, it seems likely that specific biochemical defects prevented the use of the sur-
plus supply of the lipid precursors. Myelin density loss was further documented by
approximately linear dose–response curves which were based on the average per-
centage density loss observed in the different brain regions between P31 and P48.
These curves allowed the calculation of relative biological effectiveness (RBE)
values, which were about 2 at the level of 5% density loss and about 4 when density
was reduced by 10%.
(145) The degree of maturation and the functional state of neuronal cells are par-

ticularly reflected by formational changes in the Nissl bodies (tigroid substance).
The Nissl bodies, units of the ergastoplasma with adjacent ribosomes, represent the
light microscopic equivalent of the rough endoplasmatic reticulum. Computer con-
ducted microscanning photometry with a spatial resolution of less than 1 mm was
applied by Konermann and Schwald (1980) in investigations on tigroid density
changes in representative neuronal groups of different brain areas (cortex, thalamus,
cerebellum, hippocampus dentate gyrus, and nucleus motorius trigemini). Mice were
irradiated with acute x-ray doses between 0.5 and 3.0 Gy on E13, E16, E18.5, or P3,
and measurements were extended from neonatal stages to adulthood. Irradiation led
to a dose-related tigroid density decrease which was most pronounced when the
normal tigroid formation reached highest intensity (approximately P26–P48). These
mostly fluctuating responses were paralleled by a dose-dependent decrease in total
RNA concentration. After that period, the density decrease was compensated for in
various brain regions after exposure to 0.5 Gy, but the deficit either persisted or
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progressed after higher doses. In general, the inducibility of the tigroid responses
decreased with age. Particularly after irradiation on E13, such a phase dependency
presupposes a transfer of effects through cell lineages in most of the neurons inves-
tigated. Effect transfer at the genomic level is therefore likely to occur in the major-
ity of indirectly exposed cells.

4.3.4. Neuromorphogenesis

(146) In general, the formation of axonal processes precedes the formation of
dendritic processes (see Section 4.1 on normal brain development). According to
Eayrs and Goodhead (1959), the density of axons in the rat cerebral cortex increases
maximally between P6 and P18, and that of the dendrites between P18 and P24.
Detailed studies of Petit et al. (1988) on dendritic differentiation of layer V pyr-
amidal cells in the sensorimotor cortex of rats imply remarkable functional aspects.
Primary dendrites with very few branches and immature dendritic spines are formed
before P7–P10. By P20, dendritic differentiation close to the cell body reaches a
plateau and leads to adult-like structures of branching. Although dendritic segments
(‘trunks’) do not elongate significantly after branching, there is a continued increase
in the length of the terminal branches into adulthood. During adulthood, additional
length is added to terminal dendrites without branching. Dendritic differentiation
goes along with the formation of dendritic spines representing synaptic anchor sites.
Spines increase dramatically in number after the formation of primary dendrites.
After a period of redundancy, they decline on proximal dendrites but continue to
increase on terminal branches into adulthood. These results suggest that the term-
inal portion of the dendritic field retains plasticity far beyond the developmental
period.
(147) Data related to irradiation effects during the course of neuronal sprouting

rank far behind those concerning late fibre defects. Berry and Eayrs (1966) analysed
formational changes of dendrites arising from rat cortex neurons of layers V and VI
when animals reached a pre-adult stage (P30). After acute x irradiation with 2.0 Gy
on E17, in particular, the formation of apical dendrites was suppressed. A greater
tendency of the dendrites to bifurcate and change in direction parallel to the pial
surface occurred after exposure on E19 and E21. The number of dendrites, their
degree of branching, and the mean dendritic field were more decreased after expo-
sure on E21 than on E19. These changes correlated with a reduced capacity to make
connections with incoming thalamocortical axons. Cytoarchitectonic changes in the
early postnatal rat neocortex after prenatal x irradiation described by D’Amato and
Hicks (1965) should be emphasised here, since the doses of 0.1–0.4 Gy are in the
lower range of doses that affect the survival of neuroblasts. After exposure on E16
or E18, neuronal package density was reduced and the normal appearance of nearly
continuous radial lines of neurons was disturbed. Fewer long dendrites from cells in
layers VI and V extended to the outer layers, and fewer thalamocortical and con-
current fibres ascended to the cortex. The large pyramidal neurons of layer V formed
an indistinct compact zone of smaller than normal cells. Layer VI showed irregula-
rities of axons ascending vertically or coursing horizontally. Shortening of apical
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dendrites of pyramidal cells was particularly prominent in cortical layers II and III.
Interestingly, the paucity of neurons observed in all layers after exposure on E16 or
E18 was associated with a compensatory increase of neuropil reflecting ‘search
movements’ of neuronal processes in a disturbed cytological environment. Irradia-
tion between P1 and P3 induced similar effects as described. However, it was
assumed that thresholds for detectable effects were shifted from approximately 0.1
Gy for prenatal exposures to 0.2 or 0.3 Gy for postnatal exposures due to an
increasing potency of recovery with age.
(148) While D’Amato and Hicks (1965) argued that damage to neuronal texture

after prenatal exposure ‘must have been perpetuated through a number of cell
generations’ in terms of an effect transfer, more direct paths of action were anti-
cipated by Schneider and Norton (1980). In the latter study, rats were exposed
to 1.25 Gy on E15 and caudate nucleus neurons were examined on P4. Histo-
morphologic measurements revealed a marked reduction of nuclear size and
dendritic branching. The hypothesis of direct effects to cytomorphogenesis was
based mainly on the fact that damage was manifested before synaptogenesis,
whereby influences of de-afferentiation possibly occurring in later postnatal stages
can be excluded.
(149) The formation of major fibre projections, as in the corpus callosum and the

adjacent cingulum, exhibits pronounced radiosensitivity. An important contribution
to the aetiology of callosal defects was made by studies of Jensen and Altman
(1982). They found that the above-average sensitivity of the corpus callosum in rats
was due to an age-related loss of late-generated supragranular cells in layers II and
III of the neocortex. Irradiation with 2.0 Gy between E18 and E21 induced a size
reduction of the corpus callosum proportional to the loss of these specific neurons.
In contrast, size reduction and even agenesis of callosal segments was not prevented
when normal numbers of neurons resided concomitantly in the infragranular layer.
Reyners et al. (1999) performed morphometric measurements of the cingulum of
rats after x irradiation with 0.18 Gy between E12 and E15. One month postpartum,
atrophy of the cingulum was most pronounced when exposure was performed on
E13 or E14. Axonal loss and subsequent undermyelination were regarded as the
main reasons for cingular size reduction.
(150) Remarkable features of neuronal plasticity have been analysed by Ferrer et

al. (1991b) during the postnatal formation of dendritic spines. After irradiation of
rats with 1.0 Gy on E18, pyramidal cells of cortex layer V had more dendritic spines
than age-matched controls on P15. In contrast, during the period of enhanced nat-
ural redundancy (by P30), dendritic spines were relatively reduced after irradiation.
The subsequent decline of dendritic spines was, however, balanced in a way that
irradiated and control animals reached similar numbers of dendritic spines by P90.
Goutan et al. (1999) analysed different proteins (synaptophysin, synapsin-I, syn-
taxin-I, SNAP-25, GAP-43) interfering with axonal elongation and synaptic
maturation. Immunohistochemistry of these proteins, performed in different layers
of the irradiated rat cerebellum (2.0 Gy given on P1), revealed that protein expres-
sion recovered after an initial phase of suppression associated with apoptosis had
passed.
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4.4. Endpoints

(151) As shown above, various long-term effects enter a final stage when the brain
maturation period has passed and developmental processes decelerate during the
pre-adult phase. At the same time, compensatory reactions become increasingly
inefficient due to the progress of differentiation. Developmental parameters such as
cell formation, weight gain, synthetic activity, and neuronal process formation
indicate that maturity of the smaller rodent’s brain is approximately achieved during
the fifth week postpartum. Therefore, response chains are likely to end at that time.
Among the most topical phenomena of final damage manifestation are: total brain-
weight loss, undersized brain structures, anatomical deformations, neuronal texture
defects, and disturbances of neuronal function and behaviour. Some neurophysio-
logical endpoints are, however, reached before weaning and reflect age-specific defi-
cits of early reflexes or of behavioural patterns.

4.4.1. Growth deficit and anatomical defects

(152) In contrast to most gross lethal malformations arising from exposure during
early organogenesis, various anatomical defects are associated with growth retarda-
tion after exposure during advanced prenatal stages, and reach late endpoints. Thus,
microcephalic brains with or without local damage occur in the latter case. Cowen
and Geller (1960) described the phase dependency of anatomical and structural
defects in the rat brain up to the age of 19.5 months. In each case, irradiation with
2.5 Gy up to E8 did not lead to any morphological long-term effects but resulted
mainly in lethality between E9 and E14. Animals with severe brain damage, how-
ever, survived after irradiation from E15 onwards. Radiation on E15 or E16 was
followed by the most severe forebrain defects, while cerebellar malformations were
more prominent after exposure on E18. Structural defects in the neocortex, neuronal
paucity, hydroencephalia, heterotopia within the ventricular wall, loss and disloca-
tion of pyramidal cells in the hippocampus, agenesis and widening of the corpus
callosum, and expansion of the interhemispherical space were observed, among
other effects. Brain weight was lowered, both absolute and with respect to body
weight. Kameyama and Hoshino (1972) reported that acute 2.0 Gy x irradiation of
mice between E12 and E17 yielded a number of variable microcephalic offspring,
with some showing hydrocephalia during their postnatal life. Similar effects were
described in other ‘classical’ studies, although doses below 1.0 Gy were mostly
neglected (Riggs et al., 1956; Hicks et al., 1959; Hicks and D’Amato, 1966; Brizzee,
1967).
(153) Various experimental observations are in line with anatomical defects

described for prenatally exposed survivors of the atomic bombing in Hiroshima and
Nagasaki (Schull and Otake, 1999). Magnetic resonance imaging of the brain of
some mentally retarded survivors revealed larger regions of ectopic gray matter
when exposure occurred up to week 16 postconception. The development of atypi-
cally small head size, without conspicuously impaired cognitive function, was
attributed to a generalised retardation of growth.
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(154) Phase-dependent retardation effects were analysed by Takeuchi et al. (1981),
who irradiated rats with 1.0 Gy on one of the gestational days E10–E18. The mean
brain weight of 60-day-old rats irradiated on E10 did not differ from that of the
controls, whereas all other experimental groups showed lower brain weights with
maximal deficits after exposure between E12 and E14. Konermann et al. (1984)
compared postnatal brainweight loss in mice on the basis of the ratio of brain weight
to body weight after fractionated irradiation. Daily doses of 0.6 Gy were given
either from E6 to E10 or from E11 to E15, i.e. during a phase of high or moderate
intra-uterine lethality. After birth, the brainweight ratios were restored in animals
exposed during early organogenesis; however, brainweight ratios permanently lagged
behind the controls when exposure took place during advanced organogenesis. Fur-
ther experiments with acute x rays were designed in order to cover each exposure day
from E12 to E18 and doses in the range of 0.03–2.0 Gy (Konermann et al., 1998).
Dose–response curves established for total brain weights on P31 showed a progressive
shift towards less negative slopes with increasing fetal ages at exposure. At the same
time, the lowest doses for significant effects were shifted from 0.12 Gy for exposure on
E12 to 0.25 Gy for exposure on E13, and nearly 0.5 Gy for later exposure days.
(155) The studies of Konermann (1992b) and Konermann et al. (1998) included

examining the modifying influences of the temporal dose distribution, particularly
for exposures on E13. Dose-rate effectiveness factors (DREFs) were calculated for
dose rates of 0.00083 and 0.005 Gy/min, relative to 0.5 Gy/min x-ray reference
exposure. At 15% brainweight loss, the DREFs increased from 1.22 to 1.95 after
0.005 or 0.00083 Gy/min, respectively. When the dose rate was lowered to 0.00063
Gy/min and a total dose of 5.0 Gy was protracted from E13 to E18, the DREF
increased to 6.15. Calculations over such a long time are, however, questionable
since the developmental progress leads to interference of the exposure with pro-
longed rows of cells and, consequently, to low doses per cell cycle. Reyners et al.
(1992) studied brain atrophy in adult rats after exposure to 600 keV neutrons in
comparison with x rays given on E15 or with gamma rays given from E12 to E16
and from E14 to E20. Neutron doses in the range of 0.01–0.15 Gy caused significant
brain atrophy with an RBE value of 3.5 compared with x rays. DREFs of 1.5 and
3.0 were calculated for exposures to gamma rays from E12 to E16 or from E14 to
E20, respectively. These prolonged exposure periods also raise the question of the
relevance of such DREF calculations, as mentioned above.
(156) Thinning of the cortical roof represents a well-documented endpoint

reflecting neuronal cell loss, migration defects, changes in packing density, and
reduced fibre formation (Brizzee, 1967; Brizzee et al., 1967). Takeuchi et al. (1981)
irradiated rats on different gestational days with 1.0 Gy x rays and found peak sen-
sitivity for cortical thinning after exposure on E13 with 33% diameter loss.
According to experiments with gamma rays, rats reach highest sensitivity for cortical
thinning after exposure on E15 when cell formation is most pronounced. Significant
effects were observed after 0.5 Gy and marginal effects were not excluded after
exposure to 0.25 Gy (Fukui et al., 1991; Kimler, 1998). In experiments with exposure
on E11, E13, E15, and E17, Norton and Kimler (1988), Kimler and Norton (1988),
and Norton et al. (1991) analysed effects within various cortical areas and single
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cortical layers. The responses of different layers of the frontal, parietal, and occipital
cortexes were highly dependent upon the exact stage of cortical development. Cor-
tical layers I–II were affected after exposure on E11. Sensitivity was shifted to layers
IV–VI after exposure on E13. Thinning was observed in all layers after exposure on
E15 or E17, and reached the highest degree in layers V and VI.
(157) Reduced diameter of the cortex and brain commissures was studied in mice in

view of parameters such as dose, developmental stage, and RBE and DREF values
(Konermann, 1986; Konermann et al., 1998). Acute exposures to x rays (0.05–1.0 Gy)
given on E13 induced a dose-dependent loss in diameter of the total cortex, corpus
callosum, and Fimbria hippocampi. Above a threshold dose in the vicinity of 0.1 Gy,
the percentage cross-sectional reduction of the corpus callosum was more than twice
that of the neocortex or the Fimbria hippocampi. For the same exposure day, absolute
diameter values were determined in the parietal, temporal, and occipital cortex in order
to compare the effects of acute x rays with 6 MeV neutrons. In all cortical areas, the
threshold character of the curves for x-irradiated animals became apparent at a dose of
about 0.1 Gy. Neutron exposures, although limited to doses above the threshold range
(0.25–1.0 Gy), had an average RBE value of 3.0 at 15% diameter loss. The curves
obtained after acute x irradiation were also used as reference curves for the determina-
tion of DREFs. At 10% diameter loss, average DREFs for the different cortical areas
were 1.6 and 1.8 when the dose rate was lowered from 0.5 Gy/min to 0.005 or 0.00083
Gy/min, respectively. In the brain commissures, dose-rate effects were less obvious.
After acute x irradiation (0.03–2.0 Gy) on each developmental day between E12 and
E18, cortical diameters showed similar patterns of response as observed for total
brainweight loss. There was a forward shift of thresholds from about 0.1 to 0.5 Gy, and
less negative slopes of the dose–response curves with increasing age at exposure.

4.4.2. Neuronal texture defects

(158) Disturbances of cortical layering and neuronal connectivity gain major
importance in view of associated functional defects (see papers of Kimler and Nor-
ton cited above). In contrast to the fluctuating maturational responses, neuronal
fibre damage already exhibits greater constancy during the pre-adult stage and is
likely to persist during adulthood (D’Amato and Hicks, 1965; Berry and Eayrs,
1966; Konermann et al., 1984). Brizzee (1967) and Brizzee et al. (1982) exposed rats
to x rays of 1.3 Gy on E13.5 and made Golgi-Cox preparations of the cerebral cor-
tex at 250 days of age. Shortening and disorientation of dendritic processes occurred
throughout the depth of the cortex. Neuronal clusters appeared in layer II. How-
ever, some pyramidal neurons of layer V sent their apical dendrites out to the per-
iphery of the cortex. Neuron-sparse areas, besides neuronal clumping, represented
the most obvious cytoarchitectonic defects observed by Takeuchi et al. (1981) in the
rat cortex exposed to 1.0 Gy during fetal stages. Donoso and Norton (1982) sub-
jected rats to 1.25 Gy x rays on E15 and studied alterations in pyramidal cells of the
cortex layer V and in similar cells found in ectopias adjacent to the caudate nucleus.
Dendritic spine numbers were the main parameter evaluated. Spines were sparser on
ectopic than orthotopic pyramidal cells, but synapses were morphologically indis-
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tinguishable in both cell types. This led to the conclusion that the ectopic cortex may
contain functional cells despite their abnormal location.
(159) Various dose-related studies on cytomorphological effects also refer to pyr-

amidal cells of cortex layer V. X-ray doses of 0.25 and 1.0 Gy, but not of 0.1 Gy,
reduced arborisation of these neurons in the adult mouse cortex after exposure on
E13 or E15 (Hayashi et al., 1979; Kameyama, 1989). After exposure on E17, the
branching index (ratio of total/arising endings) dropped only after exposure to 1.0
Gy. Fukui et al. (1991) used the branching index and the number of intersections of
dendrites with concentric circles in order to quantify alterations of fibres within a
dose range of 0.27–1.46 Gy. Fibre formation in the brains of 6- or 12-week-old mice
was significantly affected after exposure to 0.27 Gy, whereas numerical density of
synapses in layer I remained unchanged.
(160) Computerised micro-image analysis was applied to quantify formational

changes of the radial-parallel arrangement of layer Va pyramidal cell processes
during early adult stages (Konermann, 1986, 1989). Alignment quotients were
derived from the ratio of the respective number of intersection points between neu-
ronal processes and video lines of maximal parallelism or crossing. For animals
exposed to acute x rays on E12 or E13, the analysis showed an approximately linear
decrease of the alignment quotients after doses higher than 0.125 Gy. Confidence
limits for the deviations against controls were better than 99.9% including exposure
to 0.125 Gy, but they indicated no more than marginal effects after 0.05 Gy. These
results were confirmed by supplementary evaluations performed with improved
image analysis techniques (Fig. 4.9). Other experiments were extended to exposures
Fig. 4.9. Alignment quotients of cortex layer Va neurons of mice after acute x irradiation on E13. The

quotients are derived from the ratio of the respective number of intersection points between neuronal

processes and video lines of maximal parallism or crossing. Microvideometric determinations on P30

(from Konermann, 2002, unpublished).
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each day between E12 and E18 and to doses in the range of 0.03–2.0 Gy (Koner-
mann, 1996; Konermann et al., 1998). Similar to brainweight reduction and cortical
diameter loss described above, the thresholds for alignment lowering were progres-
sively shifted from 0.125 Gy to about 0.5 Gy between exposure on E12 and E18. The
slopes of the respective dose–response curves became less negative at the same time.
Influences of the temporal dose distribution were less obvious when the dose rate
was reduced by a factor of about 100. No RBE effects were apparent after exposure
to 0.25 and 0.5 Gy of 6 MeV neutrons compared with standard x rays on E13.
However, neutron doses of 0.75 Gy mostly prevented the formation of a discernible
layer Va. Observations on the pronounced changes in radiosensitivity during corti-
cogenesis have far-reaching implications for radioprotection, since phase-dependent
influences within the ‘window of sensitivity’ from weeks 8–15 postconception in man
could not be considered (cf. Chapter 5).
(161) Further evidence of persistent cytological damage should be mentioned.

Heinzmann et al. (1978) demonstrated different types of structural damage to the
ependymal borderline in prenatally irradiated mouse brains, using electron
microscopic studies. They stated that there is a prolonged prenatal induction period
for damage to the ventricular borderline and that the ependyma is unable to regen-
erate after acute x-ray exposure of 1.0–2.0 Gy. In another electron microscopic
study, Heinzmann (1982) analysed alterations of the lateral choroid plexus after
exposure to 0.95 Gy given on E12. Within an observation period up to 20 months,
the plexus cells were flattened, partly protruded, and showed dilated intercellular
spaces. Further alterations became obvious in the superficial fine structures, i.e. the
microvilli and cilia. A remarkably prolonged and, so far, undetected cellular
response chain was described by Korr et al. (1999b, 2001) for the mouse brain.
Effects of prenatal irradiation (0.1 and 0.5 Gy given on E13) on nuclear and
mitochondrial DNA of hippocampal or cerebellar neurons were analysed in view
of mutual influences on cell death. No unrepaired single-strand breaks were detect-
able 1 day after exposure. However, on P25, the biogenesis of mitochondria
increased, as did the content of single-strand breaks. Significant cell loss was
observed on P180, indicating a late second wave of cell inactivation following the
typical acute response. Late cell loss was attributed to an increase of reactive oxygen
species produced by an increased number of mitochondria with accumulated DNA
damage.

4.4.3. Impairment of neuronal function and behaviour

(162) Due to identical developmental sequences, neurostructural damage in
mammals and man exhibits much more homology than is expressed at the
functional or behavioural levels. The degree of cerebralisation and inborn beha-
vioural patterns differ substantially in primate and subprimate mammals. Among
other peculiarities, many subprimate mammals (including rodents) have mainly
olfactory and tactile orientation, whereas primates and man show visual dom-
inance. Therefore, the comparability of higher central nervous activity decreases
with increasing taxonomic distance and is likely to become very limited or
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impossible at the level of complex cognitive functions. Implications like these
should not be overlooked when model experiments with laboratory animals are
performed.

Early developmental markers
(163) The natural course of development implies that different neurophysiological

endpoints are attained before the preweaning period. In a series of papers, Jensh and
Brent (1986, 1987, 1988) and Jensh et al. (1995) studied the acquisition of different
reflexes in rats (air righting, surface righting, visual placing, negative geotaxis,
auditory startle) and the appearence of physiological markers (pinna detachment,
eye opening, vaginal opening, testes descent). Animals were exposed to x-ray doses
in the range of 0.1–2.0 Gy on E9 or E17. In general, there were no effects induced in
the ‘all-or-none period’ on E9. However, dose–response relationships existed for
some parameters with thresholds at or above 0.2 Gy when exposure was on E17. It
was pointed out that postpartum measures of development and reflex acquisition
were not more sensitive indicators of irradiation effects than growth retardation.
Phase-dependent influences were also observed by Sikov et al. (1962) after irradiat-
ing rats with doses of 0.2 or 1.0 Gy on E10, or doses of 0.5 or 1.85 Gy on E15.
Motor disturbances (ataxia of the hind legs, hyperactivity, spasms, abnormal
movements, and body position) markedly prevailed after exposure on E15, particu-
larly at the higher dose.
(164) Similar observations were made by Norton (1986), who exposed rats to

doses of 0.25–1.25 Gy on E15. During the first two postnatal weeks, the tests refer-
red to the righting reflex, negative geotaxis, and reflex suspension, and they referred
to the modified open field, spatial maze, and continuous corridor on P21. The results
were not uniform, but those tests showing behavioural effects indicated a threshold
at 0.25 Gy; the same threshold as observed for growth retardation. Different radia-
tion experiments with gamma rays encompassing a minimum dose of 0.25 Gy and a
maximum dose of 1.25 Gy were performed in order to determine behavioural pre-
dictors for cortical defects (Kimler and Norton, 1988; Norton, 1989; Kimler, 1998).
In general, effects within an observation period up to P28 were most pronounced
after exposure on E15. Continuous corridor activity of the rats differed significantly
from the controls with a linear decrease after exposures between 0.25 and 1.25 Gy.
Negative geotaxis and continuous corridor activity were most indicative of struc-
tural damage to the frontal and parietal cortex, but were not correlated with the
occipital cortex. When behavioural data were used to predict cortical damage after
exposure to 1.0 Gy on E17 (Norton and Kimler, 1987), the best predictor was
negative geotaxis. Specifically, thinning of cortical layers V and VI was associated
with behavioural deficits. Multiple regression analysis also allowed the calculation of
anatomical predictors for behavioural changes, especially when layer V of the sen-
sorimotor cortex was affected.
(165) Vidal-Pergola et al. (1993) extended the studies on predictors to dose-frac-

tionation experiments (single doses of 0.5 or 1.0 Gy compared with two doses of 0.5
Gy 6 h apart on E15). Overall, the fractionated exposure produced effects equivalent
to a single dose of 0.7 Gy. Wang et al. (1993) exposed mice from E13 to E18 to
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continuous gamma rays with total doses of 0.1, 0.2, or 0.4 Gy, and tested similar
physiological markers and neonatal reflexes as mentioned above. Besides hyper-
activity, different test criteria indicated significant effects following exposure to 0.2
or 0.4 Gy. Male mice irradiated with doses of 0.068, 0.15, or 1.5 Gy on E20 showed
particularly delayed cliff avoidance (Zaman et al., 1997). Female mice responded
only to the highest dose of 1.5 Gy. Eye opening and crawling were not affected in
either sex. Hossain et al. (1999) concluded from their studies on physiological mar-
kers and morphometric measurements that mice exposed on E17 show thresholds
for morphological parameters between 0.3 and 0.5 Gy, but probably a lower
threshold for functional effects. Interestingly, combined treatment of hyperthermia
(5-min waterbath at 42�C) and 0.5 Gy gamma irradiation on E9 affected the acqui-
sition of different physiological and behavioural landmarks no more than treatment
with only one of the agents (Zhong et al., 1996).
(166) In a survey, most dose-related studies on early developmental markers for

neurophysiological and behavioural effects provide evidence of thresholds at doses
near 0.2 Gy during phases of enhanced sensitivity. Although there is a certain var-
iance depending on age at exposure and the test criteria used, doses of that order of
magnitude are well in line with the lower dose range for structural damage and
retardation effects.

Late neurofunctional damage
(167) Different methods have been applied in order to determine late neurological

damage such as impairment of EEG patterns, learning, memory, and behaviour.
Various changes in bioelectric activity indicate high sensitivity of the prenatally
irradiated brain. However, the magnitude of EEG disturbances hardly reflects the
extent of structural damage. Berry et al. (1963) irradiated rats with 2.0 Gy on E17,
E19, or E21 and shortly after birth, and recorded EEGs at about P30 immediately
prior to histological analysis of the brain. The EEG recordings of irradiated animals
were of smaller amplitude than those in normal animals and contained interrupted
spike sequences. The histological studies revealed severe phase-dependent brain
damage. Although the corpus callosum was mostly missing after irradiation on E17
or E19, the EEGs were synchronised bilaterally. Rugh et al. (1963) exposed rats to a
dose of 1.0 Gy on E9.5, which is sufficient to cause the death of some animals in
utero and of some within the first 2 weeks after birth. Some animals of the same
litters survived for 6 months. Rats surviving only during the early postnatal
phase showed marked deviations from normal EEGs. This was independent of
the presence of overt malformations. Rats surviving after that period showed
consecutive maturation of EEGs similar to the controls. In another study, Rugh
et al. (1966a,b) described different anatomical and functional defects for two
fetally irradiated rhesus monkeys during an observation period of 23 months.
One fetus received 2.0 Gy x rays at day 80 postconception, and the other
received 3.0 Gy at day 60 postconception. The age at exposure was only assessed
by the interval between exposure and normal delivery (average gestation period
168 days). The appearance of the brain was almost normal after exposure to 2.0
Gy, but microcephalia (55% of normal brain weight) occurred after exposure to
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3.0 Gy, the latter coinciding with an earlier fetal stage. Both irradiated monkeys
were nervous, easily stimulated to excessive activity, and showed unpredictable
behaviour. EEG recordings showed spikes, asymmetry, and asynchrony in both
animals with more pronounced deviations after 3.0 Gy. Minamisawa and Sasaki
(1983) irradiated mice with 3.0 Gy x rays at different perinatal stages and
recorded electrocorticograms during extended postnatal periods. Comparison
between recordings of normal and exposed mice suggested accelerated aging due
to irradiation.
(168) With other physiological tests, convulsion susceptibility under massive

acoustic stress has been checked. After acute x irradiation of at least 0.25 Gy given on
E15, rats showed altered convulsion thresholds when they were postnatally exposed to
a high-frequency sound of 120 dB (Werboff et al., 1961a). Continuous exposure of
rats to a total gamma dose of 0.2 Gy up to day 10 postconception revealed an increase
in the number of animals that entered full audiogenic seizure between P46 and P52
(Cooke et al., 1964). The relevance of these and similar findings to humans appears
questionable because of the different audible frequencies, the non-physiological
experimental conditions, and the use of partly convulsion-sensitive animal strains.
(169) Learning and behavioural tests after prenatal irradiation have been per-

formed to evaluate various aspects for decades. The significance of these tests is
difficult to assess because of the frequent overemotionality or changes in motivation
in developmentally disturbed rodents. According to Furchtgott and Echols
(1958a,b), locomotor co-ordination was altered in rats older than 23 days after
irradiation with more than 0.5 Gy on E14 or E15. The lowered threshold to shock
was attributed to greater fearfulness caused by the treatment. Graham et al. (1959)
tested the optical learning ability in 6-month-old rats by light-intensity discrimina-
tion. In comparison with controls, animals irradiated on E14 with 1.5 Gy or on E18
with 3.0 Gy learned more slowly. Werboff et al. (1961b) observed a maximal
impairment of motor performance (upright response) in rats irradiated with 1.0 Gy
on E15. Irradiation of rats with 2.0 Gy on E16 led to enhanced activity at 30 days of
age, but spatial activity was similar to controls after 1 year (Furchtgott et al., 1968).
In another experiment, Walker and Furchtgott (1970) observed that rats exposed to
2.0 Gy on E16 took longer to acquire and extinguish a response (pushing a door to a
food compartment) conditioned to a 400-Hz tone. However, animals performed as
well as controls in a two-tone discrimination. Response acquisition was also retar-
ded after exposure to 1.0 Gy, whereas 0.5 Gy was ineffective. Nash et al. (1970) drew
attention to the varying behaviour due to the animal strain, when open-field activity
and hoarding behaviour were compared between different mouse strains after neo-
natal exposure to doses up to 3.0 Gy. According to Martin (1970), following expo-
sure to 1.96 Gy x irradiation on E17, E19, or E21, rats exhibited significantly more
bar press escape/avoidance responses as a function of increasing shock intensity
than controls. In this connection, greater emotional reactivity and loss of inhibitory
control due to cortical damage were discussed. Werboff et al. (1963) concluded from
different test procedures applied in rats that the threshold dose for learning and
behavioural disturbance lies between 0.15 and 0.25 Gy after irradiation between E5
and E20.
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(170) Ordy et al. (1982a,b) investigated various postnatal effects in squirrel
monkeys up to P90 after gamma irradiation with 0.5 or 1.0 Gy between E80 and
E90. Accuracy, completeness, and time required for performance of reflexes and
neuromuscular co-ordination were impaired. Correct responses in tests for visual
orientation, discrimination learning, and reversal learning were below the control
level. Moreover, somatometric growth rates, as measured by head circumference,
crown–rump length, and body weight, were lower than in the controls. The rele-
vance of these findings for risk assessment in humans is beyond question, particu-
larly because of the homologous types of damage seen in children exposed in utero
(Plummer, 1952; Dekaban, 1968; Blot, 1975).
(171) Continuing interest in learning and behaviour impairment is documented in

a series of more recent studies. The possibility of not only prolonged but progressive
behavioural effects was observed when rats were exposed to gamma rays of 0.75 Gy
on E15 and tested 1 and 3 months postnatally (Norton et al., 1991). Deficits in
gaiting, continuous corridor activity, and sequences of different behavioural acts
became more pronounced with age. These results are in contrast to observations of
Minamisawa and Hirokaga (1996), who irradiated mice with gamma rays of 0.1 or
0.2 Gy on E14. Recordings of open-field activity showed significant changes at 12–
13 months, even after 0.1 Gy (longer walking distance), but there were no effects at
19–20 months. A dose of 1.0 Gy was necessary to cause nocturnal hyperactivity in
young and adult stages (Minamisawa and Hirokaga, 1995). Reduction of effects
with age was also observed when the locomotory responses and learning perfor-
mance of prenatally irradiated mice (gamma doses>0.5 Gy on E11.5) were tested at
12 or 18 months of age, respectively (Baskar and Uma Devi, 1996). In another study
with mice (Hossain and Uma Devi, 2000), gamma doses of 0.25–1.5 Gy were given
on E14, and locomotory and exploratory tests were performed at 6, 12, and 18
months of age. After doses of 0.3 Gy and above, the effects increased linearly with
dose at 12 months of age, but animals performed similarly to controls when tested at
18 months. In contrast, effects on hole-board activity, conditioned avoidance
responses, and radial arm maze performance persisted up to 18 months, when doses
of 0.5 Gy and above were given on E14 (Hossain and Uma Devi, 2001).
(172) In mammals and man, the hippocampus formation (hippocampus or

ammon’s horn and dentate gyrus) plays a pivotal role in the co-ordination of mem-
ory, specifically of spatial memory. It seems conceivable that impairment of basic
functions such as spatial memory is more likely to allow interspecies comparison
than many other cognitive functions. Bayer et al. (1973) pointed out that selective
destruction of dentate granule cells by irradiating infant rats resulted in behavioural
changes and learning deficits closely resembling those observed after surgical
destruction of the hippocampus in adults. Performance tests in a radial arm maze
seem particularly appropriate to study spatial learning. Sienkiewicz et al. (1992)
tested spatial memory in adult mice in an eight-arm radial maze after exposure to
1.0 Gy x rays on E13, E15, P1, or P10. Acquisition of spatial learning was unim-
paired in animals exposed on E13, E15, or P10, whereas acquisition was significantly
impaired after exposure on E18 or P1. Thus, deficits in spatial learning were
obviously correlated with the most sensitive period of cell formation and migration
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in the perinatal dentate gyrus. It remains obscure why learning was not affected after
treatment on E13 or E15, when cell formation is highest in ammon’s horn. In a
second paper (Sienkiewicz et al., 1994), the question of dose-related effects was
addressed by exposures to doses of 0.1–0.5 Gy given on E18. The association
between dose and spatial memory impairment was best described by a linear rela-
tionship without a threshold. However, significant deviations were reached only
following doses of 0.35 Gy and above. The possibility of phase-dependent effects in
different memory systems was checked by either spatial- or visual-associated radial
arm maze tests (Sienkiewicz et al., 1999). Exposure to 1.0 Gy on E18 produced a
highly significant deficit in performance on the spatial task, but a small improve-
ment in the visual task. Exposure on E15 did not affect the spatial task performance,
but produced a highly significant deficit in the visual task. The performance of
both the spatial and the visual task were not significantly changed after exposure on
E13.
(173) To date, the lowest doses inducing behavioural effects due to cellular

damage to hippocampus formation were observed when rats were injected with tri-
tiated water (Gao et al., 1999). The absorbed doses calculated for the offspring after
injection of the mothers on E13 were 0.046, 0.092, or 0.273 Gy. After exposure to
the lowest dose of 0.046 Gy, the avoidance response time was significantly pro-
longed and animals showed decreased numbers of hippocampal pyramidal cells in
the CA1 area. An exposure to 0.092 Gy significantly decreased the establishment of
conditioned reflexes and was associated with reduced numbers of pyramidal cells in
the CA3 area. In parallel, cellular effects were studied in cultivated hippocampal
neurons. According to these observations, exposure to 0.092 Gy led to cellular mal-
formations and cell death progressing on each culture day. Application of patch-
clamp techniques revealed that the maximum electric conductance of Ca2+ in the
cultured neurons decreased after exposure to 0.273 Gy.
(174) Among the few studies in which impairment of learning and behaviour can

be correlated with local anatomical damage is a paper of Pellegrino and Altman
(1979) on cerebellar effects. During the early postnatal period, rats were irradiated
(mostly 2.0 Gy) with selected exposure schedules by which different subunits of the
cerebellum were impaired according to the time of their appearance. Behavioural
studies on motor performance, activity level, and maze learning were combined with
histological studies. The experiments led to the conclusion that the cerebellar cortex
is hierarchically organised. The basal domain of Purkinje cells and the lower mole-
cular layer are implicated in the co-ordination of movements, the apical domain of
Purkinje cells, and the upper molecular layer in the co-ordination of actions.
(175) In summary, there is diverse experimental evidence of late neurofunctional

damage such as impairment of EEG patterns, learning, memory, and behaviour as a
consequence of prenatal irradiation. The lowest doses inducing late functional, as
well as structural, defects are in the range of about 0.1–0.3 Gy. In general, the
coincidence of the lowest effective dose ranges seems to indicate an inter-relation of
defective structure and function. However, there are only a few studies to date in
which specific functional defects can be associated with local anatomical damage. A
timetable of damage phenomena reflecting the sequence of developmentally deter-
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mined phases of enhanced sensitivity is less defined for neurofunctional changes
than for structural damage.
(176) Different pitfalls inherent in the significance of experimental performance

tests for risk estimates should not be overlooked. Thus, test procedures can be
biased to a different degree by overexcitement, changes in motivation, and other
(partly strain-specific) emotional influences. Some observations of ‘better’ or faster
performance of exposed animals are in line with this. Also, interspecies comparisons
and extrapolations of animal data to man entail different limitations. The degree of
cerebralisation and inborn behavioural patterns differ substantially between primate
and subprimate mammals. Many subprimate mammals (including rodents) have
mainly olfactory and and tactile orientation, whereas primates and man show visual
dominance. In general, comparability of higher central nervous activity decreases
with increasing taxonomic distance and becomes increasingly limited at the level of
complex cognitive functions.

4.5. Summary

(177) The mammalian brain shows pronounced sensitivity to long-term damage
due to prolonged cell formation and maturation processes. This entails extended
chains of responses going along with the natural course of development. Hier-
archical levels of successive responses are represented by: (i) initial effects in the
substrate present at the time of exposure; (ii) secondary effects in daughter cells
and structures being formed immediately after exposure; and (iii) long-term
responses of the later cell progeny, or of premature cerebral subunits. The response
chains can interfere with a variety of compensatory responses. Endpoints of effects
are unlikely to be reached before the brain achieves structural and functional
maturity.

4.5.1. Initial effects

DNA damage
(178) In brain neurons of fetal rodents (rats and mice), single- and double-strand

DNA breaks have been found within minutes of acute low-LET exposure to doses in
the range of 0.1–4.0 Gy. Strand breaks give rise to different types of chromosomal
aberrations, which may be further modified by misrepair. Pronounced decline of
cells with chromosomal damage within 1 day indicates inter-related processes of cell
death and repair.

Cell pycnosis
(179) In the past, many studies on acute cell death in the prenatal rodent’s brain

have been based on counts of pycnotic cells. Proliferating ventricular cells and early
migrating cells are most sensitive to radiation at the beginning of corticogenesis (E13
in mice corresponding with E15 in rats), with a lowest effective dose between 0.05
and 0.25 Gy.
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Cell apoptosis
(180) Introduction of molecular techniques allowing determination of apoptosis

(programmed cell death) has broadened our view of cell inactivation from a passive
initial event to an active response. The ‘classical’ assumption of cell inactivation
arising from directly induced DNA damage (particularly double-strand breaks,
chromosomal aberrations) is thus likely to represent one principle of action besides
or combined with an intrinsic biochemical programme triggering apoptotic cell
death. Furthermore, there is increasing evidence of radiation-induced expression of
genes encoding regulator proteins and growth factors that may further modify initial
radiation responses.

4.5.2. Secondary effects

Sequential cellular responses
(181) Effect transfer from irradiated cells to daughter cells is particularly reflected

by proliferative responses correlating with reproductive cell death. On the other hand,
doses of less than 0.25 Gy may induce overproliferation of subpopulations of neuro-
nal matrix cells. Pronounced cell loss after doses in the range of 1.0–3.0 Gy is asso-
ciated with the formation of local cell aggregates, either arranged in ectopic nodules
or in ring-like rosettes. These are likely to contain residual cells with regenerative
capacity. During further development, nodules and rosettes may partly ‘melt down’,
but they may also give rise to persistent ectopias.

Tissue re-organisation
(182) Extensive regeneration potential observed in the early brain diminishes as

differentiation advances and the pool of regenerative cells becomes smaller. Lim-
ited compensation of cell loss after exposure during advanced brain development
thus leads to the formation of smaller but externally normal brains. This means
that there is an age-related shift from more regenerative to more re-organisational
responses.

Effects on cell migration
(183) Cortical cell formation is associated with interkinetic cell movement (direc-

ted to the ventricular border) and subsequent cortical cell migration (directed to the
pial surface). In the early cortex, both movements show significant responses after
doses in the range of 0.1–0.25 Gy. Similar doses are likely to affect morphological
and biochemical ‘landmarks’ within the migration pathways. On the other hand,
doses of 0.5–1.0 Gy do not exclude a significant portion of migratory cells from
approximately reaching their normal laminar position.

4.5.3. Long-term effects

Late proliferative responses and growth retardation
(184) Due to the schedule of postnatal brain cell formation, late proliferative

responses are unilaterally channelled to precursors of microneurons and glia cells,
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whereas macroneuronal cells can no longer be activated. Periodic overproliferation
in growth-retarded brains, as observed during the period of brain gliosis, may thus
cause a pathological imbalance between neurons and surplus glia cells, but has low
compensating capacity. Acute exposure of early fetuses to 0.25 Gy is effective
enough to induce postnatally persisting brainweight loss.

Biochemical and histochemical maturation responses
(185) Effects of major significance for postnatal brain maturation damage refer to

neurotransmitters (specifically biogenic amines) and associated enzymes, neuro-
tropic growth factors, the formation of Nissl bodies and myelin, and energy meta-
bolism (ATP synthesis, glucose uptake). In general, the inducibility of corresponding
responses decreases between early fetogenesis and birth. Therefore, a transfer of
maturation effects through extended cell lineages has to be assumed and is likely to
occur at the genomic level. With a few exceptions (e.g. some neurotransmitters and
growth factors), persistent maturation responses have not been found after doses
markedly below 0.5 Gy.

Neuromorphogenesis
(186) With a certain overlap, postnatal formation of axonal processes precedes the

formation of dendritic processes, which is followed by fibre branching, synaptogenesis,
and terminal process elongation. Cytoarchitectonic radiation damage manifested
according to this developmental schedule includes agenesis, shortening, and dis-
orientation of neuronal processes. Particularly in brain commissures, failure of
axonal process formation is associated with the lack of specific neuronal anchor
points due to cell loss. On the other hand, surplus fibres may be formed as the result
of ‘search movements’. Thresholds for cytoarchitectonic long-term effects are shifted
from approximately 0.1 Gy after early fetal exposure to 0.2–0.3 Gy after perinatal
exposure. Effects to synaptogenesis exhibit certain flexibility and interfere with
temporal phenomena of natural redundancy of synapses.

4.5.4. Endpoints

Growth retardation and anatomical defects
(187) Among anatomical defects compatible with reaching endpoints in adult

brains are microcephalia, microphthalmia, hydrocephalia, ventricular heterotopias,
callosal defects, and interhemispherical dilatation. Doses below 1.0 Gy are a lesser
cause for these malformations, but may primarily induce overall retardation of the
brain. Inducibility of total brainweight loss decreases with developmental age as
indicated by a shift of thresholds from 0.1 Gy after exposure during early fetogenesis
to 0.5 Gy after perinatal exposure. Cortical diameters show similar patterns of
response. Pronounced dose protraction reduces brain retardation by a factor of
about 2.0. At a medium level of response, RBE values of about 3.5 have been
determined for brain retardation after neutron exposure compared with acute x-ray
exposure.
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Neuronal texture defects
(188) Persisting cytoarchitectonic damage is particularly expressed in the neo-

cortex. The ‘window of enhanced sensitivity’ for the induction of cortical defects
coincides with complex inter-related processes of cell formation and migration (E12–
E18 in mice, 2 days later in rats, and weeks 8–15 postconception in humans). Neu-
ronal texture defects have been studied specifically in cortical pyramidal cells after
exposure during early fetal stages. X-ray doses of about 0.25 Gy reduce branching of
these neurons, and doses of about 0.1 Gy cause misalignment of their processes.
However, the thresholds for neuronal texture defects are increasingly shifted to
higher doses (0.5 Gy and more) when exposure takes place during more advanced
fetal stages.

Impairment of neuronal function and behaviour
(189) The natural course of development implies that different neurophysiological

endpoints are attained before the preweaning period. With regard to phases of
enhanced sensitivity, most dose-related studies on early developmental markers for
the acquisition of reflexes and behavioural patterns provide evidence of thresholds at
doses of about 0.2 Gy. Endpoints of neurofunctional damage observed in adult
rodents refer mainly to impairment of EEG patterns, convulsion susceptibility,
learning, memory, and behaviour. The lowest doses inducing corresponding defects
are in the range of about 0.1–0.3 Gy. Doses of that order of magnitude are well in
line with the lower dose range for structural damage and growth retardation, thus
indicating inter-related effects.
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gen und Beeinflussung der Augenentwicklung. Strahlentherapie 124, 573–578.

Kubota, Y., Takahashi, S., Sun, X.-Z., et al. (2000) Radiation-induced tissue abnormalities in fetal brain

are related to apoptosis immediately after irradiation. Int. J. Radiat. Biol. 76, 649–659.
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5. HUMAN EVIDENCE ON THE EFFECTS OF IN-UTERO RADIATION

EXPOSURE ON NEUROLOGICAL AND MENTAL PROCESSES

(190) The most informative study of the effects of in-utero radiation exposure on
mental development is the cohort study of those exposed in Hiroshima and Naga-
saki following the atomic bombings. In spite of the relatively small number of cases
involved, the dose range was broad and outcomes were determined in an objective
and systematic way. Although there have been other scattered reports of mental
deficits associated with exposure to ionising radiation, these have contributed little
to the quantitative assessment of risk because of weaknesses in the study designs,
because they had little dose information, or because doses of only a few mGy were
used.

5.1. Japanese atomic bomb in-utero cohort

(191) The Japanese atomic bomb cohort with prenatal exposure has been descri-
bed in a number of publications (Miller, 1956; Wood et al., 1967; Otake and Schull,
1984; Otake et al., 1996) but has been slightly redefined over time according to the
availability of dose estimates and other eligibility criteria. The most recent definition
of this cohort, called the ‘clinical sample’, consists of 1565 individuals born between
the time of the bombs (6 August 1945 in Hiroshima and 9 August in Nagasaki) and
31 May 1946 (Otake and Schull, 1998). The cohort was defined primarily from spe-
cial censuses by the Atomic Bomb Casualty Commission (ABCC) and the 1950
national census. It consists of three groups: those proximally exposed (within 2000
m of the hypocentre), those distally exposed (3000–4999 m), and those unexposed
(�10,000 m). All eligible children in the first group were selected, and stratified
random samples of the latter two groups were drawn so as to frequency match the
children to the first group with regard to sex, postconception age (trimester) at the
time of radiation exposure, and city of birth. Another sample, called the PE-86
sample, has also been used for analyses of certain endpoints. It includes virtually all
individuals who received �0.5 Gy, and more individuals who received 0.01–0.49 Gy
than the clinical sample (Schull and Otake, 1986). However, it is not matched on
city, sex, and postconception age at exposure.
(192) There were 1242 subjects from Hiroshima and 324 from Nagasaki in the

clinical sample on whom DS86 doses were available (Otake and Schull, 1998). As
embryonic/fetal doses have not been calculated, the estimated average uterine
absorbed doses were used. Table 5.1 shows a breakdown of the in-utero cohort by
estimated radiation dose and postconception age. The dose distribution shows that
the percentages of children with prenatal doses of 1–9, 10–49, 50–99, and �100
cGy1 were 13.5, 13.7, 2.7, and 1.7%, respectively. The remaining 68.3% had <0.5
cGy. It is believed that neutrons were not a significant contributor to most fetal
exposures, so the relative biological effectiveness (RBE) for neutrons was ignored
and the doses have been reported in Gy.
1 The unit used in most of the cited references, cGy, has been retained here. 1 cGy=0.01Gy.
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(193) There are several sources of uncertainty in the estimated uterine doses. The
uterine doses were estimated based on an adult female phantom, which did not take
into account variations in individual body sizes or organ sizes. Uterine doses may
overestimate the energy absorbed by the developing tissues in the first half of preg-
nancy when more fluid surrounds the embryo or fetus (Schull et al., 1988). Never-
theless, it seems likely that these factors would cause relatively small dose
uncertainties in general, probably much smaller than those associated with geo-
graphic location and shielding configurations that affect the mother’s imputed dose.
(194) The last row of Table 5.1 gives the overall numbers for each postconception

age group. Postconception age in weeks at the time of the bomb was defined as: [280
- (days between 6 or 9 August 1945 and the date of birth] - 14 days from last men-
strual period to conception)/7. Compared with the numbers irradiated during weeks
8–25 postconception, there was a notable 23% deficit of about 85 children irradiated
during weeks 0–7 postconception. It is believed that this is attributable primarily to
in-utero mortality, particularly among those irradiated within 4 weeks of conception
(Miller, 1990).
(195) The early papers tended to focus on small head size and mental retardation.

Subsequent studies have looked at other mental outcomes: seizures, intelligence
quotient (IQ), academic performance, and neuromuscular performance.

5.2. Mental retardation

(196) A number of papers have been published from the Japanese atomic bomb
study on ‘severe’ mental retardation. This was defined clinically rather than with an
intelligence test. A mentally retarded child was defined as one who was ‘unable to
perform simple calculations, to make simple conversation, to care for himself or
herself, or if he or she was completely unmanageable or had been institutionalised’
(Wood et al., 1967). Of the fraction of mentally retarded children on whom IQ tests
Table 5.1. Japanese atomic bomb in-utero cohort and cases of mental retardation by postconception age

at exposure and DS86 uterine dose
Postconception age (weeks)
Dose range

(cGy)
Mean dose

(cGy)
No. of

subjects
0–7
 8–15
 16–25
 �26
0
 0
 1069
 1/205a
 2/255
 1/309 (1)a
 3/300 (1)
1–9
 5
 212
 0/42
 2/46
 0/60 (1)
 0/64
10–49
 23
 215
 0/33
 1/61 (1)
 0/59
 0/62
50–99
 65
 43
 0/6
 3/16 (1)
 0/16
 0/5
�100
 138
 26
 0/2
 9/12
 3/8
 0/4
Total
 –
 1565
 1/288
 17/390 (2)
 4/452 (2)
 3/434 (1)
a Numerator, number of cases of mental retardation associated with radiation or of unknown aetiol-

ogy; denominator, number of people at risk. The numbers in parentheses are the number of cases prob-

ably due to specific causes other than in-utero radiation (e.g. Down’s syndrome) and are not included in

the numerator. Adapted from Otake et al. (1996).
ICRP Publication 90
104



were available (i.e. those who were able to go to public schools), the highest IQ was
64; this is over 2.5 standard deviations below the mean in the ABCC sample. The
clinical diagnoses were performed at the ABCC clinical facilities and all occurred
before the age of 17 years.
(197) Mental retardation among those exposed in utero to the Hiroshima atomic

bomb was first reported in 1952 (Plummer, 1952), with a more systematic study in
1956 (Miller, 1956), followed by extensions to include cases diagnosed in Nagasaki
as well as Hiroshima. A total of 30 cases of severe mental retardation were docu-
mented in the combined Hiroshima–Nagasaki cohort. However, at least three, and
perhaps five, of the cases should be excluded because they involve other presumptive
causes of mental retardation unrelated to in-utero radiation: Down’s syndrome (0.56
Gy at week 12 postconception; 0.29 Gy at week 13 postconception; 0 Gy at week 36
postconception); a retarded sibling (0 Gy at week 20 postconception); or Japanese B
encephalitis at age 4 years (0.03 Gy at week 20 postconception) (Otake et al., 1996).
(198) Table 5.1 shows the dose and postconception age groups into which the

cases of mental retardation fell. The numerators in this table indicate the 25 primary
cases associated with radiation (or of unknown aetiology), the denominators indi-
cate the number of subjects for each postconception age and dose range, while the
numbers in parentheses indicate the five cases that are probably due to other causes.
(199) Figure 5.1 shows the prevalence of severe mental retardation according to

postconception age at irradiation and dose. It is apparent that radiation-related
mental retardation is limited to exposure during weeks 8–25 postconception and is
most pronounced at weeks 8–15 postconception. Weeks 8–15 postconception repre-
Fig. 5.1. Mental retardation in the atomic bomb in-utero study according to fetal dose and postconcep-

tion age at irradiation.
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sent a time in which there is great mitotic activity and proliferation of immature
neurons, along with their migration from the ventricular and subventricular pro-
liferative zones to the cerebral cortex (Rakic, 1975). Weeks 16–25 postconception
are mainly a time of neuronal differentiation and synaptogenesis; it has been sug-
gested that irradiation during this period may produce a functional deficit by
impairing synapse formation (NAS/NRC, 1990).
(200) The absence of an excess of mental retardation following exposure between

weeks 0 and 7 postconception suggests either that damaged cells are more readily
replaced at this stage of development or that embryonal death occurs in such cir-
cumstances. The latter explanation is compatible with the deficit of births among
those irradiated during weeks 0–7 postconception among atomic bomb survivors
(see above), but no information is available on the correlations among radiation
dose, early neural damage, and embryonal loss in humans. The absence of an effect
for those irradiated at weeks 26–40 postconception indicates that the brain is more
radioresistant at this point, perhaps because much of the cellular differentiation and
cytoarchitectural development has already occurred.
(201) The dose–response relationships for mental retardation among those irra-

diated in weeks 8–15 or 16–25 postconception were initially reported as linear
(Otake and Schull, 1984). However, given that one would expect mental retardation
to be a deterministic effect, rather than a stochastic effect, and given the remarkable
compensatory powers of the central nervous system, it seems unlikely that the dose–
response curve would be linear non-threshold. Non-linear or threshold models were
not examined in that report.
(202) The dose–response data for weeks 8–15 and 16–25 postconception are

shown in Fig. 5.1. The estimated doses to the mental retardation cases at weeks 8–15
were: 0, 0, 5, 6, 14, 61, 69, 87, 102, 116, 118, 136, 139, 140, 146, 164, and 222 cGy
(UNSCEAR, 1993). While the two unexposed mental retardation cases occurred
among 255 unexposed subjects (prevalence of 0.78%), the three mental retardation
cases with exposure <50 cGy occurred among 107 subjects (prevalence of 2.80%),
but this difference was not statistically significant (P=0.3). The curve for weeks 8–15
postconception is shown in Fig. 5.1, and suggests a threshold or at least upward
curvilinearity. The data on irradiation at weeks 16–25 postconception indicate a
high threshold, given that no irradiated subjects with <1 Gy dose were mentally
retarded; the cases had estimated doses of 100, 123, and 179 cGy. No cases of men-
tal retardation occurred among those exposed at weeks 0–7 or 26+ postconception.
(203) A more recent analysis has evaluated whether the data are supportive of a

threshold using several different models (Otake et al., 1996). All the models that
provided a good fit to the data indicated a threshold for mental retardation for
irradiation at weeks 8–15 and 16–25 postconception. When the cases that had non-
radiation aetiology (e.g. Down’s syndrome) were excluded, the threshold estimate
for the preferred one-hit model at weeks 8–15 postconception was 0.55 Gy, with
95% confidence intervals of 0.31–0.61 Gy. Two other models (odds model and log–
log model) gave results nearly identical to this estimate.
(204) For irradiation at weeks 16–25 postconception, the best estimate of the

threshold was somewhat higher (0.87 Gy) than for 8–15 weeks, although the wider
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confidence interval of 0.28–1.07 Gy produced a lower confidence bound that was
very similar to that for weeks 8–15 postconception (Otake et al., 1996). A lower
confidence bound of about 0.3 Gy occurred in spite of the fact that all the irradiated
cases of mental retardation received doses �1 Gy because the data were so sparse
(namely, only three irradiated cases at weeks 16–25 postconception and relatively
few subjects with doses under 1 Gy).
(205) The estimates were based on a model that tried to estimate thresholds and risk

for the 8–15- and 16–25-week data simultaneously. An earlier analysis which esti-
mated the thresholds separately for the 8–15- and 16–25-week periods (Otake, 1987)
reported a threshold of 0.46 Gy (CI=0.23–0.62) for the 8–15-week group and 0.70 Gy
(CI=0.21–0.99) for the 16–25-week group. However, they noted that the model for
the 8–15-week period did not fit the data well, in that it overpredicted the number of
cases of mental retardation among those with a dose over 1 Gy (Schull et al., 1990).
(206) The estimate of the absolute risk of mental retardation among those irra-

diated at weeks 8–15 postconception has been reported as 44% (95%CI=26–62%)
at 1 Gy (Schull et al., 1990). However, care should be taken in using this value
because the risk does not extrapolate linearly down to low doses.
(207) As a confirmation of the finding of mental retardation associated with radia-

tion during weeks 8–15 postconception, the investigators at the Radiation Effects
Research Foundation (RERF) know of five additional mental retardation cases who
are not in the primary cohort (because they were no longer in Hiroshima/Nagasaki at
the time of the censuses used to define the cohort). Of these five, four were irradiated
at weeks 8–15 postconception and received large doses (Otake et al., 1987).
(208) There have been a series of case reports of mental retardation and other

abnormalities in children exposed prenatally to radiation. In an early paper, Gold-
stein and Murphy (1929) reported that of 74 births to women who had received
radiation therapy during pregnancy, 16 were ‘microcephalic idiotic’ children; 15 of
these mothers had been irradiated early in pregnancy and one in the latter part of
pregnancy. Fetal doses were unknown and further details were not available.
(209) Dekaban (1968) reviewed the sequelae in a series of 200 subjects reported to

have received in-utero radiotherapy exposure. Of these, only 26 subjects were judged
to contain enough documentation regarding dose, timing of x-ray treatment, and
clinical outcomes for his use. These children were estimated to have received fetal
exposures of between 250 and >1000 R. All seven cases irradiated in weeks 8–15
postconception were mentally retarded. Interestingly, they reported that six of eight
cases who were irradiated at weeks 2–7 postconception had mental retardation. This
result lends some credence to the possibility that prenatal irradiation prior to week 8
postconception may affect mental processes adversely, even though the atomic
bomb prenatal cohort did not show such an effect. It would be of interest to know if
there was adequate statistical power to reject a radiation effect of a plausible mag-
nitude in the atomic bomb subset irradiated at weeks 0–7 postconception.
(210) Patrusheva et al. (1976) studied 570 children of Mayak workers who had

prenatal exposure and 560 children without exposure. The gamma exposure during
the gestational period ranged from 1 to 30 R, with a mean of 7.1 R. No increase in
mental retardation was found in the exposed group.
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(211) Another Russian study compared 188 individuals prenatally exposed to
gamma radiation and 239Pu with 188 unexposed subjects. No cases of mental retar-
dation were observed in the exposed group, but two were observed in the unexposed
group (Buldakov et al., 1981). The distribution of exposures to mothers was: 44%
with 1–50 R, 19% with 50–100 R, 19% with 100–200 R, and 19% with �200 R of
gamma radiation. Their 239Pu body burden at the time of childbirth was: 41% with
0.002–0.04 mCi, 22% with 0.04–0.1 mCi, 30% with 0.11–0.99 mCi, and 8% with �1
mCi.
(212) Akleyev and Kisselyov (2000) studied 1677 children born along the Techa

River during 1950–1953 who received in-utero exposure from the river contamina-
tion, and 10,577 children with only normal background prenatal exposure (born in
1950–1953 and living in the same regions as the exposed group). Estimated doses to
the fetus varied from several mSv to 350 mSv, with a mean of about 38 mSv (80%
with <30 mSv, 9% with 30–100 mSv, and 11% with >100 mSv). The 27 cases of
undifferentiated (i.e. excluding Down’s syndrome) mental retardation in the exposed
group gave a prevalence of 1.61%, which was lower than that in the unexposed
group (2.08%) or in those born in 1954–1983 (3.39%). They indicated that the lack
of an excess may well have been because the doses during weeks 8–24 postconcep-
tion were well below the threshold dose seen in the Japanese atomic bomb prenatal
study.

5.3. Intelligence quotient (IQ)

(213) In 1955–1956, the Japanese Koga intelligence test was administered to 1673
10–11-year-old children who were in utero at the time of the atomic bombs, which
was 95% of the eligible sample (Schull and Otake, 1986; Schull et al., 1988). This
included eight children who had previously been diagnosed as mentally retarded.
The mean and standard deviation of the Koga IQ test were 107.7�16.1 in this
population (Schull et al., 1988). The results broken down by postconception age at
exposure and dose group are shown in Table 5.2.
(214) IQ scores were compared according to prenatal radiation dose and the age

(weeks postconception) at which the radiation exposure occurred. No dose-related
decreases in IQ were seen for those irradiated at weeks 0–7 or 26+ postconception
(Fig. 5.2).
(215) For both the 8–15- and 16–25-week groups, there was a progressive decline

in mean IQ scores with dose. The magnitude of the decline in IQ appeared to be
greater in the 8–15-week group than the 16–25-week group at doses under 1 Gy. In
the 8–15-week group, the decline in IQ averaged about 21–29 IQ points per Gy,
depending on whether the mentally retarded were included and whether the clinical
sample or the PE-86 sample was used (UNSCEAR, 1993). When those with severe
mental retardation were excluded from the larger PE sample, the best estimate of the
decline in IQ per Gy was 21 points (95%CI=12–30), while it was 25 points
(95%CI=18–33) with the mentally retarded included. In the 16–25-week group, the
decline was 13 IQ points (95%CI=3–24) per Gy without the mentally retarded, or
21 points (95%CI=12–31) with the mentally retarded included (Schull et al., 1988).
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(216) One interesting question is whether the IQ decline was a general effect upon
most irradiated subjects in the 8–15- and 16–25-week groups, or whether it reflected an
effect on a fraction of subjects with high radiosensitivity but little or no effect on the
remainder. If it were the latter, one would expect to see an increase in the variance of
the IQ scores and/or a skewed IQ distribution with a heavy lower tail. Statistical tests
showed no evidence for either of these possibilities (Schull and Otake, 1986), which
suggests that the IQ decline was a general phenomenon affecting a large fraction of
irradiated subjects in the critical age-at-irradiation groups. However, the variance and
skewness of the distributions are crude indicators of differential susceptibility effects,
and probably would not detect susceptibility effects of modest magnitude.
(217) A key issue is whether the decrease in IQ from prenatal radiation exposure is

a linear non-threshold function. Schull et al. (1988) reported that a linear non-
threshold model fit the data satisfactorily for the 8–15-week group. However, a
visual check of those data (Fig. 5.2) shows that the 0–9-cGy group had a numeri-
cally (but not statistically significantly) higher mean IQ score than the unexposed
group, suggesting the possibility of a dose threshold. In addition, there was a mar-
ginal negative quadratic term (i.e. downward curvature) for the 16–25-week group
(P=0.06 for the PE-86 sample, but P=0.04 for the clinical sample) (Schull et al.,
1988). These curves are shown according to dose in Fig. 5.3 to provide a proper
Table 5.2. Sample sizes (n), means, and standard deviations (SD) for the Koga intelligence scores by

prenatal age at atomic bomb exposure and uterine-absorbed doses (DS86) for the PE-86 sample, including

the mentally retarded cases (Schull et al., 1988)
Dose categories (mean dose) (Gy)
Postconception

age
<0.01
 0.01–0.09
 0.10–0.49
 0.50–0.99
 �1
(0)
 (0.04)
 (0.23)
 (0.64)
 (1.29)
0–7 weeks
n
 196
 52
 18
 1
 2
Mean
 106.6
 105.1
 103.7
 115.0
 95.0
(SD)
 (14.3)
 (16.5)
 (15.8)
 –
 (42.4)
8–15 weeks
n
 218
 79
 40
 7
 6
Mean
 108.4
 111.6
 104.7
 90.6
 71.5
(SD)
 (15.8)
 (17.8)
 (15.4)
 (22.6)
 (10.5)
16–25 weeks
n
 327
 99
 35
 15
 4
Mean
 110.7
 107.4
 107.4
 100.7
 73.3
(SD)
 (15.4)
 (16.7)
 (15.1)
 (17.2)
 (24.6)
26+ weeks
n
 415
 105
 44
 5
 5
Mean
 108.7
 104.4
 106.5
 101.0
 105.2
(SD)
 (15.5)
 (16.9)
 (13.9)
 (12.1)
 (21.3)
All ages
n
 1156
 335
 137
 28
 17
Mean
 108.7
 107.1
 105.8
 98.8
 84.6
(SD)
 (15.4)
 (17.1)
 (14.8)
 (17.8)
 (24.8)
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perspective. No test was conducted to evaluate a threshold model for either critical
age group. Mole (1992), however, analysed the data for the 8–15-week group in
more detail. The means and standard deviations for the dose groups are shown in
Table 5.2. Mole combined the 1–9- and 10–49-cGy groups and tested their mean IQ
against that of the <1-cGy group. The mean IQs for the <1- and 1–49-cGy groups
were 108.6 and 109.3, respectively, for the larger PE-86 sample (and 106.7 and 107.6,
respectively, for the smaller clinical sample) which did not differ statistically. Mole,
therefore, concluded that there is a dose threshold above 50 cGy.
(218) If one evaluates the individual dose groups for the PE-86 sample, shown in

Table 5.2, compared with the control group (dose of <1 cGy), the mean IQ is non-
significantly (P=0.14) higher in the 1–9-cGy group and non-significantly (P=0.17)
lower in the 10–49-cGy group. However, the modest sample sizes of the individual
dose groups have limited statistical power to detect differences of the expected
magnitude, so a non-significant P value should not be taken as adequate evidence of
a threshold. In the case of the 10–49-cGy group, a mean deficit of 3.7 IQ points was
observed, while based on the mean dose in that group (see Table 5.1) and the risk
coefficient of 25 IQ points per Gy (see above), the expected deficit in the group
would be only 5.8 points. Hence, there is little disagreement between the observed
and expected values for this group. It therefore appears that, if a threshold exists, it
is likely to be at 10 cGy or below. In summary, it is not clear from the statistical
Fig. 5.2. Intelligence test scores (IQ) by postconception age at irradiation and radiation dose in the

Japanese atomic bomb cohort (Schull, 1986). The numbers in parentheses represent the number of per-

sons with diagnosed mental retardation that were included in the indicated group.
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analyses and the observed data on IQ as to whether the association is linear non-
threshold or, instead, manifests curvilinearity or a dose threshold, but if there is a
threshold, it is probably at a dose of 10 cGy or less for the 8–15-week group. How-
ever, the data for both the 8–15- and 16–25-week groups indicate that there are not
marked IQ decrements until the dose is above 50 cGy (Table 5.2).
(219) Yet another issue is the degree to which one can generalise the quantitative

results regarding a decline in IQ to other populations or to other measures of intel-
ligence. The main data in the Japanese study pertain to the Koga IQ test, a test
developed and standardised in Japan. However, for 739 children in Nagasaki,
investigators (Schull et al., 1988) also administered the Tanaka-B IQ test, which is a
Japanese adaptation of the Stanford–Binet intelligence test that is widely used in
English-speaking countries. They found that the correlation between the two IQ
tests was only 0.30. When they regressed the Tanaka-B IQ scores on radiation dose,
excluding the mentally retarded cases, they found a decline of 4 (95%CI=�5–13)
IQ points per Gy for the 8–15-week group, whereas for the Koga test it was 21
(95%CI=9–33) IQ points. Taken at face value, for the 8–15-week group, the
declines were somewhat less than for the Koga test. For weeks 16–25 postconcep-
tion, the dose–response regression coefficients were more similar for the two tests:
declines of 13 and 18 IQ points per Gy, respectively.
(220) It cannot be determined whether the seemingly discrepant estimates from the

two tests for subjects who were irradiated at weeks 8–15 postconception occurred
fortuitously, or because the two tests measure somewhat different things. Schull et
al. did note, however, that the Koga test ‘places greater emphasis upon the percep-
Fig. 5.3. Intelligence test scores (IQ) for the groups irradiated at weeks 8–15 and 16–25 postconception,

plotted on a linear scale of dose.
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tion of spatial relationships; whereas the. . . Tanaka emphasizes word-sense, arith-
metic abilities, and the like which are probably associated with the more subtle
processing of visual clues than their simple recognition, and could, therefore, depend
more upon connectedness’ (Schull et al., 1988, p. 36). They also noted that these
results for the Nagasaki cohort are not robust in that there was a restricted dose
range (very few children with a dose >50 cGy). At any rate, both IQ tests seem to
indicate a decline in intelligence associated with prenatal radiation exposure during
weeks 8–25 postconception, although there may be questions about the magnitude
of the decline and whether it is a linear non-threshold phenomenon.
(221) Several other studies are pertinent to the issue of low-dose radiation effects

on intelligence. Hu and Yao (1992) administered a standardised IQ test to 1026
children who received prenatal diagnostic x irradiation at hospitals in Beijing,
Shanghai, and Changchon, China and to 1191 other children matched by sex, age,
and hospital of birth. They estimated fetal doses as between 12 and 43 mGy for
various diagnostic procedures. One child was exposed before week 8, 13 in weeks 8–
15, 41 in weeks 16–25, and 971 subsequent to 25 weeks (mostly >36 weeks) post-
conception. The children were between the ages of 4 and 7 years at the time of test-
ing. The mean (�standard deviation) IQ scores were 100.4�15.6 in the irradiated
group and 101.7�13.3 in the unexposed group. Once potential confounding vari-
ables were adjusted for, there was no association between prenatal radiation expo-
sure and IQ, either overall or for those irradiated at weeks 8–15 postconception (for
whom the mean IQ scores were 100.15 and 100.35 for the irradiated and unexposed
groups, respectively). The lack of an association is not surprising given the low doses
and the small number who were exposed to radiation in the putatively radiosensitive
prenatal periods.
(222) Nyagu et al. (1998) used psychometric tests to evaluate 544 Ukrainian chil-

dren who had significant prenatal exposure to Chernobyl fallout along with 759
children born in regions without fallout. They reported that there was a significant
increase in mental retardation (IQ<70) – 3.5% in the exposed group and 1.1% in
controls – and a decrease in high IQ (IQ > 110) in the exposed group. They hypo-
thesised that an important biological mechanism in the genesis of mental disorders
from prenatal irradiation is radiation-induced malfunction of the thyroid–pituitary
axis, and that there is a thyroid dose threshold of about 0.3 Gy for these effects. In
support of this, they reported an increase in thyroid gland abnormalities (nodular
goitre, thyroid fibrosis, or sclerosis) and in thyrotropic hormone levels in the irra-
diated group, but they provided no analysis directly linking these indications with
mental retardation, nor was any statistical analysis presented to test for and estimate
a threshold. Other problems with the study include: (i) no indication that basic
quality-control procedures (e.g. trained psychological testers, same testers for both
groups, blinding as to exposure status) were incorporated; (ii) no reporting of data
on prenatal period of exposure (i.e. was the effect limited to those exposed before
week 26 postconception?); and (iii) mothers in the irradiated group had significantly
lower verbal intelligence scores and had significantly poorer scores on a mental
health scale than mothers of control subjects, thus indicating that important selec-
tion biases were operative.
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(223) Kolominsky et al. (1999) studied 122 children from uncontaminated areas of
Belarus compared with 138 children who were exposed prenatally to radiation from
the Chernobyl accident with an estimated average thyroid dose of 0.4 Gy from 131I.
The mean IQ of the exposed group was reported to be lower than that in the unex-
posed group, but the statistics were not reported. They found that borderline IQs
(IQ of 70–79) were significantly more common in the irradiated group than the
control group (15.9% vs 5.7% at 6–7 years of age, and 10.1% vs 3.3% at 10–11
years of age). However, there was no indication that the groups were matched on
other factors that affect IQ, such as parent’s education. Furthermore, no correlation
was found between thyroid doses and IQ, so the meaning of these findings is
unclear.
(224) In what appears to be a continuation of the Kolominsky (1999) study,

Igumnov and Drozdovitch (2000) reported on 250 prenatally exposed and 250
(essentially) unexposed children in Belarus who were evaluated at 6–7 and 10–12
years of age. The mean thyroid dose from 131I in the exposed group was estimated to
be 39 cGy, but the fetal dose from caesium and other radionuclides was not repor-
ted. At the age of 6–7 years, there was a statistically significant difference between
the two groups in IQ scores (mean�standard deviation of 89.6�10.2 and
92.1�10.5, respectively, P=0.01), but not at 10–12 years of age (94.3�10.4 and
95.8�10.9, respectively). Furthermore, they reported lower IQs in the group with
thyroid doses >1 Gy (85.7�6.4 at 6–7 years and 89.1�7.1 at 10–12 years). How-
ever, there were no differences in average IQ among the different subgroups of chil-
dren who were irradiated at different postconception ages. No differences between
the exposed and unexposed groups were found with respect to mental retardation.
They reported substantial correlations (rffi 0.50) between child’s IQ and both
mother’s and father’s educational level, but did not control for these. They con-
cluded that a significant role was probably played by unfavourable social-psycholo-
gical and sociocultural factors.

5.4. School performance

(225) School performance data were obtained on 929 students in Hiroshima who
had been in utero at the time of the atomic bomb. The data were compiled from 44
schools in 1956 when the children were 10–11 years old and most had completed
fourth grade. The sample included 14 mentally retarded children.
(226) In the early grades, the children had seven mandatory subjects: language,

civics, arithmetic, science, music, drawing, and gymnastics. Combining the seven
subjects into an overall achievement score seemed justified in that the correlations
among the various school subjects for these children were high (e.g. ranging from
0.62 to 0.82 in first grade), and a principal components analysis showed that the first
component (which corresponds roughly to the overall mean) accounted for 75% of
the variability.
(227) Figure 5.4 shows the results for school performance in the first grade

grouped by dose and postconception age at irradiation. These results are similar to
those for IQ. An association between radiation dose and poorer school performance
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was seen for those exposed at weeks 8–15 and 16–25 postconception, with the
stronger trend among the 8–15-week group. A linear regression of school perfor-
mance on radiation dose provided an adequate fit for both the 8–15- and 16–25-
week groups. No statistically significant dose-related declines in performance were
seen for the 0–7- or 26–40-week groups. The differences seen in first graders were
weaker in subsequent grades, perhaps indicating increasing influences of home
environment, motivational factors, etc. on school performance.
(228) When the school subjects were divided into two groups that might involve

different aspects of brain function – namely, language, mathematics, and science
that particularly require intellectual skills, and handicrafts, gymnastics, and music
that require motor skills – the results were essentially the same for the two groups of
skills. Both showed weeks 8–25 postconception to be the critical time for radiation
effects (Otake et al., 1988).
(229) Otake et al. (1988) reported that the magnitude of the decline in school

performance was such that children who, without radiation exposure, were at the
50th percentile would, on average, be at about the 10th percentile following a 1 Gy
dose during weeks 8–15 postconception.
(230) Akleyev and Kisselyov (2000) studied 339 children born along the Techa

River during 1950–1953 who received in-utero exposure from river contamination,
and a group of 110 children with normal background prenatal exposure (born in
1949–1952 and living in the same regions as the exposed group). Estimated doses to
the fetus in the exposed group varied from several mSv to 350 mSv, with a mean of
about 38 mSv (80% with <30 mSv, 9% with 30–100 mSv and 11% with >100
mSv). There were no differences between the two groups in terms of socio-economic
characteristics. They reported that there were no differences between the two groups
in scholastic aptitude or level of schooling.
Fig. 5.4. Average school grades (with 95% confidence intervals) in the first grade by postconception age

and fetal dose (Otake and Schull, 1988).
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5.5. Seizure disorders

(231) Dunn et al. (1990) examined the frequency of seizure disorders among those
prenatally exposed to the Japanese atomic bombs in relation to the dose and timing
of the radiation exposure. The information on seizures was compiled from the rou-
tine clinical examination programme on a sample of 2083 in-utero children at the
time of the bomb. The clinical examinations included were those conducted bien-
nially between 1948 and 1964 (approximate ages, 2–18 years). Information on sei-
zure disorders was obtained by history at the time of examination and confirmed
from medical records; information on severity, symptoms, duration, presence of
fever or other cause of seizures, and presence of other neurological disease was
noted. Reported seizure episodes were classified as febrile, due to head trauma or
other acute insults, or unprovoked. A person was designated as a case of unpro-
voked seizures if there was no apparent aetiology (e.g. fever or trauma) for all epi-
sodes, or if no more than one of several episodes was accompanied by a fever. The
results for unprovoked seizures are shown in Table 5.3.
(232) Those with mental retardation had a high prevalence of seizures, so analyses

were conducted both including and excluding the mental retardation cases. Evidence
for an association between radiation dose and seizures was limited to those who
were irradiated during weeks 8–15 postconception and for unprovoked seizures. The
association for unprovoked seizures was statistically significant (P�0.01) for weeks
8–15 postconception when those with mental retardation were included, but was not
significant when they were excluded.
(233) A further analysis was conducted to evaluate whether there was a dose

threshold for seizures. The best estimate of the threshold dose was about 0.1 Gy, but
the confidence interval was compatible with no threshold. (It should be noted that
no unprovoked seizure cases occurred in the 1–9-cGy group.) Due to the small
number of seizure cases, the test for a threshold probably had very low statistical
power.
Table 5.3. Japanese atomic bomb in-utero cohort and cases of unprovoked seizures by postconception age

at exposure and DS86 uterine dose (Dunn et al., 1990)
Dose categories (mean dose) (Gy)
Postconception age
 <0.01

(0)
0.01–0.09

(0.04)
0.10–0.49

(0.23)
0.50–0.99

(0.64)
0–7 weeks
 2/158a
 0/33
 0/21
 0/5
8–15 weeks
 2/176
 0/46
 2/42
 4/18 (�3)
16–25 weeks
 5/224 (�1)
 0/52
 2/40
 1/22
26+ weeks
 5/209 (�1)
 0/79
 1/48
 0/10
All ages
 14/767 (�2)
 0/210
 5/151
 5/55 (�3)
a Gives the number of cases with unprovoked seizures and the total number of children in each cate-

gory. Unprovoked seizures include those not associated with a fever or trauma; in the case of multiple

seizure episodes, a child was classified as having unprovoked seizures if no more than one episode was

associated with a fever. Negative numbers in parentheses indicate the number of cases that occurred in

children with severe mental retardation; these are included in the numbers of cases given.
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(234) There are some unanswered methodological questions about the seizure data
that suggest the need for caution in its interpretation. Nothing is reported about the
amount of clinic sample attrition over the course of the 17 years of the study and
whether it was comparable across the dose range, nor were seizure rates adjusted to
reflect the attrition. Information was not given on the standardisation or consistency
of questioning concerning seizures, nor was there any indication that the inter-
viewers were blinded as to the dose or geographic location at the time of bombing of
the study subjects.
(235) Although the primary data on seizure disorders following prenatal irradia-

tion of the brain are from the Japanese atomic bomb study, there are a few other
reports. Goerke and Goetze (1971) reported on two cases of seizure disorder fol-
lowing maternal radiotherapy for uterine myomatosis. The first child was exposed in
the second to fourth month of gestation and developed a seizure disorder at 3.5
years of age. The second child was exposed in the second and third months of
gestation, and developed a seizure disorder at 2 years of age. These cases suggest
sensitivity in the 8–15-week period. The fetal doses were unknown but were likely to
have been appreciable.
(236) Tereschenko et al. (1991, 1992) evaluated seizure disorders among Belar-

ussian children who were in utero at the time of the Chernobyl accident. They
found seven out of 342 children with seizures and no apparent aetiology other
than radiation exposure. Seizure disorders were confirmed with EEG examina-
tions. They found that the elevated prevalence of seizure disorders was primarily in
those irradiated at weeks 8–25 postconception. Fetal dose estimates were not
reported. However, there are questions about these reports: was the study design
rigorous enough to prevent selection bias? Was the prevalence of seizure disorders
statistically significantly greater than what one would expect in an unexposed
population?

5.6. Other neurological effects

(237) Yoshimaru et al. (1995) evaluated two indices of neuromuscular perfor-
mance in the prenatally exposed atomic bomb survivors. One measure was grip
strength and the other was repetitive action speed; these are indicators of gross
neuromuscular function and fine motor co-ordination, respectively. They tested 888
subjects at 15–16 years of age; of these, 252 had received �0.01 Gy and 15 were
mentally retarded.
(238) Using multivariate analysis of covariance to control for possible confound-

ing effects (city, sex, weight, sitting and standing height, chest circumference), they
evaluated the two performance tests simultaneously in relation to radiation dose and
prenatal age at exposure. They found an overall association with radiation dose
when the mentally retarded cases were included, with a statistically significant asso-
ciation with irradiation at weeks 8–15 postconception and a suggestive association
at weeks 16–25 postconception. However, when the mentally retarded cases were
excluded, there were no significant associations, although the repetitive action test
was suggestive of an effect among those irradiated at weeks 0–15 postconception.
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(239) Further analyses were conducted to evaluate the role of IQ in relation to
these measures. IQ correlated more highly with the fine motor co-ordination test
than with the muscular strength test. The fine motor co-ordination test also showed
more of a tendency towards a deficit in relation to radiation dose. They suggested
that the greater association of radiation dose with fine motor co-ordination than
with muscular strength may be because more neurons in the motor cortex are
required for fine motor control than for activities involving larger muscle masses
(Yoshimaru et al., 1995). However, experimental data in support of this interpreta-
tion were not given.
(240) Lyaginskaya et al. (1992) studied psychomotor development among 154 7

year olds whose mothers were pregnant at the time of the Chernobyl accident and
who lived within 30 km of the reactor, compared with 90 children who were unex-
posed in utero. They reported finding delayed psychomotor development in 18.8%
of the exposed group and 7.8% of the unexposed group (RR=2.8, CI=1.2–6.4).
However, too few details are given about the study design and methods to permit
evaluation of these results.
(241) Lichter et al. (2000) assessed cognitive deficits at ages 10–12 years among

300 children evacuated from Pripyat and surrounding areas when they were either in
utero or of postnatal ages <15 months, and 300 less-exposed classmates in Kyiv.
For the highly exposed group as a whole, and for the in-utero subgroup, no differ-
ences from the less-exposed group were found with respect to measures of non-ver-
bal intelligence, attention, memory, and school performance. Of the various
Chernobyl studies, this was the best-designed and best-controlled study of mental
status.
(242) Patrusheva et al. (1973) studied 80 adolescents (aged 14–16 years) who were

exposed prenatally to gamma radiation at the Mayak facility, compared with 40
adolescents without exposure. The exposures during pregnancy ranged from 2 to
160 R. The neurological investigation by Yurkov (1980) revealed ‘mild pyramidal
symptoms’ in 19% of the exposed group and 2% of controls (P<0.05). The symp-
toms were mostly among adolescents with exposures >30 R. The results should be
treated cautiously, since the comparability of the parents of the two groups was not
reported and the examiners were not blinded as to exposure status.
(243) Akleyev et al. (1997) evaluated the clinical status of 804 individuals exposed

to contamination from the Techa-Isset river system during the prenatal and/or early
postnatal period, along with 744 unexposed subjects. The exposures were to radio-
active isotopes, mostly 89Sr, 90Sr, and 137Cs, as well as gamma radiation. The pre-
natal doses ranged from 4 to 360 mSv and the postnatal doses from 17 to 1200 mSv.
The clinical evaluation, conducted 38–40 years after prenatal exposure, included a
neurological examination and two neuropsychological tests (orthostatic test and
estimation of orientation-search reaction time). The exposed and unexposed groups
did not differ on these.
(244) An Israeli study (Ornoy et al., 1996) examined 52 children aged 1–5 years

whose mothers had received abdominal or pelvic diagnostic x rays during the first
trimester of pregnancy, compared with a group of 60 children whose mothers had
received diagnostic x rays at other sites (mostly) during the first trimester, and 62
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children from unexposed mothers. Parental socio-economic status was comparable
in the three groups. The abdominal/pelvic x-ray examinations were to the stomach
and upper gastrointestinal tract (usually including fluoroscopic examinations) for 20
mothers and intravenous pyelography, lumbosacral spine, or genital tract for the
remainder. Doses to the organs of interest were estimated to range from 0.5 to 10
cGy, but it was difficult to evaluate fetal doses. The Bayley developmental scales
were administered to children aged 1–2.5 years and the McCarthy devlopmental
scales to those aged 3–5 years. No group differences were found on neurological
examination or on motor or cognitive scores from the Bayley or McCarthy devel-
opmental scales. They noted that exposures occurred before week 8 postconception
in most cases.

5.7. Discussion

(245) The human data on the neurological effects of prenatal radiation exposure
have several constraints that limit the inferences that can be drawn and the precision
of the estimates of mental deficits. For one thing, there is almost total reliance on
one study. Although the Japanese atomic bomb study is an excellent one, scientific
evidence is more persuasive if it is replicable in different populations and circum-
stances. Second, the atomic bomb data are limited both by the small numbers of
study subjects who received high doses and the small numbers in the dose range 1–
49 cGy, the critical range for defining the shape of the dose–response curve or the
presence/magnitude of a dose threshold. Third, some of the main endpoints have
been fairly crude – severe mental retardation as diagnosed by clinical examination,
or seizure disorder history obtained by parental report with medical confirmation
(but with diagnostic workups that may not have given all the information desired).
(246) In spite of these limitations, two features of the results stand out. There is a

clear constellation of effects of prenatal irradiation on the developing central ner-
vous system – mental retardation, decreased intelligence scores and school perfor-
mance, and seizure disorders. The first three factors showed strong associations with
prenatal radiation exposure, while the association for seizure disorders was weaker,
perhaps owing to the sparseness and unreliability of the seizure data. The second
feature of note is that, for all the endpoints, the period of weeks 8–15 postconcep-
tion was the most radiosensitive, with the 16–25-week period quite consistently
showing sensitivity as well. No indication of mental deficits associated with radia-
tion exposure was seen after week 25 postconception. The atomic bomb data gave
no indication of an effect for radiation exposure that occurred during weeks 0–7
postconception, although a compilation of case reports of medical irradiation sug-
gested that there might be such an effect, perhaps limited to very high doses (Deka-
ban, 1968). However, experimental data do not support an effect on the embryo. A
study found no effects on the developing mouse nervous system at doses up to 3 Gy
in the first 8 days after fertilisation, which corresponds to approximately the first 8
weeks in humans (Hicks et al., 1952).
(247) The uncertainties in the atomic bomb study estimates of radiation-related

mental deficits include a variety of factors (cf. Schull et al., 1990): the sparse data,
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especially for mental retardation and convulsions; errors in the ascertainment and
diagnosis of mental disorders; errors in estimating doses and postconception age at
exposure; the appropriateness of the comparison group; the impact of maternal
injury, disease, and nutrition; possible selection factors in whether families emi-
grated from Hiroshima/Nagasaki; and lack of information about parental intelli-
gence and education. Although these factors may affect estimates of the magnitude
of risk in unknown ways, their collective impact is not believed to be sufficient to
invalidate the study.
(248) Consideration should be given to the possibility that the mental effects might

be due to bias or some indirect mechanism – e.g. nutritional deprivation during
gestation or infancy, acute radiation sickness leading to a compromised immune
system or depression of fetal haematopoiesis, genetic variation, or physical sensory
defects.
(249) Due to the nature of these endpoints (e.g. diagnosis of mental retardation)

and of the sources from which they came, plus the fact they were seen only after
exposure in a delimited developmental period, it is most unlikely that a diagnostic or
reporting bias could account for the results.
(250) Nutritional deprivation is not likely to be the principal cause of the risk seen

for several reasons. (i) Although there are data showing that maternal malnutrition
may affect brain development, it is primarily limited to marasmic infants who were
substantially underweight at birth. There are no reports of underweight or marasmic
infants among the atomic bomb survivors (Schull and Otake, 1986). In fact, sup-
plemental rations were provided for pregnant and nursing women in Japan during
and after the war, especially among those of >20 weeks gestation. (ii) One might
expect nutritional effects to be at least as strong in the third trimester as the second,
which was not the pattern of mental deficits seen. (iii) One would expect maternal
undernutrition to be relatively independent of radiation dose, in which case it could
not account for a dose-dependent effect.
(251) Acute or subclinical radiation sickness has some plausibility as an explana-

tion, particularly the possibility of reduced oxygen transport to the fetal brain
caused by depressed haematopoiesis (Mole, 1990). However, there are several rea-
sons why this is not likely to be the main mechanism of damage to the brain.
Maternal red blood cell counts may fall to 50–60% of the normal value and hae-
moglobin levels to 6–8 g, but data on women with sickle cell anaemia who com-
monly have haemoglobin values in this range do not have an elevated frequency of
mentally retarded children (Schull and Otake, 1986). Between week 9 postconcep-
tion and birth, 80–90% of the haemoglobin found in fetal red cells is fetal hae-
moglobin which has biochemical characteristics that facilitate maternal oxygen
unloading (UNSCEAR, 1993). This maximises oxygen transport to the fetus and
provides a protective mechanism against fetal hypoxia.
(252) A fraction of mental retardation is known to be caused by recessive genetic

mutations. Consanguineous marriages, which would increase the frequency of
expression of these inherited disorders, were common in Hiroshima and Nagasaki at
the time of the bombs. Furthermore, the frequency of consanguineous marriages in
Nagasaki was inversely related to distance from the bomb hypocentre, which would
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create a correlation with dose (Schull, 1958). Schull and Neel (1965) found that
children born to first cousins had an IQ that averaged five points less than children
from unrelated parents in Hiroshima and Nagasaki. Hence, there is the potential for
an indirect genetic effect. Even if one were to make the extreme assumption that an
additional 40% of those with higher doses had consanguineous marriages compared
with the prevalence in the low-dose group, this would cause an average decrease in
IQ of only about two points in the high-dose group, whereas a decrease of the order
of 20–30 IQ points was seen in the highest dose group. Thus consanguinity would
be, at most, a small contributor.
(253) Another hypothesis might be that possible effects of home environment –

acting upon the child’s motivation and socialisation – or of key physical impair-
ments, such as visual or auditory defects, are dose related and are causing the effects
on intelligence and school performance rather than radiation per se. The hypothesis
about home environment seems implausible in that the dose-related intelligence and
school deficits were seen only for those irradiated at weeks 8–25 postconception, not
across the board. The physical defects might be a possibility, although there is no
evidence that this was the case.
(254) Although some of the indirect mechanisms, such as undernutrition, maternal

ill health, depressed fetal haematopoiesis, genetic susceptibility, or physical handi-
caps, could have played some role in producing mental deficits, the severity of the
deficits and the critical induction period for them strongly suggests that the radia-
tion insult itself plays the major role in the deficits.
(255) There are a number of gaps in our knowledge concerning the effects of

radiation on mental and neurological functioning. The types of potential deficits
that have been evaluated are limited. There may be neurological processes that have
different critical periods than the 8–15- or 16–25-week periods. If so, endpoints that
depend on those processes would likely show a different temporal pattern of induction
of radiation effects. For instance, Yoshimaru et al. (1995) noted that spatial memory
depends in part on the proper development of the hippocampus formation (dentate
gyrus) which arises relatively late in the development of the human brain. The
radiation effects for cognitive tests that measure spatial memory may, therefore, show
a later critical period than the global assessments of mental functioning have shown.
(256) There are no exposed groups other than the Japanese atomic bomb survi-

vors who have received sufficiently large in-utero brain doses to merit special studies.
Among atomic bomb survivors, additional studies could be done. The number of
subjects who received brain magnetic resonance imaging (MRI) scans is very small
(Schull, 1991); a larger group of people with mental retardation or perhaps low-
normal IQ could be studied for structural brain defects. Ideally, MRI could be
administered to all of the in-utero-exposed survivors with estimated doses of 0.01
Gy or more who were exposed between weeks 8 and 25 postconception. This would
involve about 290 individuals. Examination of this group could provide important
insights into the existence of a threshold, as well as the nature of radiation-impaired
mechanisms culminating in cortical dysfunction. For example, the number of cases
of mental retardation seen in the 16–25-week interval is small; only four with doses
of 0.01 Gy or more. Given this limited number, some of these cases, possibly even
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all, could have been exposed in the 8–15-week period, with the age at exposure
overestimated. This could occur among infants born prematurely. In this regard, it
is worth noting that three of the four retarded cases in the 16–25-week period had
maternal uterine doses of 1 Gy or more, and the mother undoubtedly experienced
some of the symptoms of acute radiation illness. This could have precipitated a
premature delivery. If this possibility could be excluded, the logical inference is that
the cause of mental retardation among the 8–15 week olds, presumed to be mis-
managed neuronal migration, cannot account for the mental retardation seen at the
later ages since cortical migration has essentially ceased.
(257) Functional MRI with its capacity to identify activity centres and tracts of

neuronal transmission might identify alternative pathways or processes culminating
in mental retardation. The everincreasing sensitivity to and localisation of defects
with new equipment and techniques could provide valuable new insights. Similarly,
a carefully designed series of modern neurocognitive tests administered to a sample
from this population might help identify specific cognitive abilities that are com-
promised by radiation, and this might vary by postconception exposure week.
(258) Nothing is known about individual differences in sensitivity to the effects of

radiation exposure on the developing brain. Insofar as the crude statistical indica-
tors of differential sensitivity (namely, changes in variances or skewness) can deter-
mine, there do not appear to be strong individual differences in predisposition to
mental effects, but these crude indicators probably cannot rule out more subtle dif-
ferential sensitivity effects.
(259) Little human information is available on the effects of dose protraction or

fractionation, or on the effects of radionuclide exposures on the fetal brain. Two
studies have evaluated mental retardation among the offspring of mothers who
worked at Mayak while pregnant (Patrusheva et al., 1976; Buldakov et al., 1981),
and neither found excess mental retardation. Similarly, a study of children exposed
in utero to radiation contamination in the Techa River showed no elevation in the
prevalence of mental retardation and no association between exposure and scholas-
tic aptitude or achievement (Akleyev and Kisselyov, 2000). Another study of this
population (Akleyev et al., 1997) found no association of exposure with neurological
signs or either of two neuropsychological tests. Several other studies of mental
retardation, IQ (Nyagu et al., 1998; Kolominsky et al., 1999), seizure disorders
(Tereschenko et al., 1991, 1992), psychomotor development (Lyaginskaya et al.,
1992), and neurological signs (Patrusheva et al., 1973) showed putative associations
with prenatal exposure to Chernobyl or Mayak radiation, but the study designs and
analyses give too little detail, or methodological weaknesses were noted that limit
the confidence in these conclusions. In summary, no clear evidence was found indi-
cating that protracted exposures cause mental sequelae within the limitations of the
total radiation doses sustained and the sample sizes studied.
(260) No human information is available on the RBE of prenatal exposure to

neutrons or other high-LET radiations in inducing mental deficits.
(261) Two studies have evaluated mental effects of in-utero diagnostic radiation

exposure. A Chinese study (Hu and Yao, 1992) found no diminution in IQ following
diagnostic radiation exposure to the fetus compared with a matched control group.
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Another study of in-utero diagnostic radiation exposure (Ornoy et al., 1996) showed
no deficits based on a neurological examination and two psychometric tests of
motor and cognitive development. The null results are not surprising, given the
small doses involved.
(262) Perhaps the most critical question at this point is whether there is a dose

threshold for the neurological and mental effects. The evidence in the atomic bomb
study is reasonably persuasive that there is a dose threshold for severe mental
retardation, although there is a good deal of uncertainty as to the dose at which the
threshold occurs. A formal test for a threshold has not been reported for intelligence
scores. Inspection of the IQ data suggests that there might be a threshold in the
vicinity of about 0.1 Gy, although this is by no means certain, and it is likely that the
confidence interval on any estimated threshold would encompass zero dose. Inspec-
tion of the school performance data also suggests the possibility of a threshold at a
low dose, but the statistical test for a threshold has not been reported. The atomic
bomb data on unprovoked seizure disorders following in-utero irradiation are too
sparse to permit a meaningful assessment of dose thresholds.
(263) In Publication 60, the summary indicated that the ‘downward shift in IQ of

30 points Sv�1 . . . is consistent with the observation of an incidence (of serious
mental retardation) of 0.4 for a dose of 1 Sv’ (ICRP, 1991, p. 5). The best estimate of
the decrement in IQ at 1 Sv is 21 points for those irradiated at weeks 8–15 post-
conception and 13 points at weeks 16–25 postconception (Schull, 1988). If one
assumes that the population IQ has a mean of 100 and a standard deviation of 15
(which are typical values for IQ tests), then the expected proportion with an IQ of 65
or under is slightly less than 1%. However, if the mean were shifted 21 points to 79,
still with a standard deviation of 15, then about 18% would be expected to have IQs
of 65 or less. If the mean were instead shifted only 13 points, then about 7% would
be expected to have an IQ of 65 or less. Thus fewer than 40% would be predicted to
show mental retardation, although the 40% value might be statistically compatible
with these expectations given the sparseness of the data.
(264) Publication 60 also concluded that radiation-induced mental decrement ‘is

deterministic with a threshold related to the minimum shift in IQ that can be mea-
sured’ (ICRP, 1991, p. 6). The dose-related shifts in IQ clearly point towards a
deterministic effect. The existing analyses provide no clear evidence for a dose
threshold with respect to IQ, and it seems likely that a definitive answer is beyond
the resolving power of the epidemiologic data that are available.
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6. CARCINOGENIC RISK FROM IN-UTERO IRRADIATION:

ANIMAL STUDIES
6.1. Introduction

(265) Human epidemiological studies have shown that in-utero exposure to diag-
nostic x rays is associated with an increased risk of leukaemia and, somewhat less,
solid cancers (Knox et al., 1987; NRPB, 1993; Stewart and Kneale, 1970). Although
the initiating event may occur before birth, the solid tumours mainly appear at an
age when these tumours occur spontaneously, i.e. the so-called ‘cancer-prone’ age.
Considering that the initiating event is induced by an acute exposure(s) during the
prenatal development and the effects are observed after a considerably long latent
period, it is not clear whether an explicit genomic/chromosomal change induced
early in life is the crucial factor, or a subtle (implicit) effect(s) resulting from this
irradiation increases the susceptibility to later genomic alterations in response to
some triggering stimuli received during postnatal and adult life. However, the sen-
sitivity to cancer induction after prenatal irradiation can be influenced by a number
of biological factors, for example the age at exposure, the organ at maximum risk,
immune status of the individual, and genetic predisposition. The susceptibility of
individual organs to radiogenic cancer may also vary with the developmental stage
at exposure, when the cells of that particular organ are actively proliferating and
differentiating. Therefore, a detailed discussion on the cancer risk from prenatal
irradiation needs to analyse the subject from all angles. This requires data from
systematic investigation taking radiation quality, dose and dose rate, gestational
age-dependent sensitivity, and other predisposition factors into account. Such data
can come primarily from carefully conducted animal experiments. A major advan-
tage of animal studies is that they can be controlled with regard to homogeneity of
the population, and the influence of confounding factors can be reduced con-
siderably. However, the species and strain differences among the experimental
models used can also influence the type of cancer induced. The present chapter
analyses the animal data on cancer incidence after in-utero irradiation.
(266) Early experimental studies on prenatal irradiation gave very little attention

to carcinogenic effects, but concentrated mainly on teratogenic effects and mal-
formations in the offspring. On the basis of the relatively scarce data available from
animal experiments, UNSCEAR concluded that prenatal irradiation in animals
affects the growth and differentiation of tissues rather than their malignant trans-
formation (UNSCEAR, 1977). Sikov (1981) emphasised the methodological diffi-
culties in working on prenatal animals because the dose range that can be used is
rather narrow, and increasing doses may produce morphological and physiological
changes in tissues. Doses of 1 Gy and above will also result in neonatal and post-
natal deaths (Table 6.1), reducing the number of animals surviving to an age at
which cancers develop. However, studies using different strains of mice clearly
demonstrated an increase in tumour incidence during postnatal life after prenatal
irradiation. Confirmatory findings have come from experiments in rats and other
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species. UNSCEAR published an extensive review in 1986 on the carcinogenic effect
of prenatal irradiation.

6.1.1. Leukaemia vs solid tumours

(267) Although epidemiological studies provide evidence that in-utero exposure to
x rays increases the risk of leukaemia and solid cancers arising in children before 15
years of age (Knox et al., 1987; NRPB, 1993, see also Chapter 8), studies in experi-
mental animals have failed to demonstrate such effects. Animal experiments, in
general, have shown that in-utero irradiation induced solid tumours in adults, but
did not induce leukaemia in either juvenile or adult mice. In an early study to
determine the effect of prenatal low-dose (0.1 or 0.5 Gy) x irradiation on leukaemia
induction in the high-leukaemia-strain AKR mice, Porteous (1962) did not find any
increase in the disease incidence or shortening of the latent period to death. Sasaki
and Kasuga (1986) studied tumour induction in B6C3F1 mice after exposure to 1.9–
5.7 Gy of x rays on day 17 postconception, at birth, or at 15 weeks of age. They
found that mice in the fetal period were susceptible to solid tumours, but not to
leukaemia, while exposure of young adults was associated with induction of myeloid
leukaemias. However, a recent study has shown an increase in the incidence of leu-
kocytosis with splenomegaly in strain I Swiss albino mice that were exposed to 0.5–
1.5 Gy of gamma radiation at the early (day 14 postconception) or late (day 17
postconception) fetal stage, although the increase was not statistically significant
from the control incidence (Uma Devi and Hossain, unpublished observation).

6.2. Gestational age and cancer risk

(268) Gestational age at the time of irradiation is one of the most important bio-
logical determinants of susceptibility to cancer induction and age at death due to
cancer after prenatal irradiation. The susceptibility to tumour induction and to
particular tumour types varies with the developmental age at exposure. Animal
Table 6.1. Postnatal mortality in mice after acute irradiation during the fetal stage (day 14/17 post-

conception) of development
Gamma dose (Gy)
 Survival at 6 weeks of age (%)
Day 14 p.c.*
 Day 17 p.c.y
0
 91
 86
0.5
 85
 79
1.0
 83a
 76
1.5
 82a
 62b
p.c., postconception.
a P<0.05.
b P<0.001 compared with control;

*Uma Devi and Hossain, 2001;
yHossain et al., 1999.
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studies, in general, have shown a lack of tumourigenesis by early gestational irra-
diation, with a high susceptibility after exposure at the later intra-uterine ages. In
one of the earliest investigations on the influence of age at irradiation on the induc-
tion of thymic lymphomas, myeloid leukaemias, and ovarian tumours, for a period
of 1–3 days before birth up to 180 days of age, Upton et al. (1960) reported no
detectable increase in the incidence of neoplasms in mice irradiated during the pre-
natal period. But later studies by Sasaki et al. (1978a, 1982) have shown a higher
susceptibility to cancer risk when exposed during the fetal period rather than during
the early embryonic period. Exposure of B6C3F1 mice to x rays during days 16–18
postconception led to significant increases in the incidence of tumours of pituitary,
lung, and ovary, while skin and liver tumours were increased non-significantly. In
contrast, exposure on day 12 postconception did not increase the incidence of any type
of neoplasm (Sasaki et al., 1978a). They found no excess tumours in the x-irradiated
(
2 Gy) group over non-irradiated controls; on the contrary, there was a significant
decrease in the incidence of lymphoreticular, lung, and uterine tumours. Schmahl
(1984) found an increase in the incidence of ovarian, lung, and liver tumours in NMRI
mice irradiated during the late fetal period. Covelli et al. (1984) also found a significant
increase in the incidence of solid tumours and reticulum cell sarcoma in the B6C3F1
mice after irradiation with 0.5–7 Gy of 250 kVp x rays on day 17 postconception.
(269) Exposing mice at different ages from fetal to young adult stages, Sasaki et al.

(1978a) showed that not only the susceptibility to tumour induction but also the
type of tumours changed with increasing age at irradiation. Fetal irradiation resul-
ted in an increased incidence of lung, liver, pituitary, ovarian, and bone tumours as
well as malignant lymphoma of the lymphocytic type. Irradiation during the early
postnatal period was more effective than irradiation at the fetal stage in inducing
tumours of the liver and ovary, and malignant lymphoma. While 3.8 Gy during the
neonatal period resulted in an excess incidence of malignant lymphoma, such an
increase after fetal irradiation was found only at 5.7 Gy (Sasaki, 1991). In an earlier
paper, they had reported an excess incidence of hepatocellular tumours after expo-
sure during the late fetal or neonatal period. The high susceptibility of the perinatal
mice to hepatocellular carcinomas by x irradiation was thought to be related to the
high frequency of liver cell mitosis at the time of, or after, irradiation (Sasaki et al.,
1978b). The prenatal mice showed the same susceptibility as young adults to induc-
tion of lymphocytic neoplasms, but lower than that of the neonatal and suckling
mice (Sasaki et al., 1982). More recent studies in mice by Nitta et al. (1992) and
Uma Devi and Hossain (2000a) have found a high susceptibility to solid cancer risk
after gamma irradiation during the fetal period. However, Kusama and Yoshizawa
(1982), who exposed C57BL/6J mice to 137Cs gamma radiation at the fetal (day 15
postconception, 1 Gy) or postnatal (day 30 postpartum, 1 or 4 Gy) age, observed
thymic lymphoma and breast tumours in all irradiated groups, but there was no
difference in incidence from that of the unirradiated control, irrespective of whether
exposure took place before or after birth. On the contrary, they found a decrease in
the reticular tissue neoplasms in the irradiated groups. This is in contrast to the
findings of Uma Devi and Hossain (2000a), who reported a higher incidence of
uterine tumours in mice exposed on day 17 postconception than in those exposed on
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day 14 postconception. However, there was no significant difference in the
incidence of radiation-induced ovarian tumours between day 17 and day 14 post-
conception.
(270) Schmahl (1984), who exposed NMRI mice to 0.5–2 Gy on day 12 post-

conception, reported that neoplastic changes in irradiated mice appeared to be gen-
erally lower than in controls, but the different tumour types showed different
responses. Nomura et al. (1990) observed that exposure of the PTHTF1 mice to x
rays (0.3 or 1.03 Gy) on day 10.5 postconception did not increase the incidence of
tumours in the offspring.
(271) Experimental findings using beagle dogs confirm the higher sensitivity of

fetus and early postnatal stages than adults to tumour development by radiation.
Benjamin et al. (1986) studied the influence of age on the susceptibility to cancer
induction by radiation in beagle dogs. They found a tendency for increase in thyroid
tumours and malignant lymphomas after irradiation during the perinatal period.
Further studies by the same authors (Benjamin et al., 1991) showed a significant
increase in benign and malignant neoplasms in young dogs, less than 4 years old,
including fatal malignancies after irradiation at the late fetal (day 55 postconcep-
tion) and neonatal (day 2 postpartum) periods. Lymphomas, haemangiosarcomas,
and mammary carcinomas accounted for 51% of all tumours. There was an appar-
ent lifetime increase and earlier onset of lymphomas in dogs exposed as fetuses.

6.3. Sex dependence

(272) The animal studies have found a tendency for higher susceptibility of
females to solid tumour induction by prenatal irradiation. Sasaki et al. (1978a)
reported that when the B6C3F1 mice were exposed to x rays on day 16–18 post-
conception, more tumours developed in the females than in the males. Nitta et al.
(1992) also found that females were more susceptible than males to tumour devel-
opment after exposure to gamma rays on day 16.5 postconception. They showed a
significant increase in the incidence of mammary carcinoma and mammotrophic
pituitary tumours in the C3H�C57BL hybrids (B6C3F1) exposed to 2.7 Gy of 60Co
gamma rays or 1 Gy of 252Cf radiation (neutrons) on day 16.5 postconception. Uma
Devi and Hossain (2000a) observed that the overall tumour incidence was sig-
nificantly higher in female than male mice after exposure to gamma radiation during
the fetal period. A significant increase in ovarian tumours was found after exposure
to 0.25 Gy on either day, while tumours of the uterus showed a significant increase
from 0.5 Gy when given on day 17 postconception. The ovarian tumours also
developed earlier (4–6 months of age) in these animals. Covelli et al. (1984) also
reported that ovarian tumours markedly contributed to the excess tumour fre-
quencies in the BC3F1 mice exposed to x rays or neutron irradiation on day 17
postconception. Sasaki and Kasuga (1986) observed that an excess of malignant
lymphomas developed in the female B6C3F1 mice exposed to 5.7 Gy x rays during
the fetal period, and the total time until incidence was less than in controls.
(273) Benjamin et al. (1991) reported that the risk of fatal malignancies after

irradiation was greater in female than male beagle dogs exposed on day 55 post-
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conception. In a later paper, they observed a significant increase in the lifetime
incidence of fatal lymphomas and haemangiosarcomas in female dogs, but not in
males, after irradiation with 16 or 81 cGy of 60Co gamma radiation at 55 days
postconception (Benjamin et al., 1998). The lymphomas also had an earlier onset.
Exposure at the early embryonic stages or during the postnatal period did not
increase the lymphomas, whereas day 8 postconception was also sensitive to the
induction of haemangiosarcomas. Non-fatal mammary cancers were increased after
perinatal irradiation, while fatal mammary cancers did not increase. A recent update
of cancer mortality data in the atomic bomb survivors in Japan has also shown that
the female offspring who were exposed in utero had a higher frequency of solid
tumours than similarly exposed males. All seven solid malignant tumours detected
in adults were in females, and three of them were of female-specific organs: one each
of ovary, uterus, and breast (Delongchamp et al., 1997) (see Chapter 8). The higher
susceptibility of females to radiation carcinogenesis may not be confined to fetal
irradiation alone, but seems to extend to postnatal life (UNSCEAR, 2000).

6.4. Strain specificity

(274) Many of the findings for hypersensitivity to a particular effect have been
associated with strain specificity. Even though the ability to induce adult cancers
may be a general effect of fetal irradiation, it has been found that the type of
tumours induced in mice depends on the susceptibility of the particular strain used;
tumours that occur spontaneously in a certain strain will increase in occurrence,
rather than induction of a new type of tumour not generally known to occur in that
strain. This has been demonstrated in two independent studies on tumour develop-
ment in adult mice following 60Co gamma irradiation at comparable fetal age (Nitta
et al., 1992; Uma Devi and Hossain, 2000a). Both studies showed an increase in
female-specific tumours in adult mice after exposure to 1 Gy of gamma radiation
during the late fetal period. While Nitta et al. (1992) observed a significant increase
in the mammary tumours (observation time, 26 months) in the C3H/C57 hybrids
exposed on day 16.5 postconception, Uma Devi and Hossain (2000a) found a simi-
lar increase in ovarian and uterine tumours (observation time, 18 months) in the
strain I Swiss mice that were exposed on day 17 postconception. The C3H strain is
known to have a high natural incidence rate of mammary tumours, but not ovarian
tumours, whereas the mouse strain used in the latter study has a high natural sus-
ceptibility to ovarian tumours, but not to mammary tumours.

6.5. Radiation dose response and question of threshold

(275) The earlier animal experiments used doses of 0.5 Gy and above
(UNSCEAR, 1986). Most of the studies employed only one or two doses. Therefore,
a dose–response relationship, in the range of doses that do not produce other effects
like embryonic/neonatal death and malformations which affect long-term survival, is
difficult to attempt. In the one study using x-ray doses of 0.2–1.6 Gy, Schmahl
(1988) did not find any increase in the tumour incidence from controls in the NMRI
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mice exposed on day 15 postconception at any dose. Inano et al. (1996), using Wis-
tar rats, reported that irradiation on day 20 postconception with doses less than 2.1
Gy did not induce any mammary tumours in the females, and even at 2.6 Gy, the
incidence was very low. In contrast, Benjamin et al. (1986, 1991) reported a lifetime
increase in fatal cancers in beagle dogs exposed to 0.16 or 0.83 Gy of gamma
radiation during the perinatal period of day 55 postconception or 2 days post-
partum. Schmahl (1988) concluded that the mouse system appears to be too insensi-
tive for demonstrating whole body irradiation effects similar to those in dogs.
However, more recent studies do not support such a contention. Nitta et al. (1992),
using only two doses of gamma radiation, 1 and 2.7 Gy on day 16.5 postconception,
found a dose-dependent increase in the incidence of pituitary and mammary
tumours. Uma Devi and Hossain (2000a) studied the effect of a range of gamma
doses from 0.1 to 1.5 Gy after exposure of Swiss albino mice on day 14 or day 17
postconception. They found a linear-quadratic dose-dependent increase in the overall
tumour incidence in both sexes, the dose–response curve tending to plateau above
about 1 Gy (possibly because, at the higher doses, the affected mice die before they
reach adulthood, see Table 6.1). However, when individual tumours were considered,
a clear dose-dependent increase was observed only for the tumours of the ovary and
uterus in the females and of liver in both sexes (Table 6.2a, Fig. 6.1). These tumours
showed a linear increase at doses up to 0.5 Gy, above which the increase was less
than linear. No such dose-dependent increase was observed for spleen tumours.
Fig. 6.1. Incidence of all tumors in the adult Swiss albino mice exposed prenatally to g-radiation on day

14/17 p.c. (Uma Devis and Hossain, 2000a).
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(276) However, the question of a threshold is still a difficult one to resolve. For
risk estimation of radiation carcinogenesis in humans, a linear non-threshold dose
response is widely used, and for radiation protection, it is considered a safe and
prudent, although not unequivocally accepted, model. The experimental data avail-
able so far do not strongly support a non-threshold effect for radiogenic cancer after
prenatal irradiation. Earlier studies, mostly using relatively high x-ray doses, failed
to show an increase in tumour incidence below doses of 1–2 Gy. Covelli et al. (1984),
who used a range of x-ray doses from 0.3 to 2.1 Gy on day 17 postconception, found
that, regardless of the tumour type and site, the final incidence of solid tumours was
practically unchanged in males; in females, a higher frequency was found at 1.5 Gy,
Table 6.2. (a) Tumour incidence in adult mice exposed to gamma radiation on day 14/17 postconception

(from Uma Devi and Hossain, 2000a)
Radiation

dose (Gy)
Female
 Male
No. of mice
 Ovary
 Uterus
 Liver
 No. of mice
 Liver
Control
0.0
 135
 8.89(12)
 3.70(5)
 3.70(5)
 130
 3.84(5)
14 days postconception
0.10
 63
 19.05(12)
 3.17(2)
 6.34(4)
 56
 5.36(3)
0.25
 65
 26.15(17)a
 6.15(4)
 7.69(5)
 53
 7.55(4)
0.50
 63
 31.75(20)b
 9.52(6)
 12.70(8)a
 55
 9.09(5)
1.0
 63
 36.51(23)c
 11.11(7)
 14.29(9)b
 59
 11.86(7)
1.5
 63
 42.86(27)c
 14.29(9)a
 17.46(11)c
 58
 13.79(8)a
17 days postconception
0.10
 60
 20.00(12)
 6.67(4)
 5.00(3)
 23
 6.90(4)
0.25
 63
 26.98(17)a
 6.35(4)
 4.76(3)
 22
 9.43(5)
0.50
 55
 32.73(18)b
 12.72(7)a
 10.90(6)
 17
 8.51(4)
1.0
 54
 40.74(22)c
 14.81(8)a
 12.96(7)a
 19
 13.64(6)a
1.5
 38
 44.74(17)c
 18.42(7)a
 15.79(6)a
 20
 20.00(7)b
(b) Calculated relative risk for different tumours in the mice irradiated on day 14 postconception
Ovary
 Uterus
 Liver (female)
 Liver (male)
Control
 1
 1
 1
 1
0.1 Gy
 2.1
 0.9
 1.7
 1.3
0.25 Gy
 2.9
 1.7
 2.1
 1.9
0.5 Gy
 3.6
 2.6
 3.4
 2.3
1.0 Gy
 4.1
 3.0
 3.9
 3.0
1.5 Gy
 4.8
 3.9
 4.7
 3.6
Trend w2
 27.8
 9.8
 12.1
 7.0
P value
 <0.0001
 0.002
 0.0005
 0.008
a P<0.05;
b P<0.01;
c P<0.001, compared with control Chi-square test.
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but not at the lower doses of 0.3 or 0.9 Gy. Even the later data, which showed a
linear increase in tumour incidence with increasing gamma doses below 1 Gy (Uma
Devi and Hossain, 2000a), did not show a significant increase in any of the tumours
at 0.1 Gy, the lowest gamma dose used. This supports the conclusion of UNSCEAR
(2000), based on data on tumour induction by irradiation after birth, that for most
tumour types in experimental animals, a significant increase in risk is detectable only
at doses of above about 100 mGy. However, it will be difficult to settle this issue as
the number of animals in the studies are rather small, and hence the putative lack of
significant effects at lower dose may be due to inadequate statistical power. More-
over, the relative risks for the individual tumours (Table 6.2b) are generally com-
patible with a non-threshold effect for these tumours. However, the minimum dose
at which a significant increase is detected varies for the different types of tumours
and mouse strains (Table 6.3). Studies using different mouse strains (Sasaki et al.,
1978a; Schmahl, 1984; Sasaki, 1991; Uma Devi and Hossain, 2000a) have shown a
high susceptibility of the ovaries for tumour induction after irradiation during the
fetal period. Even for these tumours, the lowest dose at which a significant increase
was seen was 0.25 Gy, although a non-significant increase was observed at 0.1 Gy
(Table 6.2a). Thus, the ovaries in mice appear to have a higher susceptibility than
other organs for induction of tumours after prenatal irradiation, and may show a
detectable increase in the dose range of 0.1–0.5 Gy, depending on the age at expo-
sure and strain specificity. Other tumours may require higher doses to bring about a
noticeable excess incidence. In the case presented above, the low natural incidence in
Table 6.3. The lowest acute doses at which significant increases in tumour incidence have been observed

after low-LET prenatal irradiation in mice
Tumour
 Strain
 Radiation
 Dose (Gy)
 Exposure day p.c.
 Reference
Liver
 B6C3F1
 x rays
 1.9
 16–18
 Sasaki et al., 1978a
NMRI
 x rays
 1.0
 17
 Schmahl, 1984
Swiss I
 gamma rays
 1.0
 17
 Uma Devi and Hossain, 2000a
Lung
 B6C3F1
 x rays
 1.9
 16–18
 Sasaki et al., 1978a
NMRI
 x rays
 1.0
 17
 Schmahl, 1984
Lymphoma
 B6C3F1
 x rays
 5.7
 17
 Sasaki, 1991
Mammary
 B6C3F1
 gamma rays
 2.7
 16.5
 Nitta et al., 1992
Ovary
 B6C3F1
 x rays
 1.9
 16–18
 Sasaki et al., 1978a
NMRI
 x rays
 1.0
 17
 Schmahl, 1984
B6C3F1
 x rays
 1.5
 17
 Covelli et al., 1984
Swiss I
 gamma rays
 0.25
 14/17
 Uma Devi and Hossain, 2000a
Pituitary
 B6C3F1
 x rays
 1.9
 16–18
 Sasaki et al., 1978a
B6C3F1
 gamma rays
 2.7
 16.5
 Nitta et al., 1992
Uterus
 Swiss I
 gamma rays
 0.5
 17
 Uma Devi and Hossain, 2000a
p.c., postconception.
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uterus and liver tumours further limits the statistical power, making it more difficult
to evaluate the dose response. More data with a larger number of animals and a
wider dose range are needed to establish the dose–response behaviour of the carci-
nogenic effect after prenatal irradiation.

6.6. Genetic predisposition

(277) Some strains are predisposed to a particular effect not found in other strains.
Although this appears to be genetically controlled, there is no direct evidence to show
the determining role of genetic predisposition in cancer induction by prenatal irradia-
tion in animals. However, Mueller et al. (1994) have presented experimental findings
suggesting a correlation between a strain-specific effect and prenatal irradiation. They
found that the HLG strain of mouse used in their studies is genetically predisposed to
induction of gastroschisis by pre-implantation irradiation (Mueller et al., 1994),
whereas, generally, malformations are not noticed in other strains after exposure
before the organogenesis period. This mouse strain has been reported to show a genetic
predisposition to malformations and carcinogenic risk when exposed during the pre-
implantation period (Streffer, 1997; Hillebrandt and Streffer, 2000; see also chapter 2).

6.7. Extrinsic modifying factors

(278) Some external factors, such as reducing the dose rate, the radiation quality,
and combination with carcinogenic chemicals, can modify the susceptibility to
cancer induction after prenatal irradiation.

6.7.1. Influence of dose rate

(279) According to Ullrich (1980),
‘The total dose and dose rate can influence not only the extent of effects pro-
duced but also the nature of effects on target and interacting cell populations.
In addition, the relative importance of the contributions made by the various
initiating, promoting and modifying mechanisms involved in the carcinogenic
process may differ for different neoplasms. The basis for any observed dose rate
effect may range from influences of dose rate on events at the intercellular level
to influences on mechanisms affecting tumour expression rather than induction.
Despite the complexities of the experimental systems and the lack of under-
standing of the types of mechanisms involved, in nearly every example the
tumourigenic effectiveness per rad of low-LET radiation tends to decrease with
decreasing dose rate. For some tumour types, the differences may be small or
may appear only with very low dose rates, while for others the dose rate effects
may be larger’.

While the above statements were made with reference to tumour induction after
postnatal and adult exposures (extensively reviewed by UNSCEAR, 1993), they can
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also apply to prenatal exposure. Although there are few experimental data relating
to the dose-rate effect after prenatal irradiation, in general, for low-LET radiations,
there is a tendency for the tumour incidence to decrease with decrease in the dose
rate. Ullrich (1980) suggested that exposures to multiple carcinogens at low doses or
dose rates, which themselves may be ineffective, could eventually combine to be
tumourigenic. This is supported by the findings of Nomura et al. (1984a, 1990) using
prenatal x irradiation and postnatal treatment with a chemical carcinogen in mice
that the combinations increased the tumour incidence, whereas x rays alone were
ineffective. Using two dose rates, 0.543 and 0.0043 Gy/min, Nomura et al. (1990)
showed that exposure to 0.3 or 1.03 Gy on day 10.5 postconception and postnatal
administration of 12-O-tetradecamyl-phorbol-13-acetate (TPA) resulted in the
development of skin tumours and hepatomas, while irradiation alone was not
tumourigenic. While the incidence of both tumours increased with increased dose
of x rays, the incidence of both skin tumours and hepatomas, as well as the size of
tumour nodules (hepatomas), was lower when 1.03 Gy was delivered at a dose
rate of 0.0043 Gy/min than at a dose rate of 0.543 Gy/min and TPA was applied
postnatally.

6.7.2. Radiation quality

(280) Very few studies have been published on tumour induction by high-LET pre-
natal irradiation. However, the available data indicate that high-LET radiations are
more effective than x and gamma rays in inducing tumours. Covelli et al. (1984) com-
pared the effect of a range of doses of x rays from 0 to 2.1 Gy and fission neutrons
from 0 to 1.6 Gy, given on day 17 postconception, on solid tumour induction in adult
B6C3F1 mice. While x rays did not increase the tumour incidence in males, a sig-
nificant excess was observed after neutron irradiation, with a frequency peak at a dose
between 0.27 and 0.45 Gy. The most frequent were the malignant tumours of lung,
liver, and skin. In females, the tumour incidence increased at x-ray doses above 0.9 Gy,
with the highest frequency at 1.5 Gy. Neutrons produced significantly more tumours
than x rays, with a peak incidence at 0.45 Gy. Ovarian tumours markedly contributed
to the excess tumour frequencies for both types of radiation in the females; relative
biological effectiveness (RBE) at the peak frequency was found to be about 3. Nitta et
al. (1992) also found that fission neutrons (average energy, 2.13 MeV) were more
effective than gamma rays in inducing solid tumours in these mice when exposed on
day 16.5 postconception They used only one dose of neutrons, 1 Gy, which produced a
tumour incidence similar to that of 2.7 Gy of gamma rays in the female pituitary (18
out of 35 animals in the neutron group and 18 out of 38 mice in the gamma-irradiation
group) and mammary glands (six out of 35 in the neutron group and six out of 38 in
the gamma-radiation group), suggesting an RBE of more than 2.5.

6.7.3. Influence of chemicals

(281) Mouse studies have shown that where radiation alone was not effective,
combination of irradiation and treatment with a chemical carcinogen can increase
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cancer incidence in the offspring. Irradiation of the ICR/JC1 mice at the early
embryonic stages was shown to be highly mutagenic and teratogenic (Nomura,
1984b) and also increased the susceptibility to urethane-induced lung tumours
(Nomura, 1984a), suggesting that radiation caused persistent alterations in the
mouse embryo increasing their susceptibility to a second carcinogenic insult. This
effect was not seen when exposed after day 14 postconception. However, Schmahl
(1988) reported a synergistic increase in tumour induction when NMRI mice were
given x irradiation (0.2 or 0.4 Gy) on day 15 postconception and ethyl nitrosourea
during the juvenile stage. Nomura et al. (1990) also reported that exposure to x rays
(0.3 or 1.03 Gy) on day 10.5 postconception did not induce tumours in the adult, but
similar irradiation followed by postnatal application of TPA on the dorsal skin,
twice a week for 18 weeks from 6 weeks postpartum, significantly increased the
incidence of skin tumours and hepatomas observed at 12 months of age.

6.8. Internal emitters

(282) The toxic effects of internal emitters will depend on the age at exposure,
cumulative doses, localisation and metabolic behaviour of the radionuclide, and the
organ at risk. The tumourigenic effect of different radioisotopes such as 3H (tritium),
32P, 90Sr, and 131I, and transuranium elements such as 239Pu has been reported in
rodents. These studies have been reviewed in detail by Sikov (1989). Tritiated water
treatment, at 2.5, 5, or 10 MBq/g body weight, on day 9 postconception was found
to increase the ovarian tumours (observation period, 4–5 months for all groups and
18 months for the highest dose), but not other types of tumours in the NMRI mice
(Torok et al., 1979). Administration of 9.25 MBq of 3H-thymidine (fetal dose, 37
kBq/g) between day 15 and day 17 postconception increased the overall incidence of
all tumours, mainly the naturally occurring tumours (observation time, 27 months),
and reduced the latency period for lung tumour development (Baserga et al., 1966).
Lambert and Phipps (1984) gave a continuous infusion of 3H-thymidine to SAS/4
mice for 12 days from day 7 postconception to term and observed that tumours of
the lungs and liver and leukaemias increased with increasing isotope burden
(3H concentrations in the neonates of about 10, 27, 50, and 130 kBq/g body weight),
while the incidence of mammary tumours decreased at the highest doses, apparently
associated with a reduced life span. Holmberg et al. (1964) injected pregnant BALB/
c mice with doses of 0.09–3.3 MBq (approximately 3.7–100 kBq/g body weight) of
Na32PO4 once between day 11 and day 15 postconception and observed the off-
spring for up to 2 years. The pooled data for all gestational ages showed a significant
increase in leukaemias in the female offspring, but not in the males. Berry et al.
(1983) found that 37 or 110 kBq/g body weight of 32P on day 16, 18, or 20 post-
conception of Sprague-Dawley rats increased the naturally occurring tumours, but
not bone tumours or leukaemia. Exposure to 90Sr during the late fetal period in mice
has been reported to increase tumours of the ovary (mostly tubular adenomas) in a
dose-dependent manner (46–740 kBq) (Roennback and Nilsson, 1982). Schmahl and
Kollmer (1981) injected 3.7 or 5.5 MBq 90Sr on day 18 postconception to Wistar rats
and found an increase in the pituitary tumours in both the male and female offspring.
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(283) Exposure to 131I in utero resulted in a greater frequency and shorter latent
period in thyroid cancer development in the CBA mice compared with those
exposed as adults (Walinder and Roennback, 1984). Sikov et al. (1973) reported that
exposure of rat fetuses to 131I at doses of 0.4, 4.25, and 34 Gy resulted in thyroid
tumours, and the incidence increased progressively with increase in dose. Sikov
(1982, 1983) administered 239Pu citrate to rats at doses of 0.011, 0.11, or 1.11 kBq/g
body weight on day 9, 15, or 19 postconception and found an increased incidence of
osteosarcomas and adenomatous hyperplasia of liver; the effect was greater follow-
ing exposure on day 19 postconception compared with earlier ages. A later study
using a higher dose (2.2 kBq/g body weight) of 239Pu citrate or sodium citrate (con-
trol) on day 19 postconception showed that, in addition to a significant increase in
osteogenic sarcomas, soft-tissue lesions such as liver and adrenal tumours were ele-
vated in rats that were exposed prenatally to plutonium compared with controls
(Sikov, 1987). Later, Moskalev et al. (1989) reported that osteosarcomas and liver
tumours developed at lower cumulative doses of 239Pu nitrate (0.8–0.85 cGy) on day
15 or 19 postconception, and 241Am nitrate (0.3–0.85 cGy) on day 16 postconcep-
tion caused the development of osteosarcomas in Wistar rats. No such tumours were
found when 239Pu was administered on day 4 postconception (cumulative dose to
skeleton 16.4 cGy) or in the controls. Although these studies clearly demonstrate the
carcinogenic effect after the internal deposition of radioisotopes, the data are frag-
mentary and inadequate to evaluate the comparative risk from the different isotopes
or their dose–effect relationship.

6.9. Genomic instability and cancer induction

(284) Pampfer and Streffer (1989) were the first to suggest that genomic instability
can be transmitted from the prenatal to the postnatal organism, based on their study
of skin fibroblasts from mice exposed at the pre-implantation stage. Edwards (1997)
suggested that in-utero irradiation of the early fetus might induce genomic instabil-
ity, leading to aberrations in the haemopoietic stem cells which migrate to the bone
marrow. Genomic instability can be expressed in the form of chromosomal aberrations
in the adult bone marrow. Experimental evidence in support of this is presented by
Uma Devi and Hossain (2000b). They demonstrated that exposure of Swiss albino
mice during the early fetal period (day 14 postconception), when liver is the only
major haemopoietic organ, significantly increased the chromosomal aberrations in
the fetal haemopoietic cells. At 12 months of age, the bone marrow cells of the
exposed animals contained a significantly higher number of chromosomal aberra-
tions compared with the age-matched unexposed controls (Uma Devi and Hossain,
2000c). The major types of structural aberrations were chromatid breaks and frag-
ments in both the fetal and adult haemopoietic cells. The fetal liver cells and their
spleen colony forming units (CFU-S) showed a higher incidence of these aberrations
as well as polyploid cells than the sham-treated controls. However, such aberrations
were considerably lower and polyploid cells were absent from the bone marrow of
the 1- and 3-month-old pups exposed in utero and of adult mice repopulated with
the irradiated fetal liver CFU-S cells (Uma Devi et al., 2003). However, the poly-
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ploids re-appeared, along with a higher than control frequency of chromatid breaks
and fragments, in the bone marrow at 12 months of age (Table 6.4). Mice that
developed high leukocyte counts showed more than a three-fold increase in poly-
ploids in their bone marrow compared with their low leukocyte counterparts
exposed to 1 Gy in utero (Uma Devi and Hossain, 2000c), indicating an association
between the development of polyploidy in the haemopoietic cells and radiation-
induced haematological abnormalities. This study suggests that genomic instability
induced in the haemopoietic stem cells of fetal liver is carried forward to the adult
bone marrow. Under the influence of promoting factors encountered during
postnatal life, this can develop into explicit structural and numerical chromosomal
aberrations, which will contribute to haematological and other disorders, including
cancer. Experiments by Pils et al. (1999) indicated that genomic instability induced
by irradiation at the pre-implantation stage can be passed on to the next generation.
(285) There are strong indications that some of the early molecular/cellular chan-

ges occurred at the fetal stage, at least in the case of childhood acute lymphoid leu-
kemia (Greaves, 1988, 1991). Marder and Morgan (1993) showed that genomic
instability increases with the number of cell divisions after radiation exposure. In-
vitro studies on haemopoietic stem cells of the CBA/H mice by Kadhim et al. (1992)
demonstrated that following irradiation with alpha particles, the descendants of
irradiated cells frequently developed unstable aberrations. This chromosomal
instability was transmitted over several cell divisions, leading to overt aberrations.
When irradiated bone marrow was transplanted into a recipient, de-novo appearing
unstable aberrations were detected up to 1 year postirradiation (Watson et al.,
1996). Watson et al. (2001) also demonstrated that chromosomal instability induced
Table 6.4. Chromosomal aberrations in mice exposed to 1 Gy on day 14 postconception (Uma Devi et al.,

2003)
Observation

time
Total

metaphases

scored
Aberrant

metaphases (%)
Breaks and

fragments/cell
Polyploids (%)
Pre/postnatal:
Control*
 2235
 10.5(0.5)
 0.0054
 0
Fetal livery
 2457
 113(4.2)
 0.0078
 12(0.5)
CFU 1
 550
 23(4.4)
 0.0546
 2(0.36)
CFU 2
 568
 18(3.5)
 0.0396
 1(0.2)
3 weeks BMx
 1527
 27(1.8)
 0.0195
 0
1 month BM
 2023
 23(1.1)
 0.0089
 0
3 months BM
 2500
 24(0.9)
 0.01
 0
Adults:
Control
 2961
 31.9(1.05)
 0.0203
 4(0.13)
12 months
 2468
 128.0(5.2)
 0.0858
 16(0.65)
12 months{
 2190
 174.3(7.9)a
 0.1010
 33(1.51)a
*Pooled mean of all sham-irradiated values; y24 h after irradiation; {animals showed six to eight times the

normal white blood cell counts; xadult bone marrow repopulated with CFU cells from irradiated fetal

liver.
a P<0.001 compared with all adult groups. BM, bone marrow; CFU, spleen colony forming unit cells.
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in vitro can be transmitted by transplantation of haemopoietic stem cells exposed to
high-LET (alpha particles) or low-LET (x rays) radiation. Such chromosomal
abnormalities need not be confined to haemopoietic cells alone, but can also occur
in other cells of the fetus and contribute to solid tumour development in adults.
Pampfer and Streffer (1989) reported an increased frequency of de-novo chromoso-
mal aberrations in the fetal skin fibroblasts from mice irradiated at the zygote stage.
It is generally assumed that genomic instability is an important mechanism in the
development of cancer (Little, 2000). Based on molecular studies, Selvanayagam et
al. (1995) concluded that genomic instability is the earliest event in the multistep
sequence leading to radiation-induced cancer. There are experimental data that
indicate that chromosomal or genomic instability is a mechanism contributing to the
progression of solid tumours (Cheng and Loeb, 1993; Shibata et al., 1994; Lengauer
et al., 1997).

6.10. Conclusions

(286) The data from animal experiments are difficult to compare as different
investigators have used different strains and radiation doses. There is also no uni-
formity in the age at irradiation and at observation, or with the genetic background
of the strains. The latter is very important as the susceptibility may vary with the
genetic disposition. Moreover, the number of animals used in the studies is rather
small, hence leading to statistical uncertainty. However, an analysis of the currently
available data can be summarised as follows:

� Irradiation at the late fetal stages induces solid cancers in adults, but the types
of tumours vary with the strain under study. The incidence rate and latent
period of different tumours may vary with the organ at risk, which, in turn,
may depend on the spontaneous occurrence rate in the animal model used.

� The pre-implantation and embryogenesis (major organogenesis) stages are
not very susceptible to radiation carcinogenesis.

� With reference to overall cancer incidence after prenatal irradiation, female
mice are more susceptible than males. This is largely because of increased
incidence of tumours of the ovary, uterus, and breast.

� There are very few studies using a range of doses and the same strain/strains
of mice that allow proper dose–response calculations. It is not possible to plot
dose–response curves using data from the different strains, due to strain
differences in the susceptibility to carcinogenesis and the types of cancers that
are induced in animals after prenatal irradiation. The available data do not
give any clear indication about the shape of the dose–response curve. How-
ever, the findings suggest a multifactorial origin of these cancers.

� The few studies comparing the cancer risk from prenatal exposure to neutrons
with that from x or gamma rays indicate that high-LET radiation is more
effective than low-LET radiation in inducing cancers.

� Reducing the dose rate can decrease the tumour incidence after prenatal
irradiation.
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� Irradiation at the late organogenesis/early fetal stages has been shown to
increase sensitivity to the tumourigenic effect of postnatal treatment with
chemical carcinogens.

� Studies after prenatal administration of radioisotopes have demonstrated the
carcinogenic effect of internal emitters. However, the available data are
inadequate to evaluate the cancer risk from such exposures to human
populations.

� Genomic/chromosomal instability induced by irradiation at the prenatal
stage seems to have a major role in the development of cancers at later ages.
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7. EPIDEMIOLOGY OF CHILDHOOD CANCER
7.1. Introduction

(287) The questions to be addressed by this Task Group concerning childhood
cancer and in-utero radiation are:

� to what extent does prenatal irradiation contribute to cancer in children?
� is there a threshold dose?
� what is the shape of the dose–response curve?
� do the above vary by developmental stage and by tissue?

(288) To place the effects of in-utero irradiation on the development of childhood
cancer in perspective, it is important to review what is known about the aetiology of
paediatric neoplasms in general. It would be useful to be able to estimate the attri-
butable risk of in-utero radiation in the origin of childhood cancer. In that context,
the following issues are important to consider:

� incidence of childhood cancer by tumour type, geography, and age;
� environment in the aetiology of childhood cancer;
� postnatal radiation;
� other environmental agents;
� genetic factors in the aetiology of childhood cancer;
� second cancers;
� radiation effects, with and without genetic condition;
� effects of chemotherapy;
� in-utero radiation effects (reviewed separately by Dr Shore).

7.2. Incidence of childhood cancer by tumour type, geography, and age

(289) Cancer in childhood (defined as birth to 15 or 20 years of age depending on
the source of data) is rare, accounting for only 1–3% of the lifetime burden of
malignant disease in developed nations. Described somewhat differently, in devel-
oped countries, the risk of having cancer between birth and 15 years of age is
approximately one in 600, or one in 300 before the age of 20 years. Prior to 1969 and
before the consistent data collection by the National Cancer Institute Surveillance
Epidemiology and End Results (SEER), the incidence of childhood cancer was
based on mortality or on relatively small population-based registries, such as those
in Connecticut, Denmark, and Great Britain. Although increases in the incidence of
tumours of the central nervous system and leukaemia have been reported by some,
these may be accounted for by changes in reporting, more precise diagnostic mea-
sures, such as immunophenotyping of leukaemic cells, and more accurate brain-
imaging modalities (Bunin, 1996).
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(290) In the USA, during 1998, 12,400 children and adolescents less than 20 years
of age were diagnosed with cancer, and 2500 died as a result of their disease (Ries et
al., 1999). Despite great improvements in treatment and survival, cancer remains the
most common cause of disease-related mortality during the first two decades of life,
accounting for approximately 10% of all deaths. During the past 30 years, we have
witnessed steadily increasing survival rates (and subsequent cure) ranging from
about 10% during the 1960s to 70% today. For this reason, incidence rates cannot
be derived from mortality data, at least for the decades since 1970.
(291) Although geographic variations exist in the incidence of childhood cancer by

specific tumour type, they are less dramatic than the worldwide differences in adult
cancer (Parkin et al., 1992; Sharp et al., 1999). In industrialised nations, leukaemia is
the most common paediatric neoplasm, comprising about 30% of cases; 80% or
more are acute lymphocytic leukaemia. Lymphomas, divided almost equally
between Hodgkin’s disease and non-Hodgkin’s lymphoma, comprise 10–12% of
childhood neoplasms. In developed countries, brain tumours account for about 20%
of childhood cancers. The majority of these are gliomas. Brain tumours derived
from primitive neuroectoderm (PNET or medulloblastoma) comprise about 20% of
central nervous system neoplasms and occur almost exclusively in children, as do the
other embryonal neoplasms such as nephroblastoma, neuroblastoma, rhabdomyo-
sarcoma, retinoblastoma, and hepatoblastoma.
(292) These embryonal neoplasms and acute lymphoblastic leukaemia account for

the vast majority of cancers in children. They are derived from embryonic stem cells
(blasts); epithelial neoplasms are extremely rare in children less than 15 years of age.
Each of the embryonal neoplasms has a rather narrow age-specific incidence curve.
The median age at diagnosis is about 1 year for retinoblastoma, about 2 years for
neuroblastoma, and about 3 years for nephroblastoma (Wilms’ tumour). Acute
lymphoblastic leukaemia is diagnosed at a median age of about 4 years.
(293) Considering these young ages and the fact that cancer is more than likely to

be a multistage process, it is likely that in-utero exposure plays a prominent role in
the aetiology of these neoplasms. Since proliferating cells are subject to replication
errors, and since these embryonal tissues undergo multiple divisions during
embryonic and fetal life, it is presumed that exposure to agents important in the
aetiology of embryonal neoplasms occurs during gestation. Additional evidence for
the in-utero origin of embryonal tumours comes from studies of survivors of child-
hood cancer. Radiation and/or chemotherapy used for the treatment of cancer dur-
ing infancy and very early childhood often lead to the development of second
cancers later in life. But even when radiation is used during the first year of life,
embryonal tumours do not result. Sarcomas and carcinomas, as well as acute and
chronic myeloid leukaemias, are the secondary neoplasms. This suggests that
there is insufficient proliferation of embryonal tissues during early childhood to
promote the development of tumours in response to mutagenic and carcinogenic
agents.
(294) Differences in incidence between high and low socio-economic status and

between Western society and developing countries are commonly observed. For
example, the incidence of acute lymphoblastic leukaemia in the USA is more
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common among white, middle-class children than African–American children or
children from other minority groups (Ries et al., 1999). Likewise, in developing
nations, such in Africa, the Middle East, and parts of South America, lymphomas
exceed leukaemia, and acute lymphoblastic leukaemia occurs less often than acute
myeloid leukaemia, Hodgkin’s disease, and non-Hodgkin’s lymphoma. The non-
genetic, unilateral form of retinoblastoma is increased in Pakistan and in the least
developed nations in South America. Many of the excesses have been attributed to
viruses, although evidence for this is scant. Increased rates of acute myelogenous
leukaemia in the Middle East and unilateral retinoblastoma in Pakistan have been
suggested as tumours that might have a viral aetiology; the former is possibly
related to the SV-40 virus. In equatorial Africa, the increased Burkitt’s lymphoma
rate is attributable to the prevalence of malaria, as well as the acquisition of
Epstein-Barr virus infection in very early childhood (De-The et al., 1978). Indeed,
lymphomas from children in those endemic regions invariably contain evidence of
Epstein-Barr virus genome. Some geographic variation has been attributed to
genetic factors. For example, Ewing’s sarcoma of bone is rare among blacks
worldwide.
(295) Some geneticists and epidemiologists believe that cancer in children is largely

the result of spontaneous somatic mutations and, for the most part, is unrelated to
environmental exposures, except for the few instances where infectious agents are
known to have an effect, such as Epstein-Barr virus in equatorial Africa and human
immunodeficiency virus. However, the possibility that occult infectious agents (e.g.
viruses) might provide a first step on the pathway to cancer (leukaemia) has been
suggested (Greaves, 1997). Time trends in the incidence of childhood cancer and the
distribution of tumours appear to reflect changes (improvements) in diagnostic
capability and industrialisation (socio-economic status). As nations undergo indus-
trialisation, the rates of acute lymphoblastic leukaemia have increased and lymphomas
have decreased. This has been seen most recently in Israel.

7.3. Environment in the aetiology of childhood cancer

7.3.1. Postnatal ionising radiation

(296) Of all the potential environment agents considered in the aetiology of
childhood cancer, radiation is the best documented. Evidence for the carcinogenic
effect of ionising radiation comes from experimental data in vitro and in vivo, as
well as from population studies documenting a dose–response relationship. Prenatal,
in-utero, radiation will be considered in a separate section.
(297) There is ample evidence for the effect of postnatal radiation exposure on the

incidence of childhood cancer. Relatively low doses, such as those following the
Japanese experience, have been found to increase the risk of leukaemia, especially
when exposure is in early childhood (Preston et al., 1994). Thymic irradiation
increased the risk of thyroid and breast cancer in a dose–response relationship
(Hildreth et al., 1989; UNSCEAR, 2000). In a study in which radiation doses were
used to treat tinea capitis, increases in thyroid, brain, and parotid gland neoplasms
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were observed, with children less than 6 years of age again being most susceptible
(Ron et al., 1995).
(298) A recent study by the Children’s Cancer Group, in which interviews were

conducted with the parents of 1842 children with acute lymphoblastic leukaemia and
1986 controls, found no evidence for an overall increase in risk for diagnostic in-
utero radiation. However, that study did report a slight increased risk for pre-B or
common acute lymphoblastic leukaemia following postnatal x-ray exposure
(OR=1.71, 95%CI=1.15–3.37). For children diagnosed between 11 and 14 years of
age, there was a modest increase in risk: OR=2.17, 95%CI=1.09–4.33 (Shu et al.,
2002). The authors believe that failure to observe the increase in risk in younger
children can be attributed to a decrease in in-utero diagnostic radiation dosage
during the past two decades. This apparent inconsistency is also subject to other
interpretations, including mothers’ recall bias and multiple comparison when so
many subgroup analyses are made.
(299) Fallout from nuclear weapons’ testing has been found to be associated with

very small increases in leukaemia. Imprecise and inaccurate radiation dose esti-
mates, as well as inaccuracies in the background cancer rates, have hampered such
studies (Land et al., 1984; Stevens et al., 1990).
(300) The fallout from Chernobyl has resulted in an increase of paediatric papil-

lary thyroid carcinomas (Astakhova et al., 1998; Jacob et al., 2000), but this has not
been observed for leukaemia (Ivanov et al., 1995; UNSCEAR, 2000). Many of the
thyroid cancers demonstrate an RET gene re-arrangement, RET/PTC3. This
alteration, as well as the specific histology of the tumours, has been observed less
often in the papillary carcinomas of unexposed individuals, and suggests a specific
exposure-related carcinogenic mechanism (Nikiforov et al., 1999).
(301) A large study in the UK showed no association between exposure to natural

background gamma radiation and childhood cancer (UK Childhood Cancer Study,
2002a), nor have two large studies shown a positive association between residential
radon levels and childhood cancer (Lubin et al., 1998; UK Childhood Cancer Study,
2002b).

7.3.2. Infectious agents

(302) In addition to its relationship with Burkitt’s lymphoma, Epstein-Barr virus
has been implicated in the aetiology of nasopharyngeal carcinoma in both China
and Greenland, and the viral genome has been detected in paediatric cases of
Hodgkin’s disease (Weinreb et al., 1996). It is well known that hepatitis B virus plays
a role in the aetiology of hepatocellular carcinoma, but not in hepatoblastoma
(Buckley et al., 1989). Diseases of the immune system, including infection with the
human immunodeficiency virus, greatly increase the risk of non-Hodgkin’s lym-
phoma, Hodgkin’s disease, and leiomyosarcoma (Rabkin et al., 1992; Mueller,
1999).
(303) Viral infections in utero, initially influenza and later varicella and rubella,

have been suggested as playing an aetiologic role in childhood cancer, but the evi-
dence for this is very weak. Wiemels et al. have recently shown that the first event on
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the pathway to leukaemia occurs during gestation, and postulate that another,
postnatal, event is necessary for the development of the leukaemic clone (Wiemels et
al., 1999). Kinlen has proposed that the increase in leukaemia seen in new towns
where there are increases in population density is a result of an unidentified sub-
clinical infection (Kinlen, 1995). However, a recent report has failed to implicate
specific viruses (Smith et al., 1998).

7.3.3. Drugs and chemicals

(304) Exposure to diethylstilbesterol during pregnancy has been linked to the
development of adenocarcinoma of the vagina in young women (Herbst et al., 1971).
The relationship of such exposures to testicular carcinoma in males is not so clear
(Schottenfield et al., 1980). With few exceptions, the data concerning postnatal
exposures to barbiturates, antibiotics, diet, and parental smoking is also mixed. The
lack of an effect of mother’s smoking is clear, but paternal smoking has been less
well studied. Vitamin K prophylaxis in newborns was first reported in 1990 as
increasing the risk of acute lymphoblastic leukaemia, but large studies since then
have not found an association (Draper and Stiller, 1992).

7.4. Genetic factors in the aetiology of childhood cancer

(305) Overall, constitutional genetic changes play a role in increasing susceptibility
to childhood cancer in less than 3% of cases (Narod et al., 1991). One such category
involves conditions that involve loss of tumour suppressor gene activity and impart
a dominant predisposition while behaving recessively at the level of the cell. The
prototype of this category of genetic predisposition is retinoblastoma, the genetic
form involving a constitutional alteration of chromosome 13q14 and comprising
approximately 1% of childhood cancers. However, neurofibromatosis type 1 (NF-
1), caused by either an inherited or a spontaneous new mutation in the gene on
chromosome 17, is the most common genetic condition seen in paediatric cancer,
accounting for approximately 0.5% of children with cancer (Lefkowitz et al., 1990).
This gene increases the risk for gliomas and peripheral neurofibromas and
neurofibrosarcomas, as well as leukaemia and perhaps rhabdomyosarcoma and
neuroblastoma.
(306) A deletion on chromosome 11p13, often accompanied by sporadic aniridia,

is associated with an increased risk for Wilms’ tumour in children. Other examples
of conditions in which the tumour suppressor gene mechanism operates include Li-
Fraumeni syndrome (Li et al., 1988), neurofibromatosis type 2, and other phaco-
matoses, such as tuberous sclerosis, the nevoid basal cell carcinoma syndrome
(Gorlin’s), von Hippel-Lindau, juvenile polyposis, Peutz-Jeghers, and familial ade-
nomatous polyposis (McLendon and Tien, 1998). It is also probable that these
conditions increase the likelihood that children treated for a first cancer with radiation
will develop second radiation-associated neoplasms (Meadows et al., 1985).
(307) Down’s syndrome is associated with a 10-fold increased risk of leukaemia

during childhood, both lymphoid and myeloid, and is sometimes preceded in
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infancy by a period of hyperleukocytosis. Acute megakaryoblastic leukaemia is
rarely diagnosed in children who do not have trisomy 21 but is the most common
form of leukaemia in this condition (Zipursky et al., 1997). Interestingly, there is a
paucity of other childhood tumours and adult epithelial neoplasms in Down’s
syndrome (Hasle et al., 2000).
(308) Recessively inherited disorders leading to a defect in DNA repair, such as

ataxia telangiectasia, Bloom’s syndrome, and xeroderma pigmentosum, are rare, but
almost inevitably lead to tumour in the homozygote during the first three decades of
life (ICRP, 1998). Of the recessive genes related to an increased cancer risk, ataxia
telangiectasia in the heterozygote may also increase cancer risk (Swift et al., 1987).
Radiation has been shown to have a profound effect on the ability of ataxia tel-
angiectasia cells to repair DNA damage, since they fail to halt their progression
through the cell cycle when exposed. Although this discussion will focus on the
effects of incidental or low-dose radiation as a carcinogen, one should consider the
possibility that some other gene or syndrome, in concert with radiation, could
predispose individuals to neoplasia.
(309) Recent evidence has revealed another class of genes involved in DNA repair;

the genes that predispose to syndromes associated with hereditary non-polyposis
colon (McLendon and Tien, 1998). It does not seem likely that these genes operate
in childhood. The major mechanism of action of these genes involves an increase in
target tissues and an increase in mutation rate; a mechanism that would be impor-
tant when multiple events are necessary to cause cancer. However, since embryonal
tumours probably require only two events, and since these tissues are programmed
for a normal increase in target cell number, this mechanism would not affect the
probability of developing a clone of transformed cells (Knudson, 1986).

7.5. Second cancers

7.5.1. Radiation effects

(310) Children treated with radiation for a first cancer have an increased risk of
developing additional neoplasms in the irradiated sites (Hawkins et al., 1987; Tucker
et al., 1987, 1991; Neglia et al., 1991; Breslow et al., 1993). Although therapeutic
doses have been shown to affect subsequent cancer risk, with higher doses increasing
the risk and young age at exposure being a significant variable for central nervous
system and thyroid neoplasms, leukaemia was not among the radiation-associated
second cancers seen in many cohort studies. Doses in the therapeutic range are likely
to be lethal to haematopoietic stem cells.
(311) Variables determining the increased risk of neoplasia include age at irradia-

tion, normal tissue in the field, and dose. Therapeutic doses range from 12 to 60 Gy
depending on the sensitivity of the malignant cells and the underlying normal tissue.
Adjacent tissues are often exposed to lower doses because of internal scatter, and
second neoplasms often arise in these relatively low-dose sites. Lower doses (less
than 30 Gy) are associated with thyroid and central nervous system tumours, while
bone and soft tissue sarcomas occur following doses greater than 30 Gy (Tucker
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et al., 1987). Dose–response relationships have been observed with excesses ranging
from three to 40 times expected. Tissues such as brain, thyroid, bone, and breast
appear to be more susceptible if exposed during normal periods of rapid growth
(i.e. early childhood or puberty) (Neglia et al., 1991; Tucker et al., 1991; Bhatia et
al., 1996). However, embryonal neoplasms are not seen following radiation ther-
apy, even when very young children are treated with doses in the therapeutic
range.
(312) Second cancers associated with radiation are considerably more frequent in

children who are genetically predisposed. This was first seen in children with the
genetic form of retinoblastoma (Meadows et al., 1985; Draper et al., 1986). A report
of the largest series of long-term retinoblastoma survivors confirms the high risk of
new cancers in those with the genetic form (bilateral and familial cases) – 25% at 50
years – and the elevated risk following radiation – 50% at 50 years (Wong et al.,
1997). Multiple primary cancers have also been reported excessively in the Li-Frau-
meni syndrome (Hisada et al., 1998). In a cohort study of 200 patients with this
syndrome, 30 developed more than one cancer for a cumulative probability of a
second cancer of 57% (�10%) at 30 years, and a third cancer of 38% (�12%) at 10
years. Eight neoplasms occurred in the field of radiation. Evidence for an added
effect of radiation in the aetiology of multiple tumours occurring at earlier ages than
expected and with a shorter latent period comes from the study of patients with
Gorlin’s syndrome or nevoid basal cell carcinoma syndrome (Meadows et al., 1985).
This syndrome is characterised by tumours of the posterior fossa and basal cell
carcinomas, the latter often appearing within months following radiation.

7.5.2. Chemotherapy

(313) Chemotherapeutic agents such as alkylating agents and epipodophyllotoxins
have been associated with secondary leukaemias (Smith et al., 1994). Alkylating
agents and anthracyclines have also been implicated in affecting the risk for bone
tumours associated with radiation therapy (Tucker et al., 1987; Newton et al., 1991).
Different and characteristic chromosomal alterations accompany the leukaemias
that occur in association with alkylators or epipodophyllotoxins, with deletions of
chromosomes 5 and 7 in the former, and translocations involving 11q23, the locus of
the myeloid leukaemia gene, in the latter (Bhatia et al., 1999). Alkylating-agent-
associated secondary leukaemias occur within 7–8 years of exposure and are depen-
dent upon dose and specific agent. For instance, nitrogen mustard, chlorambucil,
and the nitrosoureas are more potent leukaemogens than is cyclophosphamide.
Dose and schedule are critical in the development of the secondary leukaemias
associated with the topoisomerase II inhibitors, such as epipodophyllotoxins, and
the usual latent period is between 6 months and 3 years (Pui, 1989). Leukaemias in
infants are most often associated with an abnormality involving the myeloid leu-
kaemia gene at 11q23. A case–control study of infants with acute myelogenous leu-
kaemia suggested a dose–response association with maternal consumption of dietary
topoisomerase II inhibitors (beans, soy, fruits, vegetables, wine, and black and green
tea) (Ross et al., 1996).
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7.6. Conclusion

(314) Studies of the epidemiology and aetiology of childhood cancer have revealed
major differences between adults and children, with adolescents resembling both
children and young adults. As cancer incidence rises greatly with age, such that the
median age for cancer in the USA, and probably other Western nations, is 65–70
years, it is not surprising that only 2–3% of cancers occur in the first two decades of
life. Aging and exposure to carcinogens are, therefore, less likely to be aetiologic
factors than spontaneous cancer-causing mutations in somatic cells with an under-
lying or induced proliferative capacity. It is this very high proliferative capacity of
embryonal tissues that may stimulate potent carcinogens to play a more prominent
role in the aetiology of tumours of infants and children. Of the potential environ-
mental carcinogens studied, ionising radiation is the best recognised, with others
playing a minor or relatively inconsequential role. Postnatal environmental, non-
therapeutic radiation in low (sublethal) doses has been shown to act selectively on
relatively few organ systems, notably the brain, thyroid gland, and haematopoietic
systems.
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8. HUMAN CARCINOGENIC RISK FROM IN-UTERO IRRADIATION
8.1. Introduction

(315) The degree to which the embryo and fetus are sensitive to cancer induction
by low doses of ionising radiation has been a contentious issue in the radiation
protection community ever since the first reports suggesting such an effect became
available. This section will discuss a number of issues pertaining to this in an ana-
lytic fashion. First we will review the largest studies of in-utero medical irradiation –
all were based on at least 50 childhood cancer cases observed after irradiation – to
set the stage for a number of issues pertaining to the quality of the evidence and the
degree of consistency among studies.

8.1.1. Principal studies

Oxford Survey of Childhood Cancers (OSCC)
(316) This study of childhood cancer and in-utero radiation exposure was initially

reported in 1956 (Stewart et al., 1956, 1958). The design of the OSCC case–control study
was to ascertain all cancer deaths under 16 years of age in England, Scotland, andWales
from 1953 to 1981 and to interview the decedents’ mothers concerning a history of x
irradiation during pregnancy, along with other possible risk factors for childhood can-
cer. Each deceased case was matched to a live control, with matching on gender, date of
birth, and being born in the civil district where the case’s death occurred. Of the 23,764
eligible cancer deaths, 15,276 (64.3%) were included in the study along with 1:1 matched
controls, matched for sex, date of birth, and region (Gilman et al., 1989). Of these mat-
ched pairs, 2281 cancer cases and 1712 live controls received x-ray exposure before birth.
(317) The principal source of information on prenatal x-ray exposure was an

interview with the mother, although 66% of the reported x-ray exposures were
confirmed from hospital records for both cases and controls, and 57–58% had
medical information available on the number of x-ray films. Most (92%) x-ray
exposures occurred during the third trimester, with 7% and 1% in the second and
first trimester, respectively. Virtually all of the x-ray examinations from the first tri-
mester occurred before 1972 when the 10-day rule was introduced. During the 1950s,
x rays for non-obstetric reasons comprised about 6–7% of the examinations, but
this fell to 2–4% during the 1960s and 1970s. The results and a methodological
assessment of the study will be described in detail in subsequent sections.

North-eastern United States Study
(318) This study was initially reported by MacMahon (1962), but was subsequently

enlarged by Monson and MacMahon (1984). It included all single-born children who
were born in any of the 42 study hospitals between 1947 and 1960, who died from cancer
before age 20 years between 1947 and 1967. The comparison group was a 1% sample of
all single births in the 42 hospitals during the 1947–1960 period. Medical records were
abstracted to determine which children had been exposed to x rays in utero.
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(319) There were 1342 eligible cancer cases and 14,294 controls, of whom 162
cases and 
1345 controls received prenatal x-ray exposures. For ages 0–19 years at
leukaemia diagnosis, the odds ratio (OR) adjusted for birth order was 1.40 [95%
confidence interval (CI) of 1.1–1.8], while for ages 0–9 years, it was 1.52
(95%CI=1.2–2.0). For solid cancers, the adjusted OR for ages 0–19 years was 1.12
(95%CI=0.85–1.5), while for ages 0–9 years, it was 1.27 (95%CI=0.95–1.7). Other
than birth order, a number of other variables (e.g. sex, race, hospital pay status,
birth weight, maternal age, religion, abnormality of pregnancy, history of abortion
or stillbirth) had essentially no impact on the risk estimates.

UK Inter Regional Epidemiological Study of Childhood Cancer (IRESCC) (Hopton
et al., 1985)
(320) Between January 1980 and January 1983, 555 childhood cancer cases diag-

nosed in the Yorkshire, West Midlands, and North-west health regions of England
were interviewed, along with two controls per case. The controls were matched on
age and sex and were selected from general practitioner and hospital lists. Interview
information was verified and supplemented from medical records, and the results for
in-utero x-ray exposures were based on medical records. Seventy-two cancer cases
and 120 controls had been exposed to pelvic x ray. The ORs for leukaemia/lym-
phoma (OR=1.33, 95%CI=0.9–2.1) and solid tumours (OR=1.14, 95%CI=0.7–
1.8) were not statistically significant (see Table 8.5). When broken down by age at
diagnosis, the OR for leukaemia/lymphoma was significant for ages <2 years
(OR=5.57, 95%CI=1.7–1.8), but not for ages 2–8 years (OR=1.0) or 9–14 years
(OR=1.2); for solid tumours, the respective ORs were 1.5, 1.0, and 1.2.
(321) Strengths of this study include the use of medical records to determine

exposure and the population-based case ascertainment. The main limitations are the
relatively small size of the study, and a question about whether the control sampling
frame represents the general population adequately.

Los Angeles study (Polhemus and Koch, 1959)
(322) Between January 1950 and July 1957, 317 leukaemic children, aged 0 to

‘over 8’ years, were seen for the first time at the Children’s Hospital of Los Angeles.
Of these, 251 were locatable and completed a questionnaire that included a report of
the child’s prenatal x-ray exposure. Two hundred and fifty-one other children seen
at the hospital served as controls. Sixty-five of the leukaemia cases and 58 controls
were reported to have had pelvimetry; no attempt was made to verify these reports
with medical records. The OR was 1.16 (95%CI=0.8–1.8). Weaknesses of this study
are the loose control selection and the reliance on maternal recall of x-ray exposures.

Swedish study
(323) Naumburg et al. (2001) conducted a study of all children in Sweden who were

both born and diagnosed with leukaemia between 1973 and 1989 (ages 0–16 years). One
control per case was selected at random from the Swedish Birth Register matched on
sex and year and month of birth, with the stipulation that they were alive and without a
cancer diagnosis on the date of their matched case’s diagnosis. All ascertainment of
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prenatal radiation exposure was from medical records. Of the 752 children with leu-
kaemia, medical records of pregnancy and birth were available for 711 cases (95%) and,
similarly, 95% of controls. Children with Down’s syndrome (21 cases) were excluded,
as were twins and cases who could not be matched to a control or for whom either the
case’s or control’s medical record of pregnancy/birth was not available. This finally
included 624 case–control pairs (552 with lymphatic leukaemia and 72 with myeloid
leukaemia). Fifty-five percent had developed leukaemia before 4 years of age.
(324) In the Swedish study, 68 (10.9%) case mothers and 61 (9.8%) control

mothers had received abdominal x-ray exposures during pregnancy, which gave an
OR of 1.14 (95%CI=0.8–1.7) after adjustment for mother’s age at birth, gestational
duration, parity, smoking, Caesarean section, and birth weight. There was no ‘dose–
response’ association according to number of x-ray exposures, nor was there an
association before 1980 when x-ray exposures were higher. There were no meaningful
differences with respect to trimester of pregnancy (with ORs of 0.7, 1.9, and 1.0 for the
first, second, and third trimesters, respectively, and with overlapping confidence
intervals), nor with respect to type of leukaemia (lymphatic OR=1.04, 95%CI=0.8–
1.4; myeloid OR=1.49, 95%CI=0.5–4.7), nor age at leukaemia diagnosis.
(325) The strengths of the study are that it was based on incident cancers and was

population-based, the ascertainment of prenatal abdominal x rays was from medical
records so it was not subject to recall bias, and the medical ascertainment rate was
excellent (95%). The main limitation is the relatively small number of irradiated
cases, which is a reflection of the modest sample size.

USA Children’s Cancer Group Study (Shu et al., 2002)
(326) The Children’s Cancer Group is a co-operative group across many medical

institutions primarily for the conduct of phase III clinical trials of paediatric cancer
therapies. However, observational epidemiologic studies are also conducted across
the clinical trials. The study subjects were born between 1972 and 1992, and were
interviewed between 1989 and 1995, with an average interval between birth and
interview of 6–7 years. Interviews were conducted with 1914 of 2081 (92%) eligible
cases, with a mean time of 8.4 months between diagnosis and interview. Random-
digit dialling was used to enlist controls, with a 77% participation rate, resulting in
1842 case–control pairs (or for 138 sets, two or three controls per case). Controls
were individually matched to cases on age, race (white, black, other), and telephone
area code and exchange. Since cases were more frequently Hispanic and of lower
socio-economic status and these were associated with x-ray frequency, analyses were
adjusted for ethnicity, parental education, family income, and paternal occupation.
(327) A comparable proportion of case (6.6%) and control (7.0%) mothers reported

a history of a diagnostic x-ray exposure(s) to any anatomical site during the relevant
pregnancy (adjusted OR=1.0, 95%CI=0.8–1.3). Similarly, 55 (3.0%) case mothers
and 51 (2.6%) control mothers reported abdominal x rays during the relevant preg-
nancy (adjusted OR=1.2, 95%CI=0.8–1.7). There was a nominally significant excess
of in-utero abdominal x-ray exposures among those diagnosed with leukaemia at ages
11–14 years (OR=2.4, 95%CI=1.2–5.0, based on 24 irradiated cases and 13 con-
trols), but not for those diagnosed at <6 (OR=1.0) or 6–10 (OR=0.7) years of age.
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(328) This represents a large, carefully designed and conducted study of incident
leukaemias, with information obtained by carefully trained interviewers. The main
limitations of the study are that it was based on maternal recall of exposures, the
differential participation rate of cases and controls, and the relatively small numbers
of irradiated cases and controls which is, partly, due to the fact that only a small
proportion of children have received prenatal x-ray exposure in recent years.

8.1.2. Issues in characterising in-utero radiation risk

(329) There has been a divergence of judgement in the radiation protection com-
munity regarding the magnitude and generality of the effect of prenatal radiation
upon childhood cancer risk. Two recent reviews and analyses of available data by
Doll and Wakeford (1997) and Delongchamp et al. (1997) have updated and syn-
thesised information on this issue. The present report will provide a methodological
assessment of the predominant study and review various issues pertaining to pre-
natal radiation studies, before providing an overall assessment of carcinogenic risk
from irradiation in utero. The issues are as follows:

� methodological assessment of the OSCC;
� dosimetric features of the OSCC data;
� consistency of the OSCC data with other medical irradiation studies: does in-

utero irradiation induce both leukaemia and solid tumours in childhood?
� radiation-induced cancer risk according to stage of in-utero development;
� consistency of risk estimates from medical and atomic bomb in-utero expo-

sures.

8.2. Methodological assessment of the OSCC

(330) The OSCC included 15,276 childhood cancer cases (aged 0–15 years) who
died between 1953 and 1981 and the same number of matched controls. The study
included 2182 cases who were reported to have received in-utero x-ray exposure
(Gilman et al., 1988). The prenatal x rays occurred between 1944 and 1980. This is
by far the largest study of in-utero irradiation. However, in order for these data to
be compelling, one would like assurance that the study design, study methods, and
analyses are not significantly flawed. Several methodological issues will be examined.

8.2.1. Selection biases

(331) One criticism of the study design is that only fatal cancers were included in
the study. Current standards of epidemiologic practice are to use incident cases so as
to avoid possible biases from selection factors related to fatality. It is of note that the
potential for such biases probably increased with calendar time because treatment of
childhood cancers, especially childhood leukaemia, has become more and more
successful. In the UK, the 5-year fatality rate for total childhood cancers was about
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75% in 1962–1966 (UK National Registry of Childhood Tumours, reported by
Anon., 2001), but down to about 55% by 1972–1976. The direction and extent of
bias that might be related to selection for fatality is unknown, but it diminishes
confidence in the study results.
(332) Only 66% of the case–control pairs were interviewed, even after replace-

ments were selected for controls who could not be interviewed. The interview attri-
tion increased from about 20% in the early years of the study to 45–50% in later
years (Knox et al., 1987; Mole, 1990a).
(333) The combination of sample attrition and use of fatal cancer cases alone

means that the losses were of the order of 40% (based on 75% decedents�80% with
parent interviews) in the early years of the study, but increased to about 70% losses
in later years (based on 55% decedents�50–55% with interviews). Study losses of
this magnitude are generally considered to be unacceptable by present day standards
for epidemiologic studies.

8.2.2. Selection factors for irradiation and twin studies

(334) In the past, the criticism was sometimes raised that childhood cancer may be
related to selection factors influencing which mothers were x irradiated, rather than
to the radiation exposure itself (Oppenheim et al., 1974a,b; Totter and Macpherson,
1981). However, when this was examined by obtaining the indications for x ray from
the medical records, there was some variation in the relative risks (RR) – suspected
abnormal position (RR=1.2), cephalopelvic disproportion (RR=1.1), routine pel-
vimetry (RR=1.6), twins (RR=1.4), pyelogram (RR=1.5), other non-obstetric
(RR=1.8) (Gilman et al., 1988) – albeit the RRs were probably statistically com-
patible because of small numbers for some indications. Another analysis of the
OSCC data showed a radiation effect after controlling for sociodemographic factors
and illnesses and medications during pregnancy (Knox et al., 1987).
(335) Mole (1974) pointed out that one could examine the selection-factor

hypothesis by examining childhood cancers among twins, where x raying occurred
with a much higher frequency and the reasons for it were quite different than for
most other prenatal x-ray procedures. Mole examined the twin data in the OSCC
study, and two other studies have examined other twin populations (Harvey et al.,
1985; Rodvall et al., 1990). The results of these studies, with a comparison with
Table 8.1. Studies of the relative risk (RR) of childhood cancers among twins, with an estimate of risk

among singletons in the Oxford Survey of Childhood Cancers (OSCC) data for comparisona
Study and group
 Total cancer:

RR (95%CI)
Leukaemia:

RR (95%CI)
Solid cancers:

RR (95%CI)
Connecticut twins (Harvey et al., 1985)
 1.8 (0.8–4.2)
 1.8 (0.6–5.7)
 1.8 (0.7–5.1)
Swedish twins (Rodvall et al., 1990)
 1.4 (0.8–2.5)
 1.7 (0.7–4.1)
 1.2 (0.6–2.4)
OSCC twins (Mole, 1974)
 1.8 (1.2–2.8)
 2.2 (1.2–3.9)
 1.6 (0.9–2.6)
OSCC singletons (Mole, 1974)
 1.5 (1.4–1.7)
 1.6 (1.4–1.8)
 1.5 (1.3–1.7)
a Unadjusted results. The results were somewhat different when they adjusted for birth weight.
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singleton data in the OSCC study, are shown in Table 8.1. Only the OSCC twin data
show a statistically significant excess in relation to in-utero irradiation, but all three
reports are suggestive of an x-ray-related risk, and the RRs are consonant with those
found in studies of singletons. On the other hand, Boice and Miller (1999) have
pointed out that twins tend to have lower rates of childhood cancer than singletons,
which seems incongruous with a 
40% elevation in risk among the 30–50% of
twins who were irradiated in utero.

8.2.3. Information biases

(336) Unlike modern case–control studies that use specially trained interviewers,
the OSCC study relied on a variety of doctors and nurses from local health depart-
ments to obtain the interview data, apparently without any interview training. The
interview data were therefore less standardised than would be desirable. Further-
more, the interviewers were probably aware of the case–control status of the inter-
view subject in many cases.
(337) The issue of the accuracy of mothers’ memory is one of the key concerns

about the study because it relied on maternal reports of prenatal x ray as the pri-
mary indication of exposure. One consideration that suggests the potential for
response bias is the fact that they were comparing dead cases to living controls; the
mothers of the two groups might have differential recall of events, especially if the
mothers of cancer decedents believed that x rays caused the cancer. A methodolo-
gical sidelight of the study was not reassuring in this regard. Stewart et al. (1958)
found that mothers of cases reported non-abdominal x rays more frequently than
control mothers, both during the pregnancy (RR=1.17, approximate 95%CI=0.9–
1.6) and over a longer time period (RR=1.22 for before marriage and 1.16 for
between marriage and conception). They considered that this difference was prob-
ably due to greater under-reporting of non-abdominal x rays by control mothers
than case mothers, but, of course, this finding raises the concern of recall bias in the
reporting of obstetric x rays too. A further concern is that when the study authors
attempted to confirm positive reports, they were able to do so in only 58% of queries
(Gilman et al., 1989). A similar methodological study by Graham et al. (1963) within
a case–control study of radiation and childhood leukaemia found a large amount of
under-reporting: 37% of hospital diagnostic x-ray exposures were not reported.
Together, these studies indicate that there may be substantial inaccuracy in report-
ing, and there is a suggestion in the OSCC study that differential recall of x-ray
procedures could have biased the results.
(338) To investigate this potentially serious flaw, Hewitt et al. (1966) conducted a

methodological study of the accuracy of maternal reports of abdominal x rays dur-
ing pregnancy for 1956–1960 cases and controls. They attempted to verify, from
medical records, the reported abdominal x-ray exposures during pregnancy and, for
at least a sample of subjects, the reported absence of in-utero x-ray exposures. They
found that medical case notes or x-ray records were not available for about 30% of
the study mothers who reported prenatal abdominal x rays and for about 45% of
the mothers who did not report x rays. Of those that were available, they found that
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27.0% (76/281) and 24.6% (45/183) of positive reports by cases and controls,
respectively, were false positives. (It is also possible that a fraction of these ‘false
positives’ may instead represent missing x-ray records in the medical charts.) They
indicated that many of the false positives represented instances of maternal irradia-
tion of the chest or extremities rather than the abdomen. Of the negative reports of
x-ray exposure by cases and controls where medical records were obtained, 0.6% (7/
1099) and 1.0% (12/1191), respectively, were false negatives. Knox et al. (1987)
subsequently evaluated the false-positive reporting rate for a sample of cases and
controls during the years 1964–1979. They found a much lower rate of false-positive
reporting than the earlier study had found; 7.6% (62/820) of positive reports by
cases and 7.0% (47/682) by controls were false, but again this showed a small bias.
The difference between the rates of false positives in the two methodological studies
was not explained.
(339) In both of the OSCC methodological studies, the cases showed slightly more

over-reporting and slightly less under-reporting of abdominal irradiation, which
would produce a bias. If the false-positive and false-negative percentages in Hewitt et
al.’s study are taken at face value, they would lead to a positive bias of about 12% in
the RR estimate, i.e. the RR from the reported data was about 1.12 times as high as
the RR from medically confirmed data (RRs of 1.66 and 1.48, respectively) (Hewitt,
1966). Another index, the Mantel-Haenszel OR comparing false-positive reporting
among cases and controls, with stratification on study (Hewitt et al., 1966; Knox et
al., 1987), was 1.12 which was not statistically significant but was suggestive of a
small bias. In conclusion, there is apparently some recall bias that might account for
about one-quarter of the putative radiation effect. In addition, the degree of over-
reporting of abdominal x rays in the earlier data (
25%) is discomforting. However,
the OSCC investigators viewed their methodological studies as exonerating maternal
reports, so in most papers, they based their x-ray rates on the memories of mothers
whether or not this was corroborated from medical records (Bithell, 1989). Only 66%
of reported prenatal x rays were actually confirmed (Gilman et al., 1989).

8.3. Dosimetric features of the OSCC data

8.3.1. Uncertainties in choice of dose estimates

(340) The x-ray doses to the embryo and fetus among OSCC cases and controls
are subject to considerable uncertainty. Few historical measurements of typical
exposures are available for pelvimetry and other abdominal irradiation procedures,
especially prior to the 1960s. Several consensus estimates of typical doses per film to
the uterus have been derived, but these differ substantially. Figure 8.1 shows two sets
of dose estimates by calendar year, of which the UNSCEAR estimates are generally
preferred. The Ardran estimates in Fig. 8.1 are thought by most to have been too
low. UNSCEAR made estimates for several different years from the 1940s to the
1960s to reflect the estimated changes in doses over time. The other main source of
dose estimates was the Adrian Committee which produced a dose estimate for 1958
based on a UK nationwide hospital survey of obstetric x rays (Mole, 1990a,c); for
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the same year, the UNSCEAR and Adrian estimates agree well (Fig. 8.1)
(UNSCEAR, 1972; Doll and Wakeford, 1997).
(341) Figure 8.2 shows that there was considerable variability among radiologists

and hospitals in fetal doses from pelvimetry x-ray procedures in 1958. Furthermore,
pelvimetry and other obstetric x-ray procedures had different average doses, so any
estimated average has considerable uncertainty and only crudely reflects the fetal
dose received by an x-rayed child (Mole, 1990c).
(342) Using dose estimates that decrease with time was in accord with the radi-

ological literature that indicated a downward temporal trend, albeit the degree of
change is not known with precision. The estimated RR also decreased over calendar
time (Fig. 8.3) in concert with the estimated decrease in obstetric x-ray doses
(Fig. 8.1), which potentially lends credence to a temporal change in dose.

8.3.2. Other dose uncertainties

(343) There were other sources of uncertainty besides the dose per film. First,
when the available medical record did not indicate the number of films, the hospital
or clinic was asked how many would have been likely, thus relying on some medical
personnel’s recall of general procedures (Bithell and Stewart, 1975). The proportion
of pre-1960 deaths that did not have a confirmed record of number of films was
Fig. 8.1. Estimates of average fetal doses per film in obstetric x-ray examinations in the UK during four

successive periods (1943–1949, 1950–1954, 1955–1959, and 1960–1965). ~, UNSCEAR estimates

(UNSCEAR, 1972); &, Ardran estimates (Stewart and Kneale, 1970); �, Adrian Committee estimate for

1958 (Mole, 1990a). The curve was fit by Bithell and Stiller (1988). From Doll and Wakeford (1997).
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Fig. 8.3. Modelled variation in relative risk from x ray by age, year of birth, and method of analysis. —–

based on deaths during 1964–1979 and adjusted for pregnancy illnesses and medications; – – – based on

deaths during 1953–1979 with no adjustment. From Muirhead and Kneale (1989).
Fig. 8.2. Distribution of fetal bone marrow doses in pelvimetry, based on a nationwide survey in the UK

in 1958. The mean value is shown by the inverted white triangle. From Mole (1990c).
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particularly high, partly because it was not requested early on in the study and
partly because of inadequate records (Kneale and Stewart, 1976).
(344) Second, although a woman may have had several x-ray examinations during

her pregnancy, only the details of the first examination were used when analysing
the dose response and the timing of x raying in some of the early reports (e.g. Bithell
and Stewart, 1975); later reports have not mentioned what was done with multiple
examinations (Mole, 1990a). Since no information is available on what proportion
of x-rayed women had multiple procedures, the impact of the failure to include
multiple x-ray examinations cannot be estimated.
(345) Third, the number of films per obstetric examination varied over calendar

time. It was stated that the number of films per examination was greater between 1946
and 1957 than in earlier or later years (Knox et al., 1987). Furthermore, non-obstetric
abdominal x-ray procedures tended to entail a greater number of films than obstetric
procedures, and the procedures that utilised abdominal fluoroscopic examinations
delivered even greater doses than other radiographic procedures. Table 8.2 gives the
frequency of non-obstetric radiographic and fluoroscopic examinations for a sample
of the OSCC study, and shows that about 4% of the recorded examinations during
pregnancy were for non-obstetric purposes, including about 1% that were fluoro-
scopic. (However, it is not known how complete the obstetric records would be
regarding non-obstetric examinations, especially in the early part of pregnancy.)
(346) The OSCC investigators reported that the average number of films per

examination was about 1.9 in cases and 1.7 in controls (Knox et al., 1987; Gilman et
al., 1988), although, as noted above, these values do not include fluoroscopic or
multiple examinations. In addition, in the earlier years of the study, non-abdominal
diagnostic x rays often delivered appreciable abdominal doses; for instance, Mole
(1990a) cites evidence that in 1958, the ovary was in the direct beam in over 50% of
routine large-film chest x rays and 9% of arm/hand x rays. These were not factored
into the dose estimates.

Methodological summary
(347) Sections 8.2 and 8.3 examined the methodological soundness of the OSCC

study and found significant weaknesses. In the earlier years of the study, there was
Table 8.2. Case–control frequencies and ratios for various types of examination by postconception age in

the Oxford Survey of Childhood Cancers (OSCC)
Postconception

age (weeks)
Obstetric exams,

cases/controls=

ratio (% of

age-specific total)
Non-obstetric exams,

cases/controls=ratio

(% of age-specific total)
Total,

cases/controls=RR
Non-fluoroscopic
 Fluoroscopic
0–7
 3/3=1.0 (18%)
 15/2=7.5 (52%)
 7/3=2.3 (30%)
 25/8=3.13
8–24
 70/48=1.5 (73%)
 19/12=1.6 (19%)
 8/5=1.6 (8%)
 97/65=1.49
25–38
 1299/996=1.3 (98%)
 17/17=1.0 (1%)
 1/1=1.0 (0%)
 1317/1014=1.30
Total
 1372/1047=1.3 (96%)
 51/31=1.6 (3%)
 16/9=1.8 (1%)
 1439/1087=1.32
Adapted from Mole (1990b). RR, relative risk.
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less subject selection bias, because the participation rates were higher and the loss of
cases, due to surviving their cancer, was lower than in later years, with estimated
total sample attrition ranging from about 40% in the early years to 70% in the later
years of the study. On the other hand, both the degree of over-reporting of abdom-
inal x-ray examinations and the uncertainties in the imputed doses per film were
greater in the earlier years. In the early years, there was about 25% over-reporting of
abdominal x-ray exposures, with some bias towards more over-reporting and less
under-reporting among cases than controls. A warning flag concerning bias is that
the cases reported more non-abdominal x rays than controls. Another weakness is
that the interviews were not conducted by trained interviewers. Thus there are sev-
eral methodological weaknesses in the OSCC dataset.
(348) The impact of possible selection biases associated with indications for x

irradiation and socio-economic factors appears to be negligible based on their ana-
lyses (Knox et al., 1987), but the impact of the choice of deceased cases and the low
participation rate cannot be evaluated. The data on information bias suggest that
perhaps one-quarter of the putative radiation effect may be due to recall bias, but
this cannot be stated with certainty. In summary, methodological weaknesses may
have some quantitative impact on the results but are not thought to be so severe as
to completely invalidate the study.

8.4. Radiation cancer risk according to stage of in-utero development

(349) The vast majority of x-ray examinations during pregnancy in the OSCC
study occurred in the third trimester, so the information on earlier exposures is
sparse, especially for the first trimester. An analysis of the OSCC data showed that
3.5%, 5.2%, and 91.3% of x-ray examinations occurred in the first, second, and
third trimesters, respectively (Gilman et al., 1988).

8.4.1. Risk estimates by trimester

(350) The available data suggest that risk was greater from first-trimester irradia-
tion than third-trimester irradiation. Gilman et al. (1988) reported an RR of 2.7 for
the first vs third trimesters after adjusting for different doses per trimester. Bithell
and Stiller (1988) modelled the risks by trimester, taking into account the variations
in the number of x-ray films and an assumed average uterine dose per film according
to birth cohort as estimated by UNSCEAR (1972). They reported a statistically
significant trimester effect and estimated the excess relative risk (ERR)/mGy as 0.28
(95%CI=0.08–1.14) in the first trimester vs 0.03 (95%CI=0.02–0.04) in the third
trimester. However, these estimates are subject to the caveats that fluoroscopic
examinations were ignored and that the average uterine dose per film was assumed
to be equivalent for obstetric and non-obstetric examinations (Mole, 1990b), which
probably was not the case.
(351) In the North-eastern United States study, Monson and MacMahon (1984)

found an RR=1.9 during the first and second trimesters, and an RR=1.3 in the
third trimester. This finding is not very precise since only 10 cancers occurred among
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those irradiated in the first two trimesters. Mole (1990a) has argued that the higher
RR in the first trimester, and weeks 0–7 postconception in particular, only reflects
that the doses were higher in this period than later in pregnancy (Table 8.2). The
higher average dose during early pregnancy occurred because a large fraction of the
early x irradiation was from non-obstetric procedures that involved fluoroscopy or a
large number of films (e.g. pyelography). Table 8.2 shows that this was the case; the
percentages of non-obstetric examinations were 82%, 27%, and 1% for weeks 0–7,
8–24, and 25–38 postconception, respectively. The data presented by Gilman et al.
(1988) show that first-trimester examinations clearly entailed more films (Table 8.3).
The mean numbers of films among those x rayed during the first, second, and third
trimesters were 4.6, 2.6, and 1.8, respectively (averaged across cases and controls).
Gilman et al. (1988) also reported that in weeks 0–7 postconception, the RR was 2.0
for obstetric x rays and 5.25 for non-obstetric x rays.
(352) In addition, these figures do not include fluoroscopic examinations which

were likely to produce greater uterine doses than any of the film procedures, but for
which uterine doses would be highly variable so that their dose contribution cannot
readily be factored in. Mole (1990a, p. 163) found that 94% of fluoroscopic exam-
inations during pregnancy were conducted prior to the 25th week of pregnancy
(Table 8.2).
(353) As summarised in Table 8.3, the ratio of total number of films (i.e. number

of x-rayed children�the mean number of films per child) for cases vs controls was
2.45 in the first trimester, 1.85 in the second, and 1.38 in the third (Gilman et al.,
1988). The decline in the ratio across trimesters appears to mirror the greater RR in
the first two trimesters.
(354) The Japanese atomic bomb data are pertinent to this issue and have the

advantage of having comparable doses in each trimester. Delongchamp et al. (1997)
reported that cancer deaths were more frequent after irradiation during the first tri-
mester, although not significantly so (P=0.74) due to the small numbers. The esti-
mated ERR/Sv was 12.9 for the first trimester and 5.0 for the second and third
trimesters combined. Specifically, of the 10 adult cancer deaths among those
exposed in utero, six were exposed in the first trimester.
(355) In summary, because the doses tended to be higher for medical procedures

during the first trimester compared with the third trimester, but to an uncertain
Table 8.3. Case–control ratios, mean numbers of films, and ratios of total films by postconception age at

exposure in the Oxford Survey of Childhood Cancers (OSCC)
Trimester
 No. x rayed,
 Mean no. films,
 Case-control ratio of total films
Cases/controls=ratio
 Cases/controls=ratio
First
 51/16=3.19
 4.3/5.6=0.77
 2.5
Second
 75/58=1.29
 3.0/2.1=1.43
 1.8
Third
 1317/1014=1.30
 1.8/1.7=1.06
 1.4
Total
 1443/1088=1.33
 2.0/1.7=1.18
 1.6
Adapted from Gilman et al. (1988).
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extent, it cannot be determined conclusively whether the risk per unit dose is similar
or higher during the first trimester. However, both the medical x-ray studies and the
Japanese atomic bomb study agree in showing risk from irradiation during the first
trimester.

8.4.2. Risk to the embryo

(356) An additional question that can be asked is the magnitude of risk to the
conceptus and embryo. There does not appear to be any human information speci-
fically on risk from irradiation of the pre-implantation conceptus. However, OSCC
investigators have reported findings pertaining to the pre-implantation and
embryonic periods combined. Bithell and Stewart (1975) found 11 cases and 0 con-
trols who were irradiated during the first month of pregnancy; an RR cannot be
calculated, but the lower 95% confidence limit on this finding is an RR of 2.5. Gil-
man et al. (1988) in the OSCC study found a nominally higher RR within 8 weeks of
conception (4.60) than for other first-trimester exposures (2.55), but it is not known
whether this was a statistically significant difference. Similarly, with a sample from
the same OSCC study that overlapped considerably with Gilman et al.’s sample,
Mole (1990a) reported an RR of 2.9 for irradiation during weeks 0–7 postconcep-
tion but lower RRs subsequently (see Table 8.2). Of the 25 cases, the excess was
accounted for by 22 cases with non-obstetric irradiation. These exposures all occur-
red in the early years (1940s to 1959) when the doses were probably higher and there
was greater potential for underascertainment of non-obstetric medical records for
controls (Mole, 1990), so the degree of elevation in risk overall and per unit dose is
quite uncertain.
(357) Radiation exposure in the early weeks postconception may alter target cells

in the early germinal layers that can be further transformed into malignancies in
tissues derived therefrom. Apropos of this point, a study of 240 dogs irradiated on
day 8 postconception showed one malignant tumour (0.4%) by 4 years of age, while
three of 480 (0.6%) irradiated at weeks 28 or 55 postconception had malignancies,
thus indicating no special radiosensitivity early in gestation (Benjamin et al., 1986).
Other animal data generally support this point (see Chapter 7). Nevertheless, it is
prudent to assume that there is carcinogenic risk from irradiation in the early period
after conception since the human data are consistent in suggesting this. Whether the
risk is any higher than for irradiation later on in pregnancy is uncertain based on the
available data. There are no data on human cancer risk from irradiation in the pre-
implantation period.

8.5. In-utero irradiation from Chernobyl and leukaemia in infancy

(358) Petridou et al. (1996) reported that in-utero exposure to Chernobyl fallout in
Greece was associated with an elevated risk of leukaemia in infancy (before 1 year of
age). They compared leukaemia rates among those in utero during an 18-month
period of maximum fallout exposure with those born before the exposure period or
conceived after the exposure period. For infant leukaemia, the RR was 2.6
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(95%CI=1.4–5.1), while for leukaemias occurring at 1–3 years of age, the RR was
1.1. They suggested that this finding was biologically plausible in that several mole-
cular re-arrangements in the MLL gene are far more common in infant leukaemia
than in leukaemia among older children, and that these molecular re-arrangements
are likely to originate from mutations during pregnancy.
(359) A group in Germany sought to replicate Petridou et al.’s study (Michaelis et

al., 1997; Steiner et al., 1998). They performed a dosimetric study and determined
that the embryonic and fetal doses were similar in Germany and Greece. Using the
same time periods as Petridou et al., they too found a small elevation in risk for
infant leukaemia associated with the fallout (RR=1.48, 95%CI=1.02–2.15). How-
ever, they found a suggestive inverse association between estimated dose rates for
various regions within Germany and the RRs (RRs of 1.87, 0.25, and 1.29 for the
low, medium, and high fallout areas, respectively), and they found that the
subcohort during the time period with the highest exposures had a lower RR
(RR=1.29) than the subcohort with lower exposures (RR=1.67). They con-
cluded that Petridou et al.’s results were unlikely to represent a genuine radia-
tion effect.
(360) A study based on 12 cancer registries in the USA reported a 30% excess

(P<0.09) of leukaemia among infants born between 1986 and 1987 compared with
those born in 1980–1985 and 1988–1990, whereas there was no difference between
the cohorts for leukaemia at ages 1–4 years (Mangano, 1997). Chernobyl fallout
radiation levels in the USA were only about 1% as great as in Greece.
(361) Gibson et al. (1988) reported that, in Scotland, six leukaemias occurred

before the age of 1 year in 1987 when 1.4 were expected. A subsequent, partially
overlapping report of leukaemia incidence in Wales and Scotland showed an ele-
vated risk (RR=3.9, P=0.0001) for infant leukaemia from January 1987 to June
1988 (Busby and Cato, 2000) based on 12 leukaemia cases.
(362) Ivanov et al. (1998) studied infant leukaemia in Belarus after the Chernobyl

accident. In the in-utero-exposed cohort, they found an RR of 1.51 (95%CI=0.63–
3.61) for those in Gomel and Mogilev, the regions with the greatest exposure, and
1.26 (95%CI=0.76–2.10) for all of Belarus. The importance of this study is that the
exposure rates were at least 10 times as great in Belarus as in Greece or Germany,
and hundreds of times as great as in the USA.
(363) Parkin et al. (1996) analysed childhood leukaemia data from 36 tumour

registries representing 35 countries or regions in Europe. They obtained estimated
doses from UNSCEAR by time period for each of the 35 countries/regions (Parkin
et al., 1993). They presented two especially pertinent tabulations by dose: leukae-
mias among those born in 1987 who would have been exposed in utero, and leu-
kaemias before the age of 1 year, as shown in Table 8.4. In neither case was there
any evidence of a dose–response trend.
(364) As the Belarus data showed no clear evidence of an elevation in risk, and the

multi-country tabulation by Parkin et al. (1996) showed no dose–response trend,
there does not seem to be a compelling case that prenatal radiation causes more
leukaemia in infancy than at ages 1–5 years. An alternative hypothesis expressed by
Steiner et al. (1998) is that the Chernobyl accident may have caused an increased
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diagnostic awareness in physicians, who therefore may have diagnosed the disease
somewhat earlier. Overall, there is no convincing evidence that Chernobyl fallout
has increased the risk of leukaemia in the population studied.
(365) Other pertinent data on in-utero radiation exposure and leukaemia in early

childhood are available. Hopton et al. (1985) reported an elevated leukaemia risk at
ages <2 years (OR=5.6, 95%CI=1.7–18.1), but none at older ages. However, the
much larger OSCC study found nominally lower RRs at ages 0 (RR=1.05) and 1
year (RR=1.09) compared with ages 2–9 years, for which the RRs for single years
of age ranged from 1.20 to 2.07 (Bithell and Stewart, 1975).

8.6. Consistency of the OSCC data with other prenatal medical irradiation studies

(366) Tables 8.5 and 8.6 summarise the in-utero radiation risk estimates for the
available case–control and cohort studies, respectively. For the 12 entries for inde-
pendent studies of medical irradiation studies in Tables 8.5 and 8.6 that had data on
total childhood cancers (Ford et al., 1959; Griem et al., 1967; Diamond et al., 1973;
Salonen, 1976; Shiono et al., 1980; Monson and MacMahon, 1984; Harvey et al.,
1985; Hopton et al., 1985; Gilman et al., 1988; Golding et al., 1990; Rodvall et al.,
1990; Shu et al., 1994), the weighted average RR was 1.39 (95%CI=1.31–1.48) for
in-utero irradiation (see Table 8.7). If the OSCC study was excluded, the RR did not
change (RR=1.39, 95%CI=1.23–1.58). However, it should be noted that most of
the case–control studies in Table 8.5 had the potential for recall bias just as the
OSCC study did; only a number of them had no checks on the accuracy of self
reports of irradiation.

8.6.1. Low risk in cohort studies

(367) One notable feature of the data in Table 8.6 is the low RRs for cohort stu-
dies of in-utero diagnostic radiation effects. Seven individual studies in the table are
cohort studies of prenatal medical irradiation, and the weighted average RR for
Table 8.4. Standardised incidence ratios (SIRs) and observed cases of childhood leukaemia by estimated

cumulative excess bone marrow dose from Chernobyl fallout, for those born in 1987 (exposed to fallout in

utero) and for those under the age of 1 year at diagnosisa
Born in 1987
 Age 0 at leukaemia diagnosis
Cumulative excess dose (mSv)
 SIR (observed cases)
 SIR (observed cases)
0
 0 (0)
 1.00 (775)
0.01–0.05
 0.97 (319)
 1.01 (513)
0.06–0.12
 0.94 (225)
 0.80 (43)
0.13–0.29
 1.03 (269)
 0.79 (6)
0.30+
 1.05 (290)
 1.78 (13)
Trend P value
 P=0.61
 P=0.40
a Based on data from 36 European tumour registries compiled by Parkin et al. (1996).
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and solid cancers during childhood from various case–
Table 8.5. Estimates of relative risk (RR) and 95% confidence intervals for total cancer, leukaemia,
control studies of medical in-utero irradiation

Study No. of cancers

after irradiationb
Total cancer:

RR (95%CI)

Leukaemia:

RR (95%CI)

Solid cancers:

RR (95%CI)

Oxford Survey of Childhood Cancers, OSCC (Gilman et al., 1988)a 2182 1.39 (1.30–1.49)a 1.41 (1.28–1.56) 1.49 (1.34–1.66)

North-eastern USA (Monson and MacMahon, 1984)d 162 (86 L, 60 O)b 1.47 (1.22–1.76)c 1.52 (1.18–1.95)e 1.27 (0.95–1.70)e

Sweden, nationwide (Naumburg et al., 2001) 87 L 1.11 (0.83–1.47)

Inter-regional study, UK (Hopton et al., 1985) 72 (37 L, 35 O) 1.23 (0.90–1.68)a 1.33 (0.85–2.08) 1.14 (0.73–1.76)

Los Angeles (Polhemus and Koch, 1959) 65 L 1.16 (0.77–1.75)f

USA Children’s Cancer Group (Shu et al., 2002) 55 L 1.2 (0.8–1.7)

Louisiana (Ford et al., 1959) 42 (21 L, 21 O) 1.70 (1.08–2.69)c 1.55 (0.87–2.76) 1.75 (0.98–3.14)

Helsinki (Salonen, 1976) 41 1.18 (0.7–1.9)c 1.39 (0.7–2.8) 1.06 (0.6–1.8)

California (Kaplan, 1958) 37 L 1.68 (1.06–2.67)f

Tri-state, USA (Graham et al., 1966) 27 L 1.40 (0.87–2.27)a

Minnesota (Ager et al., 1965) 20 L 1.28 (0.70–2.35)

New Zealand (Gunz and Atkinson, 1964) 14 L 1.13 (0.49–2.59)a

Shanghai (Shu et al., 1988) 8 L 1.5 (0.5–4.1)f

Shanghai (Shu et al., 1994) 27 (7 L) 1.8 (0.9–3.6)f 2.4 (0.5–10.6)

New York (Wells and Steer, 1961) 4 0.72 (0.23–2.23)c

Norway (Kjeldsberg, 1957) 5 L 0.59 (0.18–1.92)

England – brain cancer (Fear et al., 2001) 14 O 0.6 (0.3–1.2)

Canada – brain cancer (Howe et al., 1989) 7 O 0.90 (0.33–2.41)

USA (PA, NJ, DE) – astrocytoma (Kuijten et al., 1990) 34 O 0.9 (0.5–1.5)

OSCC (twins) (Mole, 1974)g 111 1.79 (1.16–2.78) 2.17 (1.19–3.93) 1.56 (0.93–2.62)

Connecticut twins (Harvey et al., 1985)d 12 (5 L, 7 O) 1.83 (1.0–5.9)c 1.6 (0.4–6.8) 3.2 (0.9–10.7)

Swedish twins (Rodvall et al., 1990)d 25 (10 L, 15 O) 1.38 (0.78–2.46)c 1.7 (0.7–4.1) 1.20 (0.59–2.44)

a Exposure based on maternal report with medical verification of positive reports.
b The numbers of leukaemias (L) (or, in a few cases, leukaemias and lymphomas combined), and other cancers (O) are given when available.
c Exposure based purely on medical records.
d These study designs are either case–cohort (Monson andMacMahon, 1984) or case–control nested within a cohort (Harvey et al., 1985; Rodvall et al., 1990).
e OR was adjusted for birth order, since first and later births had different proportions x rayed.
f Exposure classification based on maternal report without medical verification.
g This study (Mole, 1974) completely overlaps with the OSCC study (Gilman et al., 1988) in the table, so it is not included in the risk calculations.
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Table 8.6. Estimates of relative risk (RR) and 95% confidence intervals for total cancer, leukaemia, and solid cancers during childhood from various cohort

studies of medical or atomic bomb in-utero irradiation

Study No. of cancers

after irradiationa
Total cancer:

RR (95%CI)

Leukaemia:

RR (95%CI)

Solid cancers:

RR (95%CI)

Japanese Atomic Bomb Study

(Yoshimoto et al., 1988a;

Delongchamp et al., 1997)

10b (2 L, 8 O) 2.1 (0.2–30.8) 0

Edinburgh/London

(Court-Brown et al., 1960)

9 La 0.86 (0.42–1.57)d

London (Lewis, 1960)c 1 L 0.42 (0.07–2.63)

UK national cohort

(Golding et al., 1990)

12 1.20 (0.58–2.46)d

Chicago (Griem et al., 1967) 4 (1 L, 3 O) 1.19 (0.36–3.95)d

Chicago (Oppenheim et al., 1974a,b)c 1 L 0.66 (0.09–5.03)

Baltimore (Diamond et al., 1973) 13 (6 L, 7 O) 1.05 (0.54–2.05)d,e 1.62 (0.57–4.61) 0.80 (0.34–1.90)

US Collab. Perinatal Project

(Shiono et al., 1980)

7 1.09 (0.47–2.40)d

Rochester, NY (Murray et al., 1959) 3 L 0.92 (0.27–3.14)d

Combined small cohorts

(Dempster, 1958; Mills et al., 1958;

Lejeune et al., 1960; Magnin, 1962;

Nokkentved, 1968; Hagstrom et al., 1969)f

7 4.6 (0.85–25.1)

a The numbers of leukaemias (L) (or, in a few cases, leukaemias and lymphomas combined), and other cancers (O) are given when available.
b Includes cancers that occurred up to 46 years of age. Only one cancer (a liver cancer) occurred before age 15 years.
c This study overlaps extensively with Court-Brown et al.’s (1960) study in the table, so it is not included in the risk calculations.
d A matched, nested case–control study suggested an excess (OR=2.6, 95%CI=0.7–9.6) for abdominal x rays, but the OR was equally high for chest and

dental x rays.
e Bithell (1993) and Doll and Wakeford (1997) reported an RR=1.02. Calculations from the original source indicate the value given in the present table.
f Adapted from Doll and Wakeford (1997) with a correction of number of cancers reported in Hagstrom et al. (1969).
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total cancer (or leukaemia if total cancer was not given) is only 1.02 (95%CI=0.74–
1.41). (If the series of small cohorts in the last line of Table 8.6 is added, then
RR=1.08, 95%CI=0.78–1.50). The other cohort study, the Japanese atomic bomb
in-utero survivors, showed little effect for childhood cancer (only two incident cases
were observed). The strength of these studies is that they are not subject to selection
bias and reporting bias as most case–control studies are, but their main limitation is
the relatively small sample size and number of cancers (a total of 56 childhood can-
cer cases observed after irradiation among the cohort studies of diagnostic radiation
in Table 8.6), with the result that the confidence interval from these studies is com-
patible with risks derived from the OSCC and other case–control studies.
(368) Three other studies are either of a case–cohort (Monson and MacMahon,

1984) or nested case–control (Harvey et al., 1985; Rodvall et al., 1990) design. These
study designs, which are based on cohort studies and used medical records exclu-
sively to identify prenatal x-ray exposures, yield data that are of essentially the same
quality as cohort studies. These three studies included 199 cancer cases observed
after irradiation with a combined risk estimate of RR=1.47 (95%CI=1.24–1.75). If
the three studies are combined with the purely cohort studies, the combined risk
estimate is RR=1.37 (95%CI=1.18–1.60) for total cancer. However, when the two
nested case–control studies of twins in Sweden and Connecticut were initially ana-
lysed as cohort studies, there was no indication of an elevated RR for leukaemia,
even though up to half the twins had received in-utero exposure (Inskip et al., 1991;
Rodvall et al., 1992; UNSCEAR, 1994), and this lack of increased risk was also seen
in twin cohorts in California and Norway (Boice and Miller, 1999). Hence, the
cohort studies provide limited evidence at best for increased risk associated with in-
utero radiation exposure.
Table 8.7. Summary risk estimates of childhood cancer from medical in-utero irradiation, combined

studiesa
Studies included

in analysis
Total cancer:

RR (95%CI)
Leukaemia:

RR (95%CI)
Solid cancers:

RR (95%CI)
Total studies, except OSCC
 1.40 (1.23–1.59)
 1.30 (1.16–1.46)
 1.14 (0.94–1.40)b
Total studies, including OSCC
 1.39 (1.31–1.48)
 1.36 (1.26–1.47)
 1.39 (1.06–1.81)b
Studies with both leukaemia and

solid tumours, except OSCC
1.49 (1.24–1.80)
 1.25 (1.04–1.52)
All studies with both leukaemia and

solid tumours
1.43 (1.31–1.56)
 1.43 (1.27–1.61)b
a The atomic bomb study was not included because its results were given as excess relative risk per Sv,

not as overall relative risk (RR). The log RRs of the respective studies were combined by the method of

Whitehead and Whitehead (1991) and were weighted according to the estimated inverse variances of the

log RRs. OSCC, Oxford Survey of Childhood Cancers.
b Confidence interval incorporates variance due to heterogeneity among study risk estimates (White-

head and Whitehead, 1991).
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8.7. Does in-utero irradiation induce all types of childhood cancer to the same

extent?

8.7.1. OSCC data

(369) It has been argued that it is not plausible that in-utero irradiation should
elevate the risk of all types of childhood cancer to an equivalent degree, since it does
not do so for irradiation during childhood or adulthood (Boice and Miller, 1999). In
1976, Kneale and Stewart presented data for separate types of tumours. They
reported an OR of 1.41 (95%CI=1.28–1.56; based on 955 cases and 677 controls
with prenatal irradiation) for haematopoietic malignancies and 1.49 (95%CI=1.34–
1.66; based on 871 cases and 585 controls with irradiation) for solid tumours. More
recently, two analyses of the OSCC data indicated no statistically significant differ-
ence between the risks for leukaemia and solid cancers (Knox et al., 1987; Bithell
and Stiller, 1988), but the RRs were not given. The most recent publications of the
OSCC data that include the enlarged set of cases and controls have assumed that
risks of leukaemia and other childhood cancers are equivalent, and therefore have
not presented separate RRs for the two.

8.7.2. Other studies

(370) For comparison with the OSCC data, the RRs with respect to leukaemia
and solid tumours were examined separately in other available studies. It is of
interest that the North-eastern United States study by Monson and MacMahon
(1984), which is the second largest available study and which also had the metho-
dological advantage of having radiation exposures defined strictly by medical
records rather than maternal reports, gave an age- and birthorder-adjusted RR for
leukaemia of 1.52 (95%CI=1.18–1.95), while that for other cancers was 1.27
(95%CI=0.95–1.70). It should be acknowledged, however, that this study is much
smaller (cases observed after irradiation: 86 leukaemias and 60 other cancers) than
the OSCC study (cases observed after irradiation: 955 leukaemias and 871 other
cancers). It is of note that the US study only included cancers before the age of 10
years in its analysis, because the RRs for childhood cancer and x ray at ages 10–19
years were less than 1. They did not present results for ages 0–15 years, which would
be directly comparable with the OSCC findings, but for ages 0–19 years, the birth-
order-adjusted RR for leukaemia was 1.40 (95%CI=1.11–1.76), while that for other
malignancies was 1.12 (95%CI=0.85–1.45). Hence, this study provides only weak
evidence for an in-utero irradiation effect on solid cancers.
(371) It is noteworthy that the other large studies of leukaemia risk found no clear

evidence for a radiation risk (all the CIs included unity) (Polhemus and Koch, 1959;
Hopton et al., 1985; Naumburg et al., 2001; Shu et al., 2002). For the 22 non-
redundant medical irradiation studies that reported data on leukaemia [Tables 8.5
and 8.6]; all the studies with risk estimates in the leukaemia column, except Mole
(1974) and Lewis (1960) which were excluded because of redundancy of the data
with other reports, the weighted average RR was 1.30 (95%CI=1.16–1.46) without
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the OSCC study and 1.36 (95%CI=1.26–1.47) with OSCC data included (Table 8.7).
On the other hand, of the 11 medical irradiation studies with data on solid tumours,
Mole (1974) was excluded because the data on which it was based were redundant
with Gilman et al. (1988); the RR was 1.14 (95%CI=0.94–1.40) without the OSCC
study but 1.39 (95%CI=1.06–1.81) with OSCC data included.
(372) Since part of the variation in risk estimates is attributable to differences in

methodology, populations, etc. among the various studies, a comparison of the leu-
kaemia risk and solid tumour risk in the eight studies that reported both is of
interest (Table 8.7, last two lines). If one excludes the OSCC study, the RR for leu-
kaemia was 1.49 (95%CI=1.24–1.80), while that for solid tumours was 1.25
(95%CI=1.04–1.52), albeit the difference between the two RRs was not statistically
significant (P=0.20). Once the OSCC data are included, the RRs are identical: 1.43
for both leukaemia and solid cancers. In summary, the medical studies other than
the OSCC suggest that the RR of childhood solid tumours may be less than for
leukaemias, but the large OSCC study weighs in on the side of equivalence of RRs.
The Japanese atomic bomb in-utero cohort is not informative on this point. No
leukaemias occurred before age 15 years in the exposed cohort, and only one death
due to a solid tumour, a liver cancer, was seen during childhood in the cohort
(Delongchamp et al., 1997).
(373) An indirect, but important, comparison is with childhood radiation expo-

sure. In the atomic bomb study, irradiation in childhood caused a marked leukaemia
effect (ERR/Gy=17) but the solid cancer effect was much smaller (ERR/Gy=2)
(Yoshimoto et al., 1994). In contrast, for obstetric x-ray case–control studies, the
ERR/Gyffi 40 for both leukaemia and solid cancers.

8.7.3. Risk of specific types of childhood cancer

(374) Is there variation in radiogenic risk from in-utero exposure for specific types
of childhood cancers? Only two studies have substantial information on this, as
shown in Table 8.8. In the OSCC study (Bithell and Stewart, 1975), the only malig-
nancy that seemed to show little elevation in risk was bone cancer, but this was
based on relatively small numbers. All other cancers were nominally increased
(Table 8.8). Most other studies have been uninformative in this regard, although
there are reports of null results from fairly small studies of prenatal x-ray exposure
and brain tumours (Howe et al., 1989; Kuijten et al., 1990; Fear et al., 2001) (see
Table 8.5), hepatoblastomas (Buckley et al., 1989), or bone and soft tissue sarcomas
(Hartley et al., 1988). There is no statistically reliable evidence that any particular
type of tumour is substantially less, or more, radiosensitive than other types of
childhood cancer.
(375) Miller and Boice (1997) and Boice and Miller (1999) have called the asso-

ciation into question with three main lines of argument. First, a consistent associa-
tion of about the same magnitude for a whole variety of tumour types is surprising,
given the variability between tissues in their response to irradiation in childhood or
adulthood. The argument of no discrimination among cancer types has some plau-
sibility. Considerable diversity is seen in the aetiological factors for various types of
ICRP Publication 90
172



childhood cancer which makes a uniform radiation effect less plausible (Boice and
Miller, 1999). Nevertheless, Wakeford and Little (2003) caution against over-
interpretation of the lack of heterogeneity since the data are compatible with a rea-
sonable degree of variation in radiation risk among tumour sites. Second, in the
OSCC study, elevated RRs were found for embryonal tumours (e.g. Wilms’ tumour,
neuroblastoma). Boice and Miller (1999) argue that a radiation risk is implausible
because the pathogenesis of these tumours occurs within the early embryonic stage,
not in the third trimester when most of the radiation exposure occurred. However, it
is not clear how exclusively the aetiology of embryonal tumours is limited to the first
trimester, given the biological heterogeneity among subsets of these tumours. For
example, there is evidence that the renal stem cells that give rise to Wilms’ tumours
are present until several weeks after birth (Sharpe and Franco, 1995). Third, excess
lymphomas also lack plausibility because they do not appear to be radiogenic in
most studies of child or adult irradiation, except possibly at very high doses such as
from cancer radiotherapy. Although the arguments fall short of being definitive
because of the combination of biological and statistical uncertainties involved, they
raise a serious question of whether the great consistency in elevated RRs, including
embryonal tumours and lymphomas, may be due to biases in the OSCC study rather
than a causal association.

8.8. A comparison of risk estimates from the OSCC data and the Japanese atomic

bomb data

(376) Analyses of the RERF in-utero exposed children were conducted by
Delongchamp et al. (1997) in comparison with those irradiated postnatally at ages
0–5 years and the corresponding unexposed children. These groups have been
Table 8.8. Variation in relative risk (RR) from in-utero exposure according to specific tumour types
Type of malignancy
 RR (95%CI)
 No. of cases observed

after irradiation
OSCC study (Bithell and Stewart, 1975)
Lymphatic leukaemia
 1.54 (1.34–1.78)
 327
Myeloid leukaemia
 1.47 (1.20–1.81)
 134
Lymphoma
 1.35 (1.07–1.69)
 109
Central nervous system tumour
 1.42 (1.20–1.69)
 198
Neuroblastoma
 1.46 (1.17–1.83)
 108
Wilms’ tumour
 1.59 (1.25–2.01)
 93
Bone tumour
 1.11 (0.74–1.66)
 30
Other solid tumours
 1.63 (1.33–1.98)
 147
North-eastern United States Study

(Monson and MacMahon, 1984)
Leukaemia
 1.40 (1.11–1.76)
 94
Central nervous system tumour
 1.09 (0.75–1.59)
 32
Other cancers
 1.14 (0.80–1.63)
 36
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followed-up to age 46 years. There were 10 cancer deaths among 1078 prenatally
exposed people in Hiroshima and Nagasaki, but doses were not estimable for all of
them. The 807 people with estimable in-utero doses of at least 0.01 Sv included eight
cancer deaths, which yielded an ERR/Sv of 3.0 (90%CI=0.6–7.2) over ages 0–46
years based on a dose–response analysis.

8.8.1. Risk by attained age in the Japanese atomic bomb study

(377) Data on both cancer mortality and incidence are available. For cancer
mortality, there was little indication of an excess cancer risk before age 15 years in
the in-utero exposed group, except for one liver cancer (hepatoma) at age 6 years in
a girl who had received an estimated 1.43 Sv, but this one cancer yielded a risk
estimate with a wide confidence interval that was compatible with estimates from the
prenatal diagnostic radiation studies; specifically, the ERR/Sv was 23 (90%CI=1.7–
88) (Delongchamp et al., 1997).
(378) A report of cancer incidence at ages 0–14 years in the cohort of 753 children

irradiated prenatally (�0.01 Gy) revealed two cases – one the lethal hepatoma and
the other a Wilms’ tumour diagnosed in a girl at age 14 years (who died of it at age
35 years; the dose was 0.56 Gy) (Yoshimoto et al., 1988). Among these children,
the expected number of cancers calculated from Japanese national incidence data
for the age range 0–14 years was, at most, 0.43 (Yoshimoto et al., 1988b). This
gives a standardised incidence ratio of 4.65 and an ERR/Sv of 11.8
(95%CI=�0.7–47).
(379) For ages 16–46 years, there were nine cancer deaths among those exposed in

utero, and a dose estimate was available for seven of these cases. The ERR/Sv based
on the dose response was 2.1 (90%CI=0.2–6.0) (Delongchamp et al., 1997). Two
reports (Yoshimoto et al., 1994; Doll and Wakeford, 1997) have summarised cancer
incidence for ages 15–44 years in this cohort. The irradiated group had 13 cases of
cancer, including two leukaemias, and the unirradiated control group had nine
cancers with no leukaemias (RR=1.2). The ERR/Sv is estimated to be 0.7
(95%CI=�1.5–5.8) based on the mean dose.

8.8.2. Risk of solid tumours in the Japanese atomic bomb study

(380) The ERR for solid tumours was quite similar among those irradiated in
utero (ERR/Sv=2.4, 90%CI=0.3–6.7) and at ages 0–5 years (ERR/Sv=1.4,
90%CI=0.4–3.1). However, both groups showed a gender difference. For the in-
utero group, there was a statistically significant sex interaction, and the ERRs/Sv
(90%CI) were 6.7 (1.6–16.9) for females but 0 (<0 to <2.5) for males. Similarly,
among those irradiated at ages 0–5 years, the ERRs/Sv were 2.9 (1.0–6.0) for
females but 0 (<0 to <1.7) for males. The excess cancers among females were
principally female cancers (breast and ovary) and digestive cancers. Other analyses
of the atomic bomb tumour incidence data (Thompson et al., 1994) have also shown
that digestive cancer and breast cancer risks appear to be greater for juvenile than
adult irradiation.
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8.8.3. Risk of leukaemia

(381) The case for an excess of leukaemia deaths among those exposed in utero is
mixed. For the in-utero exposed group, there was a borderline significant (P=0.054)
ERR for leukaemia of 4.9/Sv (95% upper confidence bound=18.7) at all ages (0–46
years), but this was only based on two in-utero exposed cases and four unexposed
cases. Moreover, a linear dose–response curve did not fit the data, since the only two
leukaemia deaths in the in-utero exposed cohort had estimated doses of 23 and 40
mSv, which was not consistent with an increasing risk over the dose range. In fact,
risk of leukaemia decreased with increasing dose. In addition, no cases were identi-
fied before age 16 years, which would be the relevant age range for comparison with
the OSCC data. Those exposed in early childhood showed a strong dose response
for leukaemia and an ERR that declined with attained age; in contrast, the in-utero
exposed cohort showed neither a dose response nor a similar temporal pattern
(Delongchamp et al., 1997).
(382) Delongchamp et al. (1997) stress that caution should be exercised in inter-

preting the in-utero data on leukaemia and other cancers because of the very small
numbers. RERF investigators are currently updating the cancer incidence data for
the in-utero cohort (K. Mabuchi, personal communication, 2000), which may pro-
vide somewhat more robust estimates of risk, although the numbers will inevitably
continue to be small because of the limited sample size.

8.8.4. Comparison of observed and expected cancer deaths in the Japanese in-utero

cohort

(383) It is of interest to compare the observed cancer deaths at ages 0–15 years for
the atomic bomb in-utero cohort with what would be expected given the risk coeffi-
cient from the OSCC study. Details are shown in Appendix A.
(384) Based on the OSCC risk coefficient, about 8.5 excess cancer deaths would be

expected in the Japanese in-utero cohort due to the radiation exposure, along with
0.34 spontaneous cancer deaths (see Appendix A). This gives a total of about 8.8
cancer deaths (95%CI=5.7–13.4 based on the CI for the OSCC radiation excess
absolute risk (EAR) estimate, but other uncertainties in the estimation process that
would widen this interval were not readily quantifiable) that would be expected
before age 16 years, whereas only one was observed (with an upper 97.5% con-
fidence bound of 4.9).
(385) Although the observed number of cancer deaths from in-utero irradiation

and the number expected from the OSCC-based risk estimate may be marginally
statistically compatible, the support for the OSCC-based risk projection is weak at
best. One possible factor in the discrepancy between the observed and expected
values is the potential for cell apoptosis among those who received high doses. Mole
(1990a), who elaborated upon this, suggested that proper accounting for cell apop-
tosis would make the observed and expected risk estimates more compatible.
(386) An earlier analysis by Yoshimoto et al. (1988a) concluded that the one cancer

death in the atomic bomb group during ages 0–9 years is statistically incompatible
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with the risk estimate from the OSCC. However, after including a second incident
cancer case (with 0.73 expected cases), they found an upper 95%CI of 7.22, which
translates into an upper-limit excess of 279/104 people/Sv, which they interpreted as
not strikingly at variance with the OSCC risk estimate of about 600/104 people/Sv.
[However, this compares cancer incidence among atomic bomb survivors with excess
mortality in the OSCC study; if it were possible to base the comparison on the
equivalent endpoint (incidence or mortality), the results would be more discrepant.]
(387) Nevertheless, the dose–response analysis for total cancer at ages 0–15 years

in the in-utero atomic bomb survivors was compatible with the OSCC risk estimate
(ERR/Sv=23, 90%CI=1.7–88) (Delongchamp et al., 1997), albeit it is based on one
cancer in the exposed group, so there is at least marginal compatibility between the
data sets. A recent analysis by Wakeford and Little (2002) concluded that the OSCC
and Japanese data are compatible given the dosimetric, case ascertainment, and
other uncertainties in these estimates.

8.9. Estimation of risk from in-utero irradiation

(388) The previous discussion raises issues regarding the degree to which biases
may have influenced estimates of risk from prenatal irradiation and the magnitude
of risk for solid tumours. For the moment, it will be assumed that there is risk from
in-utero irradiation for both leukaemia and most types of solid tumours in order to
summarise the risk estimates that have been made after some preliminary
considerations are reviewed.

8.9.1. Susceptibility factors

(389) One preliminary question about risk estimation pertains to whether radio-
genic childhood cancer risk differs according to possible susceptibility factors, such
as ethnicity, gender, or attained age. There is virtually no information about ethni-
city. There was a slight suggestion of an in-utero radiation risk among whites but
not blacks in the Baltimore study (Diamond et al., 1973), but the number of cases
was very small and the racial differences were non-significant. The two largest stu-
dies, the OSCC study (Bithell and Stewart, 1975) and the North-eastern United
States study (Monson and MacMahon, 1984), found similar radiation risk coeffi-
cients for males and females, although the in-utero Japanese atomic bomb study did
not. In that study, risk was concentrated in females. With regard to attained age,
only the OSCC study had enough cancer cases observed after irradiation to mean-
ingfully examine variations in risk by attained age. A summary is shown in Table 8.9
for total haematopoietic cancers and solid tumours, and fitted age curves are given
in Fig. 8.3. More detailed age breakdowns for specific types of tumours are shown in
Stewart and Kneale (1970a), but these are not readily translatable into RRs. Statis-
tical modelling of childhood cancers of all types by Muirhead and Kneale (1989)
indicates that the RR is high for approximately ages 0–6 years and then appears to
decline gradually to age 15 years (Fig. 8.3). Although this trend did not attain sta-
tistical significance (P=0.09) in the original analyses, a recent re-analysis using a
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somewhat different model did find a significant decline in risk with attained age
(Kneale, 1998).

8.9.2. Comparability of postnatal and in-utero radiation effects

(390) Since most in-utero medical x-ray exposures in the various studies occurred
within a few weeks of birth, one would expect the cancer risk estimates to be similar
to those found after irradiation in the early postnatal period. An analysis of the
Japanese atomic bomb leukaemia mortality data (Delongchamp et al., 1997) showed
that those exposed prenatally did not show a dose response and had a significant
(P=0.005) deficit compared with those exposed postnatally at ages 0–5 years. The
difference occurred because of an absence of childhood leukaemia in the prenatally
exposed group; for ages 17–46 years, the leukaemia risk estimates did not differ
(P=0.17).
(391) For solid cancer mortality, as mentioned above, the atomic bomb data

included only one death before age 17 years (Delongchamp et al., 1997). For ages
17–46 years, the risk estimates for the prenatally (RR at 1 Sv=3.4, 90%CI=1.3–
7.7) and postnatally (RR at 1 Sv=2.4, 90%CI=1.4–4.1) exposed were not sig-
nificantly different (P=0.42). One other piece of evidence pertaining to postnatal
exposure comes from a Swedish study of brain tumours following radiation treat-
ment for skin haemangiomas (Karlsson et al., 1998). The authors found an overall
RR at 1 Gy of 3.7 (95%CI=2.0–6.6), but the risk was greatest if exposure occurred
before 5 months of age (RR at 1 Gy=4.5).

8.9.3. Types of childhood malignancies related to radiation

(392) An important consideration is the degree to which in-utero irradiation
causes the induction of solid tumours as well as leukaemia. An analysis (see
section 8.7.2) showed the risk for solid tumours to be only about half as great as
for leukaemia if the OSCC study was excluded, but the two risk estimates were
virtually identical with the inclusion of the OSCC data. Questions have been raised
Table 8.9. Relative risks (RR) for cancer from in-utero irradiation by age at death in the Oxford Survey of

Childhood Cancers (OSCC)a
Age at death (years)
 All haematopoietic

cancers RR (95%CI)
All solid cancers

RR (95%CI)
0–2
 1.3 (1.0–1.8)
 1.8 (1.4–2.4)b
3–5
 1.8 (1.4–2.3)
 1.4 (1.1–1.9)
6–8
 1.6 (1.2–2.2)
 2.2 (1.5–3.1)
9–11
 1.9 (1.3–2.8)
 1.3 (0.8–2.1)
12–14
 1.0 (0.7–1.6)
 1.3 (0.7–2.3)
a From Bithell and Stewart (1975).
b This RR was probably inflated by brain tumours associated with fetal abnormalities in which an

enlarged fetal head that threatened to obstruct labour prompted an x-ray examination; see Stewart and

Kneale (1970a).
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about the biological plausibility of elevated risk for essentially all types of childhood
cancer, especially for embryonal tumours which mostly have their inception well
before the third trimester when most of the diagnostic radiation exposure was
received (see Chapter 6). However, there are considerations arising from the limitations
in available data and biological understanding that mitigate the force of these
arguments.

8.9.4. Shape of the dose–response curve and dose uncertainties

(393) Another consideration is the shape of the dose–response curve. Only the
OSCC dataset has enough cases observed after irradiation to be informative, but a
major limitation of this dataset is the uncertainties about in-utero doses, as dis-
cussed in Chapter 3. Dose uncertainties have not been taken into account ade-
quately by any investigator, and it seems unlikely that sufficient historical dosimetric
data are available to characterise uncertainties or achieve more accurate dose esti-
mates.
(394) Dose–response analyses have been conducted according to number of films

conjointly with calendar-year era since film doses varied appreciably by era. The
results are congruent with a linear dose–response relationship, as shown in Fig. 8.4.
(Note that Fig. 8.4 is based on third-trimester x-ray examinations alone, so as to
eliminate the uncertainty associated with doses from non-obstetric x-ray procedures
in the first trimester.) The assumption of a linear dose–response association appears
reasonable.
Fig. 8.4. Relative risk of childhood cancer from in-utero diagnostic x rays during the third trimester for

deaths during 1953–1972 in the Oxford Survey of Childhood Cancers. The fitted linear trend has a slope

of 0.194 (95%CI: 0.134–0.280) excess relative risk per film. From Bithell (1993).
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8.9.5. Derivation of absolute risk estimate

(395) Table 8.10 presents several estimates of ERR and EAR available in the
literature, along with the mean doses assumed for the OSCC study, which was the
main dataset modelled because of the study’s large size.
(396) The various risk estimates in Table 8.10 are mainly in the range of approxi-

mately 500–700 excess childhood cancers/104 people/Gy. The one high risk estimate
used dose estimates by Stewart and Kneale (1970b) that were probably too low (see
Fig. 8.1) and hence gave a high value per unit dose. One risk estimate was lower
than the others, partly because it was for third-trimester examinations only (Bithell
and Stiller, 1988).
(397) The calculation based on the raw data of the OSCC study by Muirhead and

Kneale (1989) appears to be the most adequate to date. They derived an EAR esti-
mate of 640 excess cancers/104 people/Gy (95%CI=410–1000) for ages 0–15 years
(Table 8.10). They attempted to factor in several sources of variation but suggested
that the nominal confidence interval may be too narrow by a factor of 2 since it did
not fully account for dose uncertainties. In addition, Wakeford and Little (2003)
noted that there may be methodological artifacts in the data from the latter years of
the OSCC, and that an analysis excluding data after 1972 yields an estimate of only
about 200 excess cancers/104 people/Gy for ages 0–15 years. For comparison, the
excess risk estimate for childhood cancer among the Japanese atomic bomb
survivors is about 70/Gy (95%CI=10–260) (Doll and Wakeford, 1997).
(398) For perspective, the OSCC-based risk can be contrasted with the back-

ground rate of childhood cancer over ages 0–14 years which is about 1 in 600 or 16
per 10,000. If the dose–response relationship is linear and the risk estimate from the
OSCC data is accurate and valid, an in-utero dose of about 30 mGy would double
the risk of childhood cancer.

8.9.6. Risk from irradiation in the first trimester

(399) If one regards an EAR for ages 0–15 years of 600/104/Gy as a reasonable
estimate, a back calculation of risk from irradiation during the first trimester (using
Table 8.10. Estimates of excess absolute risk (EAR)/104 people/Gy over ages 0–15 years from in-utero

irradiation
Source of estimate
 Assumed mean dose (mGy)
 EAR/104/Gy
Knox et al. (1987)
 –a
 2015 (545–2895)
Bithell and Stiller (1988)
 –b
 283 (168–428)c
Muirhead and Kneale (1989)
 –b
 640 (410–1000)
Mole (1990a) and Bithell (1993)
 6.1
 574 (318–857)
UNSCEAR (1994)
 10
 500
Doll and Wakeford (1997)
 10
 600
a Using calendar-time-specific dose estimates by Stewart and Kneale (1970b).
b Using calendar-time-specific dose estimates by UNSCEAR (1972); see Fig. 8.1.
c Risk estimate for third-trimester exposures only.
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RR=2.7 for this trimester) (Gilman et al., 1988) would yield a value of about 1500/
104/Gy. However, this figure is probably on the high side in that first-trimester doses
may well have been underestimated because they frequently resulted from fluoro-
scopic or other relatively high-dose procedures. Table 8.2 shows that a much greater
percentage of radiological procedures in the first trimester were for non-obstetric
reasons which often entailed higher doses than obstetric radiography.

8.9.7. Relative risk estimate

(400) A composite estimate of ERR/Gy for in-utero irradiation from the radio-
graphy studies is 37 (95%CI=29–45), i.e. 10 mGy is associated with about a 37%
ERR of childhood cancer (Table 8.7). For comparison, the estimated ERR/Sv for
childhood cancer in the Japanese atomic bomb in-utero cohort was 23
(90%CI=1.7–88), albeit it was based on just one cancer in the in-utero irradiated
group. The wide confidence limits on this risk estimate make it compatible with the
larger risk estimates from the OSCC and other studies. By way of contrast, the in-
utero risk estimate calculated from collective dose and person-years for the Japanese
atomic bomb cohort (Section 8.8.4) yielded a negative risk estimate that is statisti-
cally incompatible with a positive association.

8.9.8. Lifetime risk from in-utero irradiation

(401) In order to estimate the lifetime risk from in-utero irradiation, the adult risk
must be added to the childhood risk. Only the Japanese atomic bomb study has an
estimate of the adult risk. For ages 17–46 years, Delongchamp et al. (1997) esti-
mated an ERR/Sv of 2.1 (90%CI=0.2–6.0). If the risk continued at this level for the
entire lifetime, it would represent a very large lifetime absolute risk. As the cohort
has not yet reached age 50 years and because the risk estimate for adult cancer is
presently based on only seven cancer deaths in the in-utero cohort, it seems pre-
mature to project the present ERR estimate as a constant RR for the remaining
lifetime. In fact, Yoshimoto et al. (1994) reported that the ERR appears to be
declining with longer follow-up time in the in-utero cohort.
(402) There is no direct evidence regarding the modifying effects of dose protrac-

tion or fractionation upon the magnitude of risk from in-utero radiation exposure.
The non-significant excess of infant leukaemia (RR=1.51, 95%CI=0.63–3.61) after
protracted in-utero exposure from Chernobyl fallout in Belarus (Ivanov et al., 1998)
is compatible with any plausible dose and dose-rate effectiveness factor (DDREF).
There is no information pertinent to the relative biological effectiveness of neutrons
or other high-LET radiations.3
3 It is of interest that, of the cancers in the Japanese atomic bomb in-utero cohort with doses of 10–200

mSv, all seven of seven cases were from Hiroshima which had a larger neutron component than Nagasaki

(Yoshimoto, 1988a; Delongchamp et al., 1997). However, only about 18% of the cases (i.e. about 1.3)

would be expected to be from Nagasaki, which is not statistically significantly different (P=0.28) from the

0 observed.
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8.10. Conclusion

(403) There are a number of studies that suggest an appreciable childhood cancer
risk from in-utero radiation. Although examination of the OSCC study, which is the
major dataset, shows it to be methodologically weak and possibly subject to recall
bias, analyses of the OSCC dose–response relationship and several case–control
studies of cancer among irradiated twins tend to support an association. Individual
doses were highly uncertain in the retrospective reconstructions, but the dose-
assessment errors were probably approximately random and would therefore tend to
cancel out in the aggregate, making the dose–response assessments meaningful.
Nevertheless, the risk estimates could be biased somewhat upwards or downwards
because average doses per film, particularly for examinations in the early calendar-
year eras, and doses for non-obstetric x-ray procedures were not well characterised.
(404) However, the high risk estimate (640 excess cases per 10,000 per Gy,

95%CI=410–1000) derived from the OSCC study (Muirhead and Kneale, 1989)
should be tempered by three observations: (i) that the number of childhood cancers
seen in the in-utero exposed atomic bomb survivors was lower than the number
predicted from the OSCC diagnostic radiation study (1 observed, 8.8 predicted –
albeit with the several sources of uncertainty, it is unclear whether this is a statisti-
cally significant deficit); (ii) that the OSCC study itself yields a risk estimate about
three times lower if the more recent years in that study, which may be subject to
methodological artifacts, are deleted (Wakeford and Little, 2003); and (iii) that the
cohort studies of in-utero radiation showed essentially no risk (composite
RR=1.02, 95%CI=0.74–1.41). The cohort results, which give little evidence of risk,
call for caution in the scientific interpretation of the magnitude and generality of the
purported in-utero carcinogenic effects, especially since cohort studies probably
have the least potential for bias of any of the pertinent studies. (On the other hand,
the cohort studies have relatively few childhood cancer cases and, hence, wide con-
fidence intervals.) The large case–cohort study by Monson and MacMahon (1984)
suggests that there may be a substantial excess risk for leukaemia (RR=1.40) but
relatively little for solid tumours (RR=1.12) for the 0–19-year data (or RRs of 1.52
and 1.27, respectively, for cancers at ages 0–9 years).
(405) Findings that essentially all types of childhood cancer are elevated in the

OSCC study have raised questions. Equivalent elevation in RR for all types of
childhood cancer does not seem consistent with the variability among tissues in their
response to postnatal irradiation, and finding elevated risks for embryonal cancers
seems implausible given that the pathogenesis of these tumours relates primarily to
the embryonic stage while most of the x-ray exposures occurred during the third
trimester. One interpretation of these findings is the possibility of undetected bias in
the case–control studies that produces a spurious across-the-board elevation in risk
(Boice and Miller, 1999). However, limitations of the data and biological evidence
concerning the duration of embryonic stem cells temper these arguments. It does not
seem possible to resolve the question of the validity of the RR40 risk estimate
without substantially more data, and those data are not likely to be forthcoming.
Nevertheless, given the uncertainties, from a radiation protection and public health
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perspective, it seems prudent to assume that in-utero radiation exposure confers a
non-trivial risk and to act accordingly.
(406) An important question is the lifetime cancer risk from in-utero exposure.

The EAR at ages 0–15 years in the OSCC study was estimated to be about 6%
cancer mortality/Gy (low LET), which is approximately equivalent to the lifetime
risk from irradiation in adulthood. However, the adult risk from in-utero irradiation
will yield additional risk. The only data available on risk at adult ages are from the
Japanese atomic bomb in-utero cohort which indicate that the adult risk is likely to
be similar to that seen following exposure in early childhood (ages <5 years)
(Delongchamp et al., 1997). However, information on the magnitude of adult risk
from prenatal or early childhood exposure in the atomic bomb study is currently
limited to ages <47 years, so little is known about risk at the ages of the greatest
cancer expression. Therefore, careful cancer mortality and incidence follow-up of
the in-utero cohort should be given a high priority so as to provide data to improve
risk estimates.
(407) The cancer risk estimates from in-utero exposure for various systems and

organs have wide confidence intervals owing to the low doses and the limited sample
sizes in available studies. Hence, there is insufficient evidence to infer any tissue
weighting factors for in-utero irradiation. Given that the lifetime risk from in-utero
irradiation may be sizeable, although it is very uncertain at this time, careful con-
sideration needs to be given to radiation protection measures for the embryo and
fetus. This is of particular concern in the early weeks after conception when occu-
pational or medical radiation exposures may occur in the context of unrecognised
pregnancies. The analyses of radiation effects from radiation exposure early in
pregnancy (various analyses examined irradiation during the first trimester, the first
8 weeks, or the first 4 weeks) showed radiation risks during the early postconception
period, albeit they were difficult to quantify because the numbers were small and the
uterine doses had large uncertainties. No information is available on human cancer
risk from irradiation in the pre-implantation period.
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9. SUMMARY AND CONCLUSIONS
9.1. Introduction

(408) The developing embryo and fetus are radiosensitive during the whole pre-
natal period in utero. Cell proliferation, differentiation, and migration are the
determining processes during prenatal development from the fertilised oocyte
(zygote) to the fetus at birth. Ionising radiation can interfere with all three events,
but radiosensitivity varies during the developmental stages and with respect to
various biological effects.

9.2. Pre-implantation period

(409) During the pre-implantation period, the lethality of the embryo is the dom-
inating effect. Experiments with rodents and dogs are the source of data for this
prenatal period. Low-LET radiation of 0.1 Gy or less can cause pre-implantation
death at certain radiosensitive stages. The overall LD50 for stages from the zygote to
expanded blastocysts is in the range of 1 Gy. For cyclotron neutrons (average energy
around 6 MeV), relative biological effectiveness (RBE) values of about 3 have been
observed. Tritiated compounds which are incorporated into the chromatin (DNA
precursors and certain amino acids) show a much higher radiotoxicity than tritiated
water.
(410) The death of these embryos is mainly caused by cytogenetic damage. Chro-

mosomal aberrations develop during the brief cell cycles of these rapidly dividing
cells and correlate with the death of the embryos. RBE values are very similar for
both biological endpoints (chromosomal aberrations and cell death). DNA repair
processes are very efficient during these early developmental processes. However,
experiments with mice have shown that an adaptive response is not induced during
these stages.
(411) In rare cases in some mouse strains, it is possible to induce malformations by

exposure to low-LET radiation as well as to neutrons during the early pre-implan-
tation period. These effects are due to genetic predispositions for the development of
specific malformations. Similar effects have also been observed with alkylating
agents. RBE values have been determined for neutrons for these effects. Irradiation
of the zygote has led to the induction of genomic instability that has been observed
in cells from fetuses that have developed from these zygotes. These effects can be
transmitted to the next mouse generation.

9.3. Organogenesis and fetogenesis

(412) The types of intra-uterine damage induced by radiation during organogen-
esis or fetogenesis are predetermined by the natural sequence of developmental
steps. Since the sequence of basic differentiation processes is identical in mammals
and humans, radiation-induced as well as embryotoxic responses are altered in the
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same way in various species if toxic agents act on homologous developmental stages.
Reference to such stages is thus the basis for extrapolations from animal data to
humans. Transfer of experimental results to radioprotection in man is mainly based
on radio-embryologic studies with rodents, especially mice and rats. Improvement in
risk estimates can be expected from experimental studies referring to dose–response
relationships including thresholds. The main categories of prenatal radiation effects
studied after exposure during organogenesis or fetogenesis are represented by
embryonic or fetal death, malformations, and growth retardation.

9.3.1. Lethality in utero

(413) Postimplantation death, as measured by litter-size reduction and resorption
rates, reaches a maximum after acute exposure on days 7–8 postconception in mice
and 1 day later in rats. This stage of early organogenesis corresponds with day 16
postconception in humans. Data obtained from experiments with mice or rats
exposed to low-LET radiation between days 5–10 postconception fit in their major-
ity dose–response curves with a shoulder. The shoulder regions are mainly expressed
at doses of about 1.0 Gy. To a certain degree, a modification of the dose–response
curve by recovery processes is thus likely to occur. However, experiments performed
with sufficiently large numbers of animals (mice) revealed that doses in the range of
0.05–0.5 Gy may affect intra-uterine survival in a way that the dose–response curves
drop significantly below the control level before they enter the shoulder region.
These specific features of low dose responses were attributed to a naturally occurring
fraction of less vigorous embryos or fetuses. Corresponding implications of indivi-
dual variability within the lower dose range have obviously been disregarded in the
past.

9.3.2. Malformations

(414) In contrast to lethality as a single definite endpoint, complications in the
assessment of malformations arise from both the broad variety of inducible types
and the degree of their expression. The occurrence of systemic defects or organ-
specific defects depends mainly on the developmental period in which the exposure
takes place. Gross morphogenetic damage results from induction defects during the
formation of the early body axis and the closure of the brain primordia and the
neural tube. During the subsequent period of major organogenesis, there is a con-
densed sequence of differentiation processes during which most organ primordia are
formed. In mice, the peak incidence of induced defects is reached on days 7–8 post-
conception, and organ-specific malformations reach their maximum after exposure
on days 10–11 postconception (1–2 days later in rats). Homologous stages in
humans occur at about days 16–18 postconception and days 29–32 postconception,
respectively.
(415) Numerous studies with rodents allow the determination of ‘critical periods’

for the induction of various malformations within one or two developmental days.
The term ‘stages of enhanced sensitivity’ is now preferred, since some malformations
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(exencephaly, cataracts, thoraco-abdominal hernias) show temporal extended
induction periods. However, influences of genetically predisposed animal strains
should be considered in these cases.
(416) Discrepancies in the assessment of dose-related responses including terato-

genic thresholds can mainly be attributed to the paucity of complete dose–effect
series with sufficient animal numbers, to the selection of evaluation criteria, and to
strain-specific influences. Several studies give examples of discontinuous dose–
response curves for external malformations nearing control levels at about 0.5–1 Gy
and reaching maximum levels at about 2 Gy. On the other hand, curves approx-
imating linearity have been established for various external and skeletal malforma-
tions. Some of them indicated thresholds, whereas others gave rise to vague
speculations that a teratogenic threshold might not exist.
(417) However, complete dose–effect series with sufficient animal numbers show a

prevalence of sigmoid or shoulder-type curves for various external and skeletal
malformations, and indicate thresholds as expected for multicellular, i.e. determi-
nistic, effects. As a rule, shoulder regions followed by a steep inclination at higher
doses are expressed at doses of about 1.0 Gy. The shoulders are preceded by a flat
section below the control level. Thresholds (specifically for skeletal malformations)
become evident within the dose range of 0.05–0.25 Gy. These tend to be lower for
induction defects and higher for organ-specific defects. The discontinuity of the
initial part of the curve is likely to reflect less morphogenetic stability of subcohorts.

9.3.3. Growth responses

(418) For technical reasons, determination of prenatal growth responses is mainly
based on fetal weights shortly before birth. These reflect a momentary growth status.
The term ‘growth retardation’ is widely used as a synonym for fetal underweight,
but implies more precisely the failure of embryos or fetuses to maintain their
expected growth potential at any gestational age. There is evidence that radiation-
induced deviations in organ and body growth fluctuate due to an interaction
between retardation and compensatory processes. Organismic influences may be
involved in retardation effects, but the main mechanism of action is likely to be cell
loss. Compensation for cell loss is more likely when exposure occurs earlier in
development, whereas regenerative capacity diminishes as differentiation proceeds.
Concomitant with incomplete cell substitution, topographically normal but overall
retarded organs or fetuses are ‘reconstituted’.
(419) After acute low-LET exposures to doses above 0.25 Gy, response curves

nearing linearity seem to prevail for underweight rodents near term. Various obser-
vations on underweight fetal mice indicate that the slopes of curves obtained for
different exposure days differ markedly in their gradation from the phase depen-
dency described for lethality and induction defects. Exposures during early embry-
ogenesis thus cause a lower weight loss than during early fetogenesis. After
moderate doses, mice and rats reach the highest sensitivity to fetal weight loss after
exposure during advanced organogenesis. These patterns of phase dependency are
less uniform in the high dose range.
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(420) Compiled data obtained from experiments with rodents indicate a threshold
for growth retardation of about 0.25 Gy during the more sensitive stages of devel-
opment, and of about 0.5 Gy during the less sensitive stages of development. The
existence of thresholds is further confirmed by phenomena of overgrowth observed
in the low dose range without interference of nutritional factors. Besides this, over-
growth may be caused by overnutrition due to pronounced litter-size reduction
during early development.

9.3.4. Modification of intra-uterine damage

(421) Influences of radiation quality and temporal dose distribution represent the
main modifying factors of developmental radiation effects. The RBE of qualitatively
different radiation has mainly been studied after acute exposure to cyclotron neu-
trons. Studies on modifying influences of the temporal dose distribution refer to
experiments in which dose-rate effectiveness factors (DREF) were determined after
fractionated x or gamma irradiation and also after continuous exposure.
(422) After low-LET radiation, dose–response curves with a shoulder are pre-

valent, whereas following high-LET radiation, curves are comparatively steeper and
have no shoulder. The formation of a shoulder generally indicates a relative stimu-
lation of repair and recovery processes, and these are suppressed after high-LET
radiation. Assessment of teratogenic effects studied in parallel experiments with
either x/gamma rays or neutrons indicate the same mechanisms of action. With
regard to medium levels of effects found for intra-uterine lethality, malformations,
and growth retardation, RBE factors in the vicinity of 3.0 were obtained.
(423) Promotion of repair and recovery processes as known from cellular low-

LET responses is consistent with the majority of findings from radio-embryological
studies. Sensitisation effects due to specific interference with the cell cycle by short-
term fractionation or protraction are likely to represent exceptions.
(424) Many experiments with rodents revealed an inter-related reduction of leth-

ality, growth retardation, and malformations concomitant with the degree of dose
protraction. Pronounced protraction may exclude the induction of certain types of
malformation observed after acute exposure. As a rule, incidence and severity of
teratogenic effects also decreases progressively with increasing numbers of dose
fractions. A survey of the literature supports the conclusion that irradiation
throughout pregnancy with exposure rates of less than 0.05 Gy/day is not measur-
ably deleterious to the surviving offspring. In mice, DREFs of 3.9 and 5.4 were
determined by comparing the doses at which 40% of fetuses (related to total
implantation numbers) remained normal either after acute exposure on single days
of organogenesis or after fractionated/continuous exposure during 8 days of
organogenesis, respectively.
(425) Complications inherent in the determination of DREFs should not be

overlooked when exposure occurs in the main phases or throughout prenatal devel-
opment. In these cases, it is difficult to decide how much time-factor effects depend
upon recovery phenomena or upon the temporal interference of the exposures with
the sequence of developmental processes. The latter means that the portion of dose
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committed during a specific developmental step is possibly too low to cause
significant damage, and the same could apply to subsequent steps.

9.4. Brain development

(426) The aetiology of radiation-induced developmental damage is characterised
by response chains with hierarchical levels of neurological defects, which are parti-
cularly expressed in the mammalian brain during its prolonged and complicated
genesis. After non-lethal exposure, response chains go along with the natural course
of development. This implies that manifestation of damage shifts to increasingly
higher levels of biological organisation before endpoints are reached during post-
natal life. Numerous studies of developmental radiation effects, specifically on the
brain of rats and mice, permit a systematic study of the transfer of effects and of
concurrent compensation responses. Thus, initial effects to directly exposed cells,
secondary effects to daughter cells and related tissues, long-term effects to the later
cell progeny and maturing tissues, and endpoints in the mature brain can be differ-
entiated.
(427) Damage initiation in the early developmental stages of the brain, its transfer

throughout newly formed cell generations, and concurrent compensation processes
imply different fundamental aspects requiring consideration of dose–response
relationships and thresholds.
(428) The probability of effects arising from single-cell events is linearly correlated

with the dose without a threshold. In contrast, all multicellular systems already
present in the early brain neuroepithelia respond in a deterministic mode. Effects are
not manifested until the portion of cells necessary to continue a developmental
process are affected.
(429) The pronounced sensitivity of early proliferating neuroepithelia is never-

theless accompanied by far-reaching capacities for cell substitution and tissue re-
organisation. Moderate initial damage is thus likely to be modified during sub-
sequent generations of daughter cells. However, compensation capacity dimin-
ishes as differentiation progresses. In this way, re-organisational processes
that lead to smaller structures overall tend to predominate over regenerative
processes.
(430) Later on, effects affecting brain maturation can be modified by phenomena

known as neuronal plasticity. This has to be considered for the transfer of effects.
These include compensatory processes, synaptogenesis and neurochemical respon-
ses, by which functional deficits may partly be covered.
(431) Cell formation in the brain entails natural redundancy of neurons. Particu-

larly during early postnatal stages, programmed cell death (apoptosis) acts as an
‘organogenetic tool’ by which redundant neurons are eliminated. Apoptosis may be
reduced by prenatal irradiation with the consequence of intermediate adaptation of
cell numbers. It is, however, conceivable that exhausted redundancy promotes neu-
ronal deficits, when cell loss progresses during long-term aging processes.
(432) The most significant period for the induction of long-term damage is the

‘window of cortical sensitivity’, roughly coinciding with the early and midfetal
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period in rodents and with weeks 8–15 postconception in humans. Experimental
evidence strongly suggests a transition from initially high to moderate sensitivity
towards the end of this phase.
(433) There is pronounced experimental evidence of high radiosensitivity of the

developing brain, and of thresholds for the numerous phenomena of damage.
Depending on the developmental stage and the irradiation dose, different compen-
satory processes are likely to produce an upward shift of thresholds after the initial
phase of damage has passed. The lowest experimentally observed doses causing
persistent damage at the anatomical and structural level are in the range of 0.1–0.3
Gy of acute low-LET radiation.
(434) Due to the far-reaching identity of the basic developmental steps, anatomi-

cal and neurostructural damage in mammals, including man, exhibits much more
homology than is expressed at the functional and behavioural levels. Particularly in
relation to primates and man, the comparability of defective higher central nervous
activity decreases with increasing taxonomic distance and is likely to become very
limited or impossible at the level of complex cognitive functions. Nevertheless,
thresholds for learning and behavioural impairment observed in rodents at doses of
about 0.2 Gy are remarkably similar to the lower bound of probability for mental
retardation derived epidemiologically from prenatally exposed atomic bomb
survivors in Hiroshima and Nagasaki.
(435) Major problems inherent in risk estimates arise from the fact that many

developmental effects in humans are diagnostically difficult or impossible to deter-
mine. Conclusions drawn from epidemiologic studies are based on complex neuro-
logical endpoints of insufficiently known aetiology. In this situation, animal
experiments and molecular studies are the only promising way to understand the
principles of the biological mechanisms. The basis for an extrapolation from animal
data to radioprotection in humans is given by an identical sequence of homologous
differentiation processes. This implies that the same types of damage occur if
exposure takes place during comparable developmental stages.

9.5. Mental effects in humans

(436) The Japanese atomic bomb study provides clear evidence that prenatal
radiation exposures at weeks 8–25 postconception result in clinical mental retardation
if the doses exceed a threshold value.
(437) The best estimates of the threshold values are about 0.6 Gy for exposures at

weeks 8–15 postconception and 0.9 Gy for exposures at weeks 16–25 postconcep-
tion, but the lower confidence limit on the threshold dose for both age cohorts is
about 0.3 Gy.
(438) At weeks 8–15 postconception, a radiation dose of 1 Gy would cause an

estimated 40% [95% confidence interval (CI) 22–57%] excess proportion with
mental retardation. A parallel estimate for children exposed at weeks 16–25 post-
conception was a 9% (95%CI=0–18%) excess proportion with mental retardation
if exposed to 1 Gy. However, these risk estimates should not be extrapolated down
to low doses because of the evidence for a threshold dose.
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(439) There is no evidence for a radiation effect on mental retardation rates when
prenatal exposure occurred at weeks 26+ postconception, and only case reports
exist suggesting the possibility of an effect at 3–7 weeks postconception following
high uterine doses (>5 Gy).
(440) For intelligence quotient (IQ) scores, a linear radiation dose–response model

provided a satisfactory fit for the atomic bomb cohort exposed at weeks 8–15 post-
conception, while a linear-quadratic model (with upward curvature) provided a
better fit for the 16–25-week cohort. However, a threshold model was not fitted to
these data. There is a suggestion of a threshold in that the mean score for the 10–90-
mGy group was nominally higher than that of the zero-dose group; however, it is
doubtful that a statistical test would have a narrow enough confidence bound to
identify this as a threshold.
(441) Under a linear model, the decline in IQ scores was about 25 IQ points/Gy

(95%CI=18–33) for the 8–15-week cohort and 21 IQ points/Gy (95%CI=13–30)
for the 16–25-week cohort when the cases of mental retardation were included. If
they were excluded, the respective declines in IQ were 21 IQ points/Gy
(95%CI=12–30) and 13 IQ points/Gy (95%CI=3–24). However, an alternate IQ
test administered in Nagasaki gave less steep slopes with respect to dose than the
main test used, which highlights the uncertainty in these estimates.
(442) The school achievement results also showed dose-related deficits for cohorts

exposed at weeks 8–25 postconception. For the 8–15-week group, the average
impact of a 1 Gy dose was equivalent to reducing school achievement potential from
the 50th percentile to the 10th percentile.
(443) There was moderate evidence of an association between radiation dose and

unprovoked (i.e. without fever or trauma) seizures for the 8–15-week cohort.
(444) It seems unlikely that other factors – nutritional deprivation, consanguinity,

home environment, depressed haematopoiesis, or physical defects – could account
for more than a small fraction of the mental deficits and disorders seen. Further-
more, the first three factors would apply to all the in-utero subgroups (including
weeks 0–7 and 26+ postconception) not just the 8–25-week subgroups, whereas the
radiation effects were limited to the 8–25-week subgroups.
(445) There are no clear-cut human data on prenatal irradiation and mental effects

with respect to the impact of dose fractionation or low dose rate, or to the RBE of
high-LET radiation.

9.6. Experimental carcinogenesis

(446) Lack of uniformity regarding radiation doses, gestational age at exposure,
and animal strains used in the reported studies makes it difficult to compare the
experimental data on cancer induction after prenatal irradiation. However, an ana-
lysis of the available data leads to the following conclusions.

� The late fetal stage in animals is very sensitive to the carcinogenic effect of
radiation, while the early developmental stages, pre-implantation and
organogenesis, are not found to be susceptible.
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� Irradiation in utero induces solid tumours but not leukaemia in experimental
mammals.

� The carcinogenic effect of in-utero irradiation can be modified by external
factors such as a second exposure to a chemical carcinogen, radiation quality,
and radiation dose rate.

� Prenatal exposure to high-LET radiation seems to be more effective than low-
LET radiation in inducing tumours.

� With regard to the overall cancer incidence, female mice have shown a higher
susceptibility than male mice. The major contribution to the excess incidence
comes from tumours of the female-specific organs (ovary, uterus, mammary
glands).

� From the available data, it is not possible to reach a clear understanding of
the dose–response relationship of cancer induction after prenatal radiation
exposure.

� Experimental data using internal emitters, although fragmentary, have
demonstrated the carcinogenic potential of transplacental absorption of
radioisotopes in mice.

(447) More studies using low dose range external exposures, as well as internal
administration of radioactive materials, are needed for critical evaluation of the
cancer risk in experimental animals, and to elucidate the mechanisms and
understand the dose–response relationship of cancer induction after prenatal
irradiation.

9.7. Childhood cancer

(448) Cancer in childhood (up to 15 or 20 years of age) accounts for 1–3% of the
lifetime burden of malignant diseases. In industrialised countries, leukaemia is the
most common paediatric neoplasm (around 30% of all cases) with about 80% being
acute lymphocytic leukaemia. A further 20% are brain tumours and about 20% are
lymphomas. In children less than 5 years of age, retinoblastoma, neuroblastoma,
and nephroblastoma comprise a large fraction of malignant neoplasms.
(449) These embryonal neoplasms derive from embryonal stem cells; epithelial

cancers are extremely rare in children less than 15 years of age. Thus the spectrum of
tumours differs considerably between children and adults. In-utero exposures may
play an important role in the development of these neoplasms. Induced and spon-
taneous cancer-causing mutations in somatic cells with a high proliferative capacity
promote tumour induction in children.
(450) Treatment of childhood neoplasms with radiation and/or chemotherapy has

been known to lead to the development of secondary cancers later in life. But under
these circumstances, embryonal tumours do not result. Sarcomas and carcinomas as
well as acute and chronic leukaemia are the secondary cancers. In developing coun-
tries, such as those in Africa, the Middle East and parts of South America, lym-
phomas exceed leukaemia. Many of these neoplasms have been associated with
viruses.
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(451) Some childhood cancers result from genetic predisposition; these include
nephroblastomas, neuroblastomas, neurofibromatosis type 1, and retinoblastomas.
In an appreciable number of these conditions, tumour suppressor genes are lost or
inactivated by mutations. Defects in DNA repair are less frequently genetically
predisposing to paediatric neoplasms.

9.8. Human cancer risk after prenatal irradiation

(452) The Oxford Survey of Childhood Cancers (OSCC), by far the largest case–
control study of in-utero radiation effects, indicates an appreciable risk of childhood
cancer of all types following diagnostic radiation and a dose–response relationship
(but with doses only crudely estimated).
(453) The OSCC study has methodological weaknesses, but its conclusions are

basically supported by other case–control studies and twin studies.
(454) The high risk estimate of the OSCC study (640 excess childhood cancer cases

per 10,000 per Gy, 95%CI=410–1000) should be tempered by two other pieces of
evidence: (i) only one childhood cancer death was seen in the Japanese atomic bomb
study when 8.8 would be predicted based on the OSCC risk estimate; and (ii) the
methodologically stronger cohort studies of in-utero irradiation showed essentially
no risk (composite relative risk of 1.0, 95%CI=0.7–1.4).
(455) The OSCC study found that the risk of all types of childhood cancer was

increased approximately equally following radiation exposure. This raises questions,
especially with regard to embryonal tumours (e.g. Wilms’ tumour, neuroblastoma),
and suggests the possibility that the positive effects seen may, in part, be due to
biases. The second largest study showed a larger relative risk for leukaemia than for
solid tumours.
(456) Analyses of the atomic bomb data suggest that the magnitude of cancer risk

in adulthood from in-utero exposure may be similar to that from radiation exposure
in early childhood. Follow-up of the in-utero and early childhood cohorts has not
yet been long enough to characterise the lifetime risk.
(457) The cancer risk from exposure during the first trimester appears to be as

great as that from exposure during the third trimester, albeit there is large uncer-
tainty because the numbers irradiated during the first trimester were small and doses
were not well known. No information is available on human cancer risk from
irradiation during the pre-implantation period.
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10. OPEN QUESTIONS AND NEEDS FOR FUTURE RESEARCH

(458) Many experimental investigations on animals and epidemiological studies on
humans have been reported after prenatal exposure to ionising radiation, and
important data have been obtained over the last decades that allow judgements
about radiation risks from such exposures. Nevertheless, certain questions still need
to be answered to improve these judgements. More information is needed about the
following points.
(459) Most experimental data have been obtained after acute radiation exposures

with high dose rates of low-LET radiation. In situations requiring radioprotection,
protracted/chronic exposures are dominant. Therefore, it is necessary to obtain
more knowledge about the effects of protracted or fractionated exposures. DDREF
factors cannot simply be extrapolated from other radiobiological information, as the
development of the embryo and fetus, which proceeds with different radio-
sensitivities during a protracted exposure, has to be considered in addition to the
general radiobiological recovery processes. Data from human studies with pro-
tracted exposures are almost nil.
(460) It is also desirable to obtain more information about the effects of high-LET

radiation and the incorporation of radioactive substances. Again, there are virtually
no data available from human studies. This is important for all developmental
stages but especially for brain development.
(461) In recent experimental investigations, it was observed that malformations

can be induced by irradiation during the pre-implantation period, but the mechan-
ism for this effect is different from that of the induction of malformation after irra-
diation during major organogenesis. It is usually assumed that malformations are
only induced during this latter period of mammalian development. In the early per-
iod, genetic predispositions are involved. This has to be evaluated in further studies
with other animal systems.
(462) Genomic instability has been found to be increased in fetuses after irradia-

tion during the very early stages of prenatal development, and this radiation effect
has been transmitted to the next mouse generation in one experimental study with
respect to an enhanced rate of chromosomal aberrations and developmental defects.
This is an important finding for radioprotection and must be investigated further
with respect to its generality.
(463) The risk of defects in brain development is still not clear in the low dose

range at low dose rates. While the existence of a threshold dose for mental retarda-
tion is supported by both human and experimental data, the situation is not so clear
for the reduction of intelligence quotient (IQ) scores after prenatal irradiation. More
data are needed to evaluate IQ reductions, and experimental investigations may also
be helpful.
(464) As our populations reach older ages, it becomes obvious that chronic mental

deficiencies gain more and more importance. It cannot be excluded that individuals
who received slight developmental defects of the brain from prenatal irradiation
may suffer more strongly from mental deficiencies in old age than unexposed
individuals. This is a completely open field that should be studied.
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(465) Experimental investigations can be helpful for the evaluation of cancer risk
after prenatal irradiation. Such studies can contribute, in particular, to the question
of differential radiosensitivity during various developmental stages. However, very
few solid data exist in this field. These results strongly suggest that the highest
radiosensitivity with respect to cancer induction exists at the late stage of fetogen-
esis, while from the very few human data available, it is assumed that the first tri-
mester shows the highest radiosensitivity.
(466) More data are needed to address the apparent discrepancy between the risk

estimates obtained from epidemiological cohort studies and case–control studies.
From the results obtained with the atomic bomb survivors, it is clearly important to
study the lifetime risk after prenatal irradiation instead of considering to age 15
years. Long-term follow-up of the in-utero irradiated atomic bomb survivors is
therefore a high priority.
(467) Variability of radiosensitivity between different mouse strains is compara-

tively high. This is the case for all biological endpoints where extensive studies have
been performed. In particular, this has been observed with respect to the induction
of malformations and cancer. In several cases, it has been demonstrated that the
genetic predispositions of the animals are responsible for these effects.
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APPENDIX A. ESTIMATED NUMBER OF CANCER DEATHS IN THE

IN-UTERO EXPOSED ATOMIC BOMB COHORT IF THE RISK

COEFFICIENT FROM THE OXFORD SURVEY OF CHILDHOOD

CANCERS (OSCC) IS ACCURATE

(A1) There were 807 in-utero irradiated children in the mortality cohort and the
mean dose was about 0.29 Sv. To compare the observed and expected childhood
(ages 0–15 years) cancers, we assumed an excess absolute risk (EAR) based on
Muirhead and Kneale’s (1989) calculation of 640 excess cancers/104 children/Sv
(95%CI=410–1000) for ages 0–15 years from the OSCC data. However, several
corrections need to be applied to this.

A.1. Radiation-induced cancers before age 2 years

(A2) Since cancer deaths occurring in 1946–1947 (i.e. at ages 0–1 year) were
ascertained poorly in the Japanese cohort (personal communication, Mabuchi
and Delongchamp, 1998), it was assumed that observation began at age 2 years.
There may have been some underascertainment of solid tumours prior to 1950
among atomic bomb survivors, but thorough searches were made for leukaemia
cases early on, so the ascertainment of leukaemia after 1947 is thought to be
reasonably good. We estimate from Bithell and Stewart’s (1975) age-specific data
that about 13% of the childhood cancer deaths for ages 0–15 years would have
been missed. Relative risks (RR) for radiation were no different at ages 0–1 year
than for the average across ages 0–15 years; Knox et al. (1987) reported an RR
of 1.42 at ages 0–1 year and a RR of 1.40 for ages 0–15 years. Therefore, it is
reasonable to reduce the EAR by 13% to account for missing the cancers before
age 2 years.

A.2. Japanese mortality rates and their ratio to British mortality rates

(A3) Based on Japanese national cancer mortality rates for 1950–1953, specific for
age and gender (personal communication, Dr. Dale Preston, RERF, 2001),1 we
estimated the expected number of childhood cancer deaths over the age range 2–15
years among the 807 in-utero-exposed children and obtained an expected value of
0.34 cancer deaths. To apply the excess cancer mortality estimate from the OSCC
study to the Japanese atomic bomb cohort, we assumed the magnitude of the excess
would be proportional to the background cancer mortality rates. From the UK
Office for National Statistics (2001) tabulation, total childhood cancer (ages 0–
14 years) rates by age and sex were obtained for 1945–1949, 1950–1954, and
1 The Japanese age-specific mortality rates (per 105 per year) for all cancers for 1950, 1951, 1952, and

1953, respectively, for males are: ages 0–4: 5.6, 5.5, 5.9, 5.8; ages 5–9: 2.7, 2.9, 3.2, 3.0; ages 10–14: 2.9, 2.7,

3.7, 3.2. For females, the respective rates are: ages 0–4: 4.2, 4.2, 4.4, 4.3; ages 5–9: 1.9, 1.8, 2.2, 2.7; ages

10–14: 2.0, 2.3, 2.7, 2.9 (personal communication, Dale Preston, RERF, 2001).
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1955–1959.2 The ratio of the expected childhood cancer deaths in Japan and the UK
proved to be 0.65.
(A4) After applying these assumptions and correction factors, we can calculate the

expected excess cancer deaths due to radiation exposure as: (OSCC risk: 640/104/Sv)
* (807 people) * (mean dose: 0.29 Sv) * (correction for missing ages 0–1 year: 0.87) *
(ratio of Japanese and UK childhood cancer rates: 0.65) to arrive at about 8.5 excess
cancer deaths that would be expected in the Japanese in-utero cohort due to the
radiation exposure. Adding the 0.34 spontaneous cancer deaths gives a total of
about 8.8 cancer deaths that would be expected between ages 2 and 15 years. Con-
fidence bounds are uncertain for this value. Applying the confidence intervals for the
OSCC radiation EAR estimate would give 95%CI=5.7–13.4, but there are addi-
tional uncertainties in the other factors that would further widen the confidence
bounds to an unknown extent. The one observed cancer has an upper 97.5%
confidence bound of 4.9.
(A5) There is a nominal discrepancy between the confidence bounds of the

expected and observed values for total (spontaneous plus radiation-induced) cancer
mortality risk, but the observed and expected numbers may be marginally compa-
tible with each other given that a realistic lower bound on the expected number of
cancers is smaller than the stated bound because of other unquantified uncertainties
in the estimation process. Nevertheless, the results of the Japanese atomic bomb
study lend scant support to the OSCC risk estimate.
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