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ANNEX H

Radiation effects on the developing human brain
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INTRODUCTION

1.  The developing human brain has been shown to
be especially sensitive to ionizing radiation. Mental
retardation has been observed in the survivors of the
atomic bombings in Japan exposed in utero during
sensitive periods [M2, M3, O1, P1, T1, W1, W2], and
clinical studies of pelvically irradiated pregnant
women have demonstrated damaging effects on the
fetus [G1, I1, M1, Zd4]. The sensitivity of the brain
undoubtedly reflects its structural complexity, its long
developmental (and hence sensitive) period, the
vulnerability of the undifferentiated ncural cells, the
need for cell migration to functional position and the
inability of the brain to rcplace most lost neurons.

2. Previous UNSCEAR reports have considered the
gencral developmental effects of prenatal irradiation.
In the UNSCEAR 1977 Report [U4}, mainly animal
data were considered. In the UNSCEAR 1986 Report
[U2], more rccent animal data and, to the extent
possible, data on effects in humans were considered in
order to derive risk estimates. The risks of effects,
including mortality and the induction of malforma-
tions, leukacmia and other malignancies and mental
retardation, were assessed to be 0.4 Gy’l at the time
of peak sensitivity and 0.1 Gy'1 in less sensitive
periods. These values were derived on the assumption

that the induction of cffects is linear with dose. In the
UNSCEAR 1988 Report [Ul], these findings were
summarized with the further statement that the risk
estimates "may need substantial revision downward
(particularly in the low-dose ranges)" and that "the
Committec intends to review this in the near future”.
These points are considered in the further study
outlined in this Annex.

3. The most significant point to investigate is
whether the revised dosimetry system (DS86) [R1] for
the survivors of the atomic bombings in Japan alters
the interpretation of results previously gained and,
therefore, requires the risk estimates to be changed. In
particular, it will be necessary to establish whether it
should be assumed that there is lincarity of the dose-
response and whether there may be thresholds of doses
for effects at particular stages of fetal development.

4. In this Annex the emphasis is on reviewing the
results of the study of the survivors of the atomic
bombings in Japan. The results of other human epide-
miological investigations and of pertinent experimental
studies provide supplementary information, and these
have been considered as well.

I. THE HUMAN BRAIN

A. DEVELOPMENT

S.  The brain is the culmination of a long and
interrelated sequence of molccular, cellular and tissue
events. Some of these occur before birth and some
after. Those occurring before birth are classifiable on
the basis of the time after fertilization at which they
occur as either embryonic or fetal. Conventionally,
embryogenesis  describes  the phase of prenatal
development from the appcarance of the embryonic
disk to the end of weck 8 after fentilization. After this

time, the developing organism is called a fetus, Most
of the structural complexity of the brain evolves in the
fetal period through a series of intcrconnected events
involving the production of ncuronal cells, their
migration from the periventricular proliferative zones
to the cortex, their further differentiation, their growth
in size and complexity of structural and molccular
organization, and the establishment of primary neuritic
processes that contribute to the emerging ficlds of




ANNEX H: RADIATION EFFECTS ON THE DEVELOPING HUMAN BRAIN 807

connection. The details of these developmental events
have been described clsewhere [C6, C7, 11, M8, M9,
015, R2, R6, R10, R11, S17, U2] and will not be
revicwed in depth here. In this Annex, discussion will
be limited to certain general principles of brain deve-
lopment that have emerged largely in the last scveral
decades and to recent experimental and cpidemiologi-
cal findings that bear on an understanding of the
mcchanisms through which prenatal exposure to
ionizing radiation can lcad to brain dysfunction.

6.  One of the first differentiation cvents in the very
carly embryo is the appearance of discrete neural pre-
cursors, the neuroblasts, which separate from a defined
region of the primitive ectoderm. These cells arc
aggregated around the ventricles of the developing
brain, and their descendants will populate the cortex.
The mcchanisms that operate within this ventricular
zone to determine the ultimate fate of immature cor-
tical cells are not well understood. However, evidence
accumulates that in carly corticogenesis there is a
cooperation among the cells in the proliferative zone.
For cxample, recent studies have shown that the
neuroblasts in the proliferative zone are physiolo-
gically coupled by gap junctions into clusters of 15-90
cells [LA]. This has been demonstrated through the use
of a low molecular weight dye, Lucifer yellow, that
can be injected into a single cell and can casily pass
through gap junctions from one cell to another. To
distinguish between coupling through gap junctions
and coupling through cytoplasmic bridges, possibly
stemming from membrane fusion, the investigators
also injected into single cells horseradish peroxidase
(HRP), which does not pass through gap junctions
because of its molecular size but can pass through
cytoplasmic bridges. The injected HRP was invariably
restricted to a single cell, indicating that the coupling
was not due to cytoplasmic bridges. Similarly, experi-
ments designed to decrcase the conductance of gap
junction channels and thus increase membranc resist-
ance showed that the membrane resistance of cells
within clusters was increased, but there was no
increasc in membrane resistance among non-coupled
neurons in the cortical plate. The coupled cells,
identificd by the cell to cell diffusion of Lucifer
yellow, form columns within the ventricular zone. The
clusters themselves allow direct cell-to-cell interaction
at the earliest stages of corticogenesis, and these inter-
actions could participate in determining the fates of
the developing ncurons. This behaviour suggests an
interdependency of the fate of these cells such that the
death of one, whatever the cause, could lead indirectly
to the impairment of the developmental potential of
others. Once migration commences, however, the
number of cells within the clusters decreases, and
apparently the individual immature neurons divorce
themselves from the clusters, since they can no longer
be shown to be dye-coupled.

7. It is important to note here that experimental
studies currently suggest that each cortical ncuron has
not only a designated date of birth but also a definite
functional address (see, e.g. [R16]). Since cerebral
neuronal cells proliferate in specific peri- or circum-
ventricular zones, proper function implies migration,
The event (or cvents) that initiates the movement of
post-mitotic, undifferentiated neurons from the pro-
liferative zoncs to their normal sites of function is still
unknown., However, once initiated, the movement of
cclls extends over weeks in aggregate, although an
individual ccll may reach its destination in a matter of
days at the most. The migratory process itself is an
active, timed phcnomenon dependent to a large degree
on an inleraction between the surface membranes of
the neurons and their guidance cells, on matrix
materials such as cytotactin and on the subsequent
morphological shaping of the two different families of
cells, neurons and neuroglia. Not all of the factors
involved in this phenomenon are known; however,
there is experimental evidence that a modification of
cell surfaces or spaces on or near the glial processes,
which guide the neurons during their movement, is
involved [F1]. The cells probably advance by making
adhesive contacts at their leading edges, or growth
cones, and then pulling themselves forward. Edelman
[E2], for example, has shown that specific molecules,
known as cell adhesion molecules, whose structure and
function are apparently under genclic control, play a
central role in these movements and that they do so
through local alteration of the cell surface. It has also
been demonstrated experimentally that within the optic
tectum the growth cones arc able to read gradients of
surface-associated information in the process of axonal
path-finding [B15]. Thus, any damage to the surface
membranes or impairment of these molecular proces-
ses, however transitory, could impair the timing of
migration. It is known, for example, that blockade of
the cell surface adhesion molecules with appropriate
antibodies prevents proper migration of external gra-
nule cells in cerebellar slices in culture {C9, H12, L3]
and would presumably also do so in vivo.

8. Two waves of neuronal migration take place
[R15]. The first of these commences at about week 7
after fertilization and appears to involve cells from the
inner area of proliferation, the ventricular zone. (Here
and elsewhere, unless specifically stated otherwise,
time is cxpressed in weeks following fertilization,
estimated from and therefore assumed synonymous
with time of ovulation.) The intermediate zonc through
which they pass is then sparsely structured and con-
tains few impediments to their movement. This wave
ceases at about week 10, when numerous nerve fibres
appear in the intermediate zone, which thickens
markedly., The second wave, numerically much the
larger, begins about week 10, normally terminates
about week 15 or so and involves cells from a zone
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further from the lumen than the zone from which the
earlier migrants came. This time the migratory cells
must traverse a denser intermediate zone and move
past those carlier formed ncurons that have already
migrated, are positioned and have formed connections.
The later-formed ncurons are assisted on their way to
the cortical plate by the long processes of specialized
cells, the radial glia. At a subscquent time, the radial
glia will begin to divide anew and become differentia-
ted into astrocytes. However, at this juncture, they
scemingly serve two functions: first, to guide the
migrating neurons through the densely packed inter-
mediate zone and secondly, to ensure the faithful
mapping of the ventricular surface onto the expanding
and convoluted cercbral cortex by preventing or mini-
mizing the intermixing of cells generated in different
regions of the proliferative zone. While the majority of
young neurons do migrate along these radial pathways,
some mixing of these clonally related cells occurs.
Walsh and Cepko [W8], using a retroviral marking
method in vivo, have shown that in the rat some
labelled cells appear to migrate up different radial glial
fibres and even along the ventricular surface, perpen-
dicular to the fibres themselves. The latter form of
migration could cause a wide dispersion of related
cells and suggests that the pathways for neuronal
migration are far more complex than the simple routes
offered by radial glia. It is not yet clear how common
this occurrence is, whether it is species-dependent or
whether all of the labelled cells are indeed clonal or
reflect an inhomogeneous distribution of the viral label
[K13]. However, these authors, using a new method to
identify the functional specification of the progenitors
in the cortex, have recently confirmed their earlier
findings and argue that this widespread and numeri-
cally significant dispersion of neuronal clones implies
that the functional specification of cortical areas
occurs after neurogenesis [W14]. O’Rourke et al.
[O14] have confirmed these observations with time-
lapse confocal microscopy.

9.  The cellular and molecular mechanisms of cell
migration are not yct well understood, and little atten-
tion has heretofore been paid to cell membrane proper-
tiecs and changes in ionic concentration during cell
movement. Only recently, for example, has it been
recognized that migrating neurons in the developing
central nervous system cxpress voltage-sensitive ion
channels before they reach their final destination.
Thesc channels appear to play a transient but specific
developmental role in directing the migration of
immature neurons. Thus, Komuro and Rakic [K14]
have shown, using laser scanning confocal micro-
scopy, that in the mouse cerebellum, granular neurons
will not migrate until they have begun to express
N-type (conotoxin-sensitive) calcium channels on their
plasmalemmal surface. If these specific channels are
inhibited by the addition of conotoxin to the tissue

culture medium, the neurons will not migrate; how-
cver, the inhibition of other calcium channels, as well
as those of sodium and potassium, had no cffect on
the rate of granule cell migration. Accordingly, they
speculate that "the carly cxpression of conotoxin-
sensitive calcium channels in postmitotic cclls may be
an essential prerequisite to both the initiation and the
cxccution of their movement”.

10. Once migration has ccased, the fate of the
migrating cells will ultimately depend on their abilities
to connect with other neuronal cells; formation of
these axonal pathways is a competitive phenomenon,
and those cells that do not form the connections that
allow stimuli to be passed from one cell to another
will die and disappcar. How these growing necurons
find their targets has been one of the central problems
of neurobiology for the last 40 or so years. It is now
generally believed that the answer lies in chemo-
affinity, that is to say, that the biochemical
specification of growing axons is crucial in leading
them to their appropriate targets [S15]. The precise
nature of this process is unclear, and competing
theories exist. Some speculate that there is a structural
or strict chemospecificity in which the ultimate pattern
rests on the complementary recognition of mutually
specific cell surface markers, but this implics the
existence of a very large number of such markers,
much larger than has yet been identified. Others argue
that the pattern ariscs through a regulatory or dynamic
modulation of a relatively small number of specifi-
cities (see, e.g. [E2]). Evidence in support of this latter
notion can be found in the fact, as previously stated,
that late-formed necurons must migrate past those that
have already migrated, arc positioned, and have
formed connections. Chuong ct al. [C9] have shown
that modulation of the neural cell adhesion molecule
(N-CAM), which is present on all neurons (but not on
the glia), or of the neuralglial cell adhesion molecule
(Ng-CAM), which binds neurons to glia or glial
molecules such as cytotactin, is implicated in the
differential adhesiveness and regulation of this passing
movement. N-CAM exists in two forms, an adult and
an embryonic, which differ in their degree of
sialylation. The embryonic form, E-N-CAM, is highly
sialylated, whereas the aduit form is not. In the
cerebellum, E-N-CAM is never expressed in the
germinal zone of neuroblasts destined to form or
forming the external granular layer. It is, however,
expressed by the granule cells during their migration
but cecases to be demonstrable when these cells have
reached their final position in the internal granular
layer. Other cerebellar cell types do express E-N-CAM
as histogenesis unfolds, but they, too, cease to do so
with the overt cessation of cerebellar histogenesis
[H14]. These findings suggcest that E-N-CAM is only
characteristic of growing and moving cellular
structures.
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11. Establishment of the proper axonal pathways
cntails cooperativeness as well as competition. It has
been shown that in the developing mammalian telence-
phalon there cxists a special group of carly arising
ncurons, the subplate or transient pioneer neurons, that
arc instrumental in the laying down of the first axonal
pathways and may be essential to the cstablishment of
permancnt subcortical projections [K4, M13]. These
subplate neurons will disappear in postnatal lifc after
the adult pattern of axonal projections is well estab-
lished. It is also known that in the development of the
central nervous system in some invertebrates, the
grasshopper for instance, if the pioneer cells are
prevented from differentiating through heat shock, the
sensory growth cones that would have migrated along
the pathways established by the pioneers are blocked
and fail to reach the central nervous system [K4].
While the death or failure of a pioneer cell to
differentiate may not always preclude the establish-
ment of a specific pathway, since the function of the
pioneer may be assumed by another cell, it is clear
that in some instances the pathway will not develop if
the pioneer cell is prevented from differentiating.
Moreover, at least in some inscct species, where the
geometry of a specific neuronal pathway may be quite
complex and involve sharp angles, it has been shown
that other specialized cells contribute to the delineation
of the pathway. These cells have becn called "land-
mark" cclls, and their presence and proximity appa-
rently signal the pioneer to change course. Finally, as
knowledge of the embryology of the brain increases
and recognition of the functional specificity and
diversity that exists among neurons grows, it becomes
more plausible to assume that the loss of relatively
small numbers of ncuronal cells could have an effect
on brain development out of proportion to the actual
number of cells that are killed or whose differentiation
is impaired.

12.  Some cerebral neurons, presently thought to be
relatively few in number, do not have their origin in
the circumventricular proliferative zones but arise else-
where and migrate into the cerebrum. It has been
shown, for example, that those neurons that sccrete the
hormone that releases the luteinizing hormone, the one
responsible for stimulating production of the sex hor-
mones testosterone and oestrogen, actually have their
origin in the olfactory placode. These neurons, known
as LHRH cells, begin to migrate from their sites of
birth in the placode through the olfactory bulb and
into the cercbrum at about gestational day 12 or 13 in
the mouse, following the terminal nerve (nervus termi-
nalis). Most of the migration is completed by gesta-
tional day 16, and the cells, which are ciliated and
morphologically distinguishable from other neurons,
are diffusely distributed through the cerebrum [S9,
W7]. These cvents in the human would be occurring
at about 12-14 weeks after fertilization.

13.  Many arcas of the mammalian brain are charac-
terized by repeated cnsembles of anatomically and
physiologically distinguishable nerve cells. Among
such ensembles arc those of the barrels and columns
scen in the somatosensory cortex, the pattern of
glomeruli in the olfactory bulbs and the columns of
the visual cortex. Understanding the development of
these neuronal asscmblages has an important bearing
on the nature of critical periods, the manner in which
ncural information is stored and the age-dependent
ncuronal responsc to injury. Progress in this under-
standing has been slow for lack of suitable study
techniques, and it has not been clear whether the
initial assemblages persist or whether they are lost or
gained as the brain develops. Recently, LaMantia et al.
{L2] have been able to show that with regard to the
glomerular pattern in the olfactory bulbs, the brain is
gradually constructed by the addition of new glomeruli
to a persisting population, without apparent losses
from the original population. Customarily regressive
phenomena (cell death, synaptic loss and axon climi-
nation) are known to play an important role in the
development of the brain, but their findings suggest
that these regressive events must proceed during the
construction of olfactory neural circuits, if they occur
at all in this region of the brain. However, LaMantia
et al. [L2] note that the olfactory system has several
extraordinary featurcs that may lead to an exaggeration
in the elaboration of these functional units in the
olfactory bulbs. These findings suggest a need to
reconcile the observation that some portions of the
brain evolve through ongoing construction with the
commonly accepted notion of development through the
selection of uscful circuits from a larger initial
repertoire (see, e.g. [E2]).

14. Three general features of the development and
organization of the human brain and its adnexa are
important to an understanding of the nature of its
vulnerability to malformation or maldevelopment,
namely:

(a) the brain is onc of the most complex organs of
the body, with an involved architecture in which
different functions are localized in different
structures. Differentiation of the latter takes
place at different times and for different dura-
tions. This is particularly true of the develop-
ment of the necocortex, which proceeds over a
long time;

(b) brain function critically depends on the disposi-
tion and interconnection of structures and cells,
neuronal and glial, and normal structure and
function hinge on an orderly sequence of events
(cell division; programmed cell death; migration,
including the positioning and sclective aggrega-
tion of cells of the same kind; differentiation
with the acquisition of new membrane proper-
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tics; and synaptic inter-connection), each of
which must occur correctly in time and space.
Both cooperation and compeltition are involved
in many of these cvents;

(c) the ncurons of the cercbrum are not self-
renewing. The capacity of ncuronal precursors to
divide is exhausted during the populating of the
cerebral cortex and culminates in differentiated
ncurons that do not undergo further division.

Proper cortical function depends ultimately not only
on the quantity of neuronal cells but their quality as
well, and the latter depends, in turn, upon a variety of
cellular and molecular processes, some intrinsic to
these cells but some not. This has been particularly
well illustrated through studies of the genetic disease,
ataxia-telangicctasia (see [B17]).

15. Summary. The majority of neurons in the
developing central nervous system migrate from the
site of their last cell division to their final, functional
position. The processes of acquisition of this position,
the endowing of neurons of the six cortical layers of
the cerebrum with their laminar identities and the
parcellation of the neocortex into over 40 functionally
distinct areas remain poorly understood and pose a
major problem for neurobiology [S18]. Understanding
these phenomena and the plasticity of the brain, i.e. its
capacity to continually remodel itself, is also central to
understanding how exposure to ionizing radiation
impinges on the cytoarchitectonic structure of the
central nervous system and its functioning.

B. DEVELOPMENTAL DEFECTS

16. Maiformations of the brain may occur either in
the course of major organogenesis, or take place dur-
ing the differentiation and growth of the brain mantle.
Among the former defects are malformations such as
anencephaly and cncephalomeningocele, which repre-
sent failures in the normal formation and elevation of
the neural folds and the subsequent proper closure of
the neural tube [M11, M15, O4), and boloprosence-
phaly, which reflects the failure of the forebrain to
divide into hemispheres or lobes. At this time, the
undifferentiated neural cells retain their regenerative
capacity, and tissue damage can theoretically be
repaired. The closure of the neural tube and the
division of the prosencephalic vesicle take place
relatively rapidly, probably within a few days [OS].
These events occur carly in embryogenesis, 4-6 weeks
after fertilization.

17. Disturbances in the production of ncurons and
their migration to the cerebral cortex give rise to mal-
formations of the brain mante [S1, S2]. Recent ad-
vances in developmental neurobiology have shown that

many of these siem from failures in the normal inter-
actions of cells (neural and non-neural) during the
development of the primate brain. Normal interactions
hinge upon (a) production of a sufficient number of
neurons; (b) their appropriate positioning; (c) estab-
lishment of the requisite cell shapes; and (d) formation
of synaptic connections [R3, R4, R5]. Among such
malformations are, for example, an absent corpus
callosum or a disorganized cortical architecture, which
may later result in abnormal fissuring of the cerebral
hemispheres, heterotopic cortical grey matter and
microcephaly.

18. The sensitivity of the differentiating neural tissue
to damage changes with age, and so does its capacity
to replace damaged celis. It is therefore impossible to
say whether the intrinsic or apparent sensitivity of the
structures changes as a function of time. At any given
time in development, the probability of causing abnor-
malities, and their scverity, changes as the dose of the
teratogenic agent changes. Moreover, for a given dose,
damage can vary as a function of the time in develop-
ment at which the insult occurs, and therefore defects
that arise in the growth and differentiation of the brain
mantle, unlike those that arise in the course of organo-
genesis, can also differ substantially in severity.
Broadly stated, the sensitive period for such abnorma-
lities is months instead of days. The longer sensitive
period and the limited repair capability must be
important reasons why these malformations are much
more common than organogenetic ones [D7]. The
complexity of the origin of these defects is illustrated
by the relationship between brain function and cellular
repair that characterizes the human genetic disorder,
ataxia-telangiectasia [B17, C13, C14]. In addition to
the neurological defects ataxia-telangiectasia is also
associated with immunodeficiency, an elevated inci-
dence of lymphoreticular neoplasms and in vivo/in
vitro cellular radiosensitivity [C13]. Recent molecular
studies suggest that the primary defect in ataxia-tel-
angiectasia may center on the misrepair of DNA
double strand breaks (sec Anncx E, "Mechanisms of
radiation oncogenesis") and given the dramatic neuro-
logical dysfunction that characterizes the disorder it
may be concluded that DNA repair is critical for
neuronal development and maintenance.

19. The cells of the different structures of the brain
are produced at different times. If the proliferating
ventricular and subventricular cells are damaged
during periods when a certain cell type is being pro-
duced, the loss may be permanent, Thus, a brief insult
may lead to the preferential damage to a particular
region and consequently cause a permanent functional
or behavioural abnormality.

20. The period of maximum sensitivity or
vulnerability to developmental disorders is understood
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as that period in development during which defined
teratological cffects are most likely to be produced.
This does not imply that some malformations can be
produccd only at ccrtain times but rather that a given
dosc is more cffective at some stages {U4] and that
the duration of the period of cffectiveness may be
broadened by increasing the dose. Table 1, adapted
from Williams [W10], sets forth the weeks after [erti-
lization at which major developmental features of the
brain evolve. By extension, it would be possible to
suggest the damage that could ensue if the normal
pattern of orderly differentiation and development did
not occur (see also [J2, Z2)).

1. Cerebral and cerebellar abnormalities

21. The critical period for abnormalities in the
development of the cercbral cortex occurs when the
telencephalic matrix cells undergo their last cellular
division, begin to migrate to the cortical plate and
differentiate into specific phenotypes (see, c.g. [K8]).
The production of neuronal cells accelerates and their
migration to the cortical plate commences at about
week 8 after fertilization. Cortical neuron production
has largely terminated by week 16 after fertilization.
Subsequently the laminar cortical structure becomes
apparent and dendritic arborization, a process that
extends into postnatal life, begins. Migrational crrors
involving the superficial cortico-cortical cells of the
developing brain, or the loss of some of these cells,
can lead to convolutional abnormalities [C2, G7],
which since neuronal function follows position, may
in turn contribute to the origin of functional and
behavioural abnormalities.

22. Disorders such as the dyslexias (severe inabili-
lies to read) appear to be due to aberrations in specific
cortical areas [GS5, K2). Galaburda et al. [G6], for
example, have described a severely dyslexic chbild with
small focal wartlike accumulations of ectopic neurons
in layer I and scattered focal cortical dysplasias; these
aberrations were confined to the speech region of the
left hemisphere. Other cases with comparable

structural  abnormalitiecs have been described
subsequently.
23. Similarly, auditory, olfactory and visual

anomalies could be the consequence of damage to the
specific cortical arcas involved in these sensory
functions rather than to the end-organs themselves or
to specific sensory fibres in the corpus callosum [G9].
In the case of olfaction, at lcast, damage can
apparently arise through a failure of the LHRH cells
to migrate into the cerebrum, since anosmia is a part
of the syndrome of hypogonadism and hypergonado-
rophism known to be associated with migrational
errors in these cells [S9].

24, Hypoplasia with deranged cortical structure
stemming from injury to the cxternal granular matrix
is the most common abnormality of the cerebellum.
Although some ccll classes, c.g. the Golgi Type 11
cells, are generated early in the cercbellar anlage,
other and more numerous cclls, such as the granular
neurons, are generated late. Overall, cerebellar growth
starts later, proceeds more slowly and thercfore ends
later than that of the rest of the brain. This bimodal
and protracted growth may account for the differential
susceptibility of the cerebellum to growth restriction
[R3]. In all major respects, the development of the
human cerebellum resembles that in other mammals,
when allowance is made for the different timing of
birth relative to brain development [D6]. Because of
its unique devclopmental sequence, in which two
populations of ncurons are generated at opposite sides
of the cortical plate and migrate in a subsequent phasc
to bypass cach other, the ccrebellum is the most
frequent site of genetic abnormalities [C1].

2. Abnormalities of the brain adnexa

25. Abnormalitics involving the brain adncxa arise
from cither maldevelopment of the end-organs them-
selves, the eyes or ears, for example, (sce [O11] for a
description of the carly normal development of these
organs), or in the processing of the signals transmitted
from these organs to the brain, or both [O6]. Failures
in signal processing could be the consequence of a
defect in the optic or auditory nerves or in the various
cortical arcas involved in auditory, olfactory and visual
function.

26. Defects in the optic tract, for instance, could be
manifested as aberrations in the field of vision, their
nature and extent depending on the severity of the
damage. Total destruction of the retina or the optic
nerve would result in blindness. Damage to the optic
chiasm could give rise to total or unilateral blindness,
depending on the location and severity of the lesion.
Damage to the iris could culminate in a coloboma or
be manifested as heterochromia or other pigmentary
disturbance. Neither of these latter defects have been
seen, however, among the prenatally exposed survivors
of the atomic bombings [K12].

27. Rhinencephalic damage could, if severe, produce
anosmia, and if less severe, an inability to perceive
specific classes of odours, a selective anosmia.
Whether such prenatal damage to the brain adnexa can
be subsequently ameliorated is unclear; however, some
experimental cvidence, bascd on the exposure of only
a portion of the brain, suggests that the undamaged
areas can compensate for the loss of function in the
damaged rcgions. If such amelioration is possible, the
effects of prenatal irradiation will be more difficult to
assess. Special neurons in the nose arc capable of
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detecting a myriad of odors and communicating these
to the brain. These neurons, unlike most others, when
they age and die, are replaced with new ones derived
from a population of progenitor cells in the nasal
epithelium. These new neurons will acquire chemosen-
sitivity and form synaptic connections in the olfactory
bulb of the brain. This process occurs continuously,
but despite this constant change the sensc of smell is
normally quite stable. Whether this would be true
following exposure to ionizing radiation is not known.

28. Summary. The cells of the different structures
of the brain are produced at different times, and hence
the sensitivity of these structures to damage changes
with age at exposure, A bricf insult that might at one

stage of embryogcenesis have little or no effect can, at
another stage in development, lcad to preferential
damage to a particular region and conscquently cause
a permanent functional or behavioural abnormality. At
any given time, the probability of causing abnormali-
ties and their severity change as the dose of the terato-
genic agent changes. For a given dose, however, de-
fects that arise in the growth and differentiation of the
brain mantle, unlike those arising in the course of
organogenesis, can differ substantially in severity,
since the scnsitive period for such abnormalities is
months instead of days. The longer sensitive period
and the limited repair capability must be important
rcasons why these malformations are much more
common than organogenetic ones [D7].

II. RADIATION EFFECTS

29. Ceclls that are actively dividing are more
responsive to radiation than those that only divide
occasionally, or cannot divide. Given the number of
proliferating cell populations in the embryo or f{etus,
it is to be expected that their tissues would be espe-
cially prone to radiation injury. This damage could
take a variety of forms, ranging from necrotic to apop-
totic death (sce, ¢.g. [G11, H10]) to the impairment of
the cell membrane without death. Apoptosis, that is,
programmed cell death, is the most common form of
cell death in the body and is particularly important in
embryo- and fctogenesis in the shaping and reshaping
of tissues and organs. It differs from death due to
necrosis in a number of ways. Normally the cell dies
quickly, within four hours or so, rather than through a
process that extends over a much longer period, as in
necrosis. Moreover, in apoptosis the cell membrane re-
mains intact as death occurs, whereas in necrosis the
integrity of the membrane is rapidly lost. Inoue et al.
[{I6] bave demonstrated that radiation-induced cell
death in the external granular layer of the cerebellum
of newbom mice is of an apototic nature.

30. Where and how exposure to ionizing radiation at
critical developmental junctures acts to impair brain
function is unknown at the moment. However, ioniz-
ing radiation could interfere in a variety of ways [B3,
B4, H1, H2, Y2

(a) radiation cffects could arise from the death at
mitosis of glial or neuronal precursors or both,
or the killing of postmitotic, but stiil immature,
neurons;

(b) such effects could result from an intrusion on
cell migration either through an alteration of the
cell surface phenomena that are involved,
through the death of the glial cells that guide the
migrating ncurons or through infringement on

gap-junction-mediated intercellular communica-
tion [F1]. It is not clear whether neuronal and
glial cells are equally radiosensitive; however,
disturbances of myelin formation, a mature glial
function, have been described in brain stem fibre
tracts in experimental situations following irra-
diation and appear more severe after exposure to
neutrons than to x rays [G7];

(c) abnormality might reflect an impaired capacity
of the neurons to connect correctly. The develop-
ment of neuronal connections, or synaptogenesis,
is a multifaceted phenomenon; it involves tim-
ing, space, surface-mediated competition and,
possibly, diffusible agents;

(d) irradiation could also lead to disoriented dendri-
tic arborization, or a reduced number of dendri-
tes or dendritic spines per cerebral cortical
neuron [BS, B6];

(e) programmed cell death, which is essential to the
development of the normal brain and its adnexa,
could also be accelerated or otherwise altered by
ionizing radiation.

If ccll death is not the sole mechanism through which
irreparable damage occurs and if ionizing radiation can
contribute to one or more of the levels or sites at
which ncuronal variation can arise, then there are
numerous possible effects, Edelman [E2], for example,
has identificd seven major levels of neuronal variation,
and within each of these there is commonly more than
one site at which variation can be envisaged (sce
Table 2). Relatively few of these sites or levels of
variation have been studied from a radiobiological per-
spective.

31. Distinguishing between the possible alternative
mechanisms of damage and sites of altered variation,
although formidable, is essential to more complete
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understanding of the nature of the effects of ionizing
radiation. How rapidly this understanding will be
attained is unknown, but there are promising develop-
ments. For example, the study of neuron-specific
proteins such as ncuron-specific cnolase, a cytosolic
form of the glycolytic enzyme enolase (phosphopyru-
vate hydratase), may provide a means to discriminate
between cortical dysfunction stemming from radiation-
related ncuronal death or necrosis, on the onc hand,
and crrors in migration, on the other [I4]. Enolase is
a dimeric enzyme composed of various permutations
of threc immunologically distinct subunits (alpha, beta
and gamma). Immunohistochemical studies, using anti-
bodics to the gamma subunit, have localized alpha-
gamma and gamma-gamma dimers specifically within
neuronal and neuroendocrine tissues. It is this speci-
ficity of distribution that makes neuron-specific
cnolase a useful marker not only for necuronal damage
but also for ncuroendocrine tumours. Coquerel ¢t al.
[CB], for example, have shown that the level of neu-
ron-specific enolase in the cerebrospinal fluid in-
creases as the necrosis volume increases and that at
birth, the cerebrospinal fluid level of this enzyme is
highly prognostic of infants who will subsequently
cxhibit confirmed brain damage. It has also been
reported that cercbrospinal fluid as well as serum
levels of neuron-specific enolase are elevated in non-
febrile scizure disorders but not in cases of simple
febrile convulsions [K10]. It is, however, not yet clear
whether similar elevations occur in well-recognized
migrational disorders, such as schizencephaly, a rare
abnormality of the brain in which clefts extend across
the cerebral hemisphercs; if they do not, this enzyme
might provide a simple tool for scparating cortical
functional errors associated with neuronal cclopias
from abnormalitics stemming from necuronal death.

32. Progress in the understanding of brain organiza-
tion and function entails not only the use of newer
tools but also the formulation of testable propositions
[F5, K5]. One such organizational notion is the radial
unit hypothesis of Rakic [R12, R13], who argucd that
the cortex is a collection of ontogenctic columns, cach
arising from a specific prolifcrative unit and clonal in
nature. Substantial data support this contention.
Mountcastle [M12], for example, showed that the ncu-
rons within a single column in the somatosensory cor-
tex are responsive to a specific modality and receptive
field of stimulation. Other sensory and association
arcas in the cortex behave similarly. It is thought that
those columns innervated by a single thalamic nucleus
(subnucleus or cell cluster) serve as a basic processing
module. If this perception of cortical organization (and
indirectly function) is correct, the loss of a few cells,
conceivably even a single cell, could result in the loss,
or compromise, of specific somatosensory or associa-
tion abilities, if the loss occurs in the formative
periods for these processing modules.

33, This radial unit thesis can only cxplain how
ncurons acquirc proper positions; it docs not definc
what iniliates or governs their subscquent differentia-
tion, including the course of synaptogencsis, nor docs
it necessarily establish when the specification of func-
tional arcas of the cortex occurs [W14]. Morcover, it
docs not providc answers to questions such as what
prompts the shift from symmetric division of the neu-
ronal stem cell, with one stem cell giving rise to two
others, to asymmetric division, with one stem cell pro-
ducing another stem cell and also an undifferentiated
neuron that divides no further? If a single progenitor
in the proliferative zone can produce more than one
ccll phenotype, how does this happen? What mecha-
nism or mechanisms switch on the migratory process?
How docs the migrating neuron dissociate itself from
its guidance mechanism when it nears its functional
site? What further clues does it need to position itself
properly within its functional domain?

34. The causal rclationship between irradiation of the
embryo and fetus at specific stages of development
and the subsequent morphologic and functional
damage to the brain, if not the molecular events
involved, are well established in a number of experi-
mental animals. There is abundant information on the
biological effects caused by prenatal exposure of
mammals to ionizing radiation. Much of this evidence
has alrcady been summarized in the UNSCEAR 1986
Report [U2]. These data give, however, little quanti-
tative insight into effects on the brain in humans,
although they serve to identify possible cffects.

3S. The limitations of the human data make studies
on other species inevitable, if the risks of exposure are
to be understood. There are, of course, differences in
the brain development of different species. These are
attributable partly to the differing complexity of the
adult organ, but especially to the different rates of
brain growth and the different time of birth in relation
to developmental events in the brain [D1]. In general,
the histological structure of the brain is comparable
from one specics to another, both in composition and
function, and the scquence of developmental cvents in
all mammalian species studied is also similar. How-
cver, the sizes of the various cytoarchitectonic arcas of
the cortex devoted to specific functions can and do
vary greatly. For example, the primary visual cortex
occupies 1/5 of the neocortical surface in monkeys but
only 1/30 of it in humans, and Broca’s language arca
exists only in the human species. This suggests that
the target zone associated with specific cortical func-
tions differs in dilferent species and that the extrapola-
tion of experimcntal observations on subhuman forms
must take account of these dissimilarities. Finally,
although structures in a particular part of the brain are
broadly alike in animals of the same and cven differ-
ent species, as previously stated, at the finer level of
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axonal and dendritic ramifications and connections
there is a considerable degree of diversity among indi-
viduals within a species.

36. In order to examine the radiation cffects
obscrved in laboratory animals and to relate them to
buman obscrvations, the timing of an insult, in relation
to the developmental events in the brain that dictate
the conscquences, must be considered [D6, D7]. Expe-
rimental procedures must be applied at comparable
stages in brain growth rather than at comparable gesta-
tional periods. The duration of exposures must also
match the different time-scales, but if these factors are
taken into account, even the small laboratory species
can provide at lcast some qualitative information of
relevance to the human. The complexity of the non-
human primate brain obviously makes it valuable for
many experimental purposcs, and its protracted span
of development increases the resolution of temporal
sequences in neurogenesis; but the use of rats and
mice can much more conveniently and quickly lead to
a better understanding of human teratogenesis than has
sometimes been supposed. Although extrapolations
must be made with care, the use of experimental ani-
mals is vital to progress in understanding the effects of
ionizing radiation. At the same time, direct evidence,
cspecially that of a quantitative nature, must be con-
tinually sought from human studies and will eventually
be the most convincing.

37. In this Chapter the primary epidemiological
study of the prenatally exposed survivors of the atomic
bombings in Japan is reviewed. These results are sup-
plemented by additional but much more limited epide-
miological investigations of other exposed individuals.
Experimental studies may be particularly important to
clarify mechanisms of actions. Some comments on
recent findings from this ficld conclude this Chapter.

A. PRENATAL EXPOSURE
TO ATOMIC BOMBINGS

38. Few population-based studies of the effects of
prenatal exposure on the developing human embryo
and fetus exist. Present knowledge rests mainly on the
obscrvation of those survivors exposed prenatally
during the bombings of Hiroshima and Nagasaki and,
to a lesser degree, on studies carried out on children
who were prenatally exposed to radium or x rays in
the course of radiothcrapeutic treatment of their
mothers and on comparative embryological studies.
Among these, however, the size, length of study,
variability in dosec and post-ovulatory age at exposure
make the experiences in Hiroshima and Nagasaki the
most important source of data.

39. Over the years, the Atomic Bomb Casualty
Commission (ABCC) and its successor, the Radiation

Effccts Research Foundation (RERF), have established
several overlapping samples of individuals prenatally
exposed to the atomic bombings of Hiroshima and
Nagasaki. These samples, the studies and the findings
are described in some detail in this Annex because of
their inherent importance and to illustrate the breadth
and consistency of the effects that have emerged.

40. Study samples. The carliest observations, those
of Plummer [P1]) and Yamazaki et al. [Y3], were
based on opportunistic samples and made no systema-
tic attempt to be complete. They were restricted in the
method of ascertainment and in structure; often only
one city or a limited prenatal age distribution was
involved. In 1955, however, the construction of an
exhaustive clinical sample of the prenatally exposed
survivors was started. This gave rise to what has been
termed the PE-86 Sample. Its members were ascer-
tained through a varicty of sources but primarily
through birth registrations, interviews with women
who were enrolled in the genetics programme in 1948-
1954 and were possibly pregnant at the time of the
bombing, the National Census of 1950, and earlier ad
hoc censuses conducted by the city authorities and the
ABCC. No attempt was made to match, by sex or pre-
natal age at the time of the bombing, the more distally
exposed or the non-exposed with those survivors ex-
posed within 2,000 meters.

41. In 1959, this sample was revised [B7] according
1o the following considerations:

(a) the earlier (1955) sample contained a dispropor-
tionate number of prenatally exposed survivors
who were thought to have received doses of less
than 0.01 Gy, and since clinical facilities and
personnel were limited, examination of these
individuals strained resources and seemed unpro-
ductive in view of the probable exposures. In the
interests of clinical efficiency, sample size was
limited, at the loss, presumably, of little or no
information;

(b) special censuses conducted in 1950 and 1951 by
the ABCC appeared to offer a better basis for
the selection of a comparison group of non-ex-
posed individuals than had previously obtained.

42. This new sample, known as the Revised PE-86
Sample, or the Clinical Sample, differs in several
important respects from the unrevised one:

(a) it includes no survivors prenatally exposed at
distances between 2,000 and 2,999 meters;

(b) exposed individuals are limited to those
survivors prenatally exposed within 2,000 meters
(the proximally exposed) or between 3,000 and
5,000 meters (the distally exposed);

(¢) non-exposed persons include only those indivi-
duals who were beyond 10,000 meters at the
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time of the bombing and were enumerated in the
special censuses;

(d) the survivors within the 3,000-5,000 meter zone,
as well as the non-cxposed, were matched for
sex and age (by trimester of pregnancy) with
those cxposed within 2,000 meters.

These steps reduced the clinical burden substantially
but resulted in litle change in the number of persons
within 2,000 meters. Both samples include virtually all
individuals who received substantial exposures (those
with estimated tissue absorbed doscs of 0.5 Gy or
more) and differ primarily in the number and ascer-
tainment of individuals in the dose range 0-0.01 Gy.
It is this group that has been the basis of most sub-
scquent analyses (see, e.g. [M3, W1, W2]).

43. The data on scvere mental rctardation are
restricted to the Clinical Sample, since it involves the
only individuals on whom extensive clinical observa-
tions are available in both cities. In so far as
intelligence tests and school performance data are
concerned, attention is focused on the earlicr,
unrevised sample to bring the largest practicable
number of observations to bear on the issue of
possible brain damage more subtle than severe mental
retardation. The intelligence tests were conducted and
the school performance data obtained in 1955, that is,
before the definition of the revised sample.

44. Dose estimates. The analyses of the cffects of
prenatal exposure to jonizing radiation to be described
in the paragraphs to follow all employ the estimated
absorbed dose to the mother’s uterus based on the
DS86 dosimetry ([R1]; see also [HS, K3]), unless
otherwise specifically noted. Estimates of the absorbed
doses to the fetus itself are not yet available and may
not be for some time. Parenthetically, it should be
noted that the organ absorbed doses computed under
the DS86 system are actually age-specific population
averages rather than individual-specific estimates,
since the mean dose to an organ depends not only on
the cnergy spectrum of the gamma rays and neutrons
involved but also on the size of the organ. This will
vary with the size of an individual survivor, which is
not known. The organ doses estimated are, therefore,
based on a "reference” man or woman, a hypothetical
individual whose size approximates that of the average
Japanese man or woman at the time of the bombings.
The doses are derived from a mathematical phantom
that simulates the human body by a series of simple
geometric shapes: ellipsoids, clliptical cylinders and
cones, or parts of these. The size of the phantom can
be adjusted to represent individuals of different ages
or genders. Six different phantoms were used: an
infant, a juvenile and an adult for cach of the two
sexes. When one of these phantoms is used in concert
with a computer program that models the transport of
neutrons or photons through the body by Monte Carlo

mcthods, an estimate of the average absorbed dose in
an organ can be calculated.

45. The clement of uncertainly introduced by this
mecthod of estimating doses is presumably not scrious
cxcept, possibly, in the case of a pregnant woman,
Here the difficulty arises because the reference woman
uscd in the DS86 calculations was assumed not to be
pregnant, as was certainly true of the vast majority of
women survivors. However, in the pregnant woman
the size of the uterus changes dramatically as pregnan-
cy advances, and as the uterus enlarges, the other
organs of the abdomen are shifted from their normal
position and compressed. Thus the estimated dose to
the uterus based on the reference woman describes the
actual dose to the uterus more poorly in the later
stages of pregnancy than in the early ones, before the
uterus has undergone much change in size, and it may
therefore be a poorer surrogate later in pregnancy.
Although the error in the dose this may introduce is
presumably small, given the energy spectrum involved,
it should be noted, nonetheless, that to the extent that
doses are overestimated, the risk to the embryo or
fetus will be underestimated, or conversely if the
doses are underestimated.

46. Developmental age. One of the most important
factors, aside from dose, in determining the nature of
the insult to the embryo or fetus resulting from expo-
sure to ionizing radiation is the developmental age.
Accordingly, since, as previously stated, different
functions in the buman brain are localized in different
structures and since the differentiation of these takes
place at different stages of development and over
different periods of time, the estimated post-ovulatory
ages at exposurc (here taken to be synonymous with
developmental age) have been grouped so as to reflect
these known phases in normal development. Post-ovu-
latory age has been estimated to be 280 days less the
number of days between the bombing and the birth,
The average duration of a pregnancy, measured from
the onset of the last menstrual period is taken to be
280 days. Fourtecn days are subtracted from the days
of pregnancy at time of bombing to account for the
time betwcen the onset of the last menstrual period
and ovulation (and fertilization of the oocyte). Four
age periods have been used: 0-7 weeks (0-55 days),
8-15 weeks, 16-25 weeks and 26 or more wecks after
ovulation.

47. At the post-ovulatory age of 0-7 weeks (0-55
days), the precursors of the neurons and ncuroglia, the
two principal types of cclls that give rise to the
cerebrum, have emerged and are mitotically active. At
8-15 wecks, a rapid increase in the number of neurons
occurs; they lose their capacity to divide, becoming
perennial cells, and migrate to their functional sites. At
16-25 weeks, differentiation in sitm accelerates,
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synaptogencsis that began about week 8 increases, and
the definitive cytoarchitecture of the brain unfolds. At
26 or more weceks, architectural and cellular differen-
tiation and synaptogenesis of the cerebrum continue,
with, at the same time, accelerated growth and deve-
lopment of the cerebellum.

48. Experimental studies [H11] have shown that
irradiation at about day 16 in the rat (roughly weck 28
in the human) will produce gross distortions of the
leaf-like gyri, or folia, of the cercbellar cortex, as well
as deficiencies in the granular and molecular layers of
the cerebellum. The defects in these layers are cven
morc common when exposure occurs shortly after
birth, although the folial changes are not. In the rat,
when irradiated between day 19 and day 21 (about
week 31 to week 35 in the human), disordered cere-
bellar migration is a common occurrence [C12, H20].

49. Effects on brain growth and development. So
far, only two conspicuous effects on brain growth and
devclopment have emerged in the study of prenatally
exposed survivors of the atomic bombings of Hiro-
shima and Nagasaki. These are some cases of severe
mental rectardation and some of small head size
without apparent mental retardation. Additionally,
groups within the survivors have shown an increased
frequency of unprovoked scizures and significantly
reduced intelligence scores and performance in school.
The severe mental retardation and the reduced intelli-
gence scores and school performance may be mani-
festations of the same process, in which all the indi-
viduals significantly exposed in the relevant stages of
pregnancy suffer some dose-related reduction in cor-
lical function, thus increasing the number of those
classified clinically as being severely retarded.

1. Severe mental retardation

50. Individuals classified here as severely mentally
retarded are those who cannot form simple sentences,
perform simple arithmetic calculations, care for them-
sclves, or have been or arc institutionalized or un-
manageable. Thirty cases of scvere mental retardation
were observed in the 1,544 individuals included in the
Clinical Sample for whom DS86 doses can be com-
puted (doses wcere not available for 55 survivors in
this sample at the time of this analysis). Details of
exposures and clinical [indings for the 30 cases of
severe mental retardation are given in Table 3.

51. Threc of the severely mentally retarded children,
all in Hiroshima (estimated uterine absorbed doses 0,
0.29 and 0.56 Gy; post-ovulatory ages 36, 13, and 12
weeks, respectively), are known to have or to have
had Down’s syndrome (one child died in 1952). A
fourth child, also in Hiroshima (estimated uterine

absorbed dose 0.03 Gy; post-ovulatory age 20 weceks)
had Japanese B encephalitis in infancy, and a (ifth, in
Hiroshima, had a retarded sibling (dose 0 Gy; post-
ovulatory age 20 weceks). It is conceivable that, in
these instances, the mental retardation was mercly a
part of the former syndrome or sccondary to the infec-
tion, but in cither event not radiation-related.

52.  When the prenatally exposed survivors, exclusive
of the three cases of Down’s syndrome, are distributed
over the four post-ovulatory age groupings described
in paragraph 47 and the frequency of mentally retard-
ed individuals is examined in the light of their esti-
mated doses and the post-ovulatory age at which they
were irradiated, the following emerges (see Table 4
and Figure I) [O1]:

(a) the highest risk of scvere mental retardation
occurred with exposure 8-15 weeks after ovula-
tion. This exceptionally vulnerable period
coincides with the most active production of
cortical neurons and when all or nearly all of the
migration of the immature neurons to the cere-
bral cortex from the proliferative layers takes
place;

(b) within this critical period, damage expressed as
the frequency of subscquent severe mental retar-
dation incrcases as the dose cstimated to have
been received by the fetal tissues increases.
Some 75% (9 of 12) of fetuses exposed to 1 Gy
or more in this period arc mentally retarded; this
is an incidence more than 50 times greater than
that in the unexposed comparison group;

(c) a period of lesser vulnerability appears to exist
in the interval 16-25 wecks after ovulation.
However, no increase in incidence is seen at
doses estimated 1o be less than 0.5 Gy;

(d) there is no apparent increased risk before week
8 or after week 25. Whether the seeming absen-
ce of an effect in the first two months after
ovulation is real, or merely reflects the fact that
embryos exposed at that stage of dcvelopment
commonly fail to survive to an age at which
mental retardation can be recognized, is unclear.
However, experimental studies (sce, e.g. [H11,
H13]), have also failed to find effects on the
developing mouse or rat nervous system at doses
as high as 3 Gy in the first 8 days after ferti-
lization, a period of time corresponding 1o the
first 8 weeks or so in the buman.

2. Small head size

53. The small head sizes to which reference has been
made were two or more standard deviations below the
mean head size of all of the individuals in the revised
study sample. About 10% of these individuals with
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small head sizes were also mentally retarded. Among
the mentally retarded in the 1,598 births in the entirc
sample [B2, M2, M3, M4, T1], 18 persons (60%) have
been previously reported to have or to have had
disproportionately small heads [W1, W2]. This value
may be spuriously low, since head circumference was
not standardized against body size and since mental
retardation is often seen in individuals whose head
circumferences are disproportionately small for their
body sizes. It is commonly thought that the develop-
mecnt of the bones forming the vault is closcly asso-
ciated with the development of the brain and dura, and
it is known that in fetal lifc these bones move with the
growing brain. It is not clear, thercfore, how indepen-
dent this sceming abnormality may be of severe men-
1al rctardation nor what small head size may imply
about the nature of the radiation-related damage. It is
tempting to belicve that the smaller head ariscs as a
result of fewer neurons (because of cell death), but
this may not be so. Reyners ct al. [R14] have found
that in the rat at low doses of x-radiation (0.09-
0.45 Gy), the numerical densities of neurons and glial
cells are actually increased, although the size of the
cells is significantly reduced. The authors suggest that
the brain has undergone a "miniaturization” rather than
necrosis. However, as previously noted, glial cells
rctain their proliferative ability and could replace lost
tissue mass, as D’Amato et al. [D2] observed experi-
mentally. If so, brain volume could remain the same
and head size develop normally, but cortical function
would be diminished.

54. Recenty, Otake and Schull [O13] re-examined
the relationship to radiation cxposure of small hcad
size among the prenatally exposed population in Hiro-
shima and Nagasaki, using the cstimated DS86 doses.
The study population consisted of the 1,598 indivi-
duals (Hiroshima 1,250, Nagasaki 348) used by Otake
ct al. [O1] in the analysis of scvere mental retardation.
DS86 doscs were available on 1,566 of these persons
(1,242 in Hiroshima and 324 in Nagasaki; this repre-
sents an addition of 22 cases 1o the number described
in [O1]). Among these subjects, 1,473 bad their head
circumference measured at lcast once in the period
from 9 to 19 years of age.

55. As stated above, an individual with a small head
size is defined as someone with a head circumference
less than 2 standard deviations below the mean ob-
served at his or her specific age at measurcment. It
should be noted that often, in the past, these indivi-
duals have been described as microcephalic. This term
scems inappropriate, however, for two rcasons: first,
microcephaly denotes a clinically recognizable small-
ness of the head, which is often misshapen as well,
and secondly, the clinical diagnosis generally is
applied to individuals whose hcad is even smaller in
circumference (often 3 standard deviations or more

below the mean) than the criteria used here. Accor-
dingly, cither of two terms, "atypically small head® or
"small head size” would scem to be more appropriate
to describe the individuals satisfying the critcria
described above.

56. Of the 30 cases with severe mental retardation
described clsewhere [O1], 26 were included among the
1,473 study subjects. Three of the four lost cases died
before 1954, that is, before they were 9 years of age.
The one remaining case, a non-exposed individual,
survives, but she did not have a physical examination
between 9 and 19 years of age.

57. Among the sample of 1,473 individuals, 62 had
small heads according to the criterion previously
described. It should be noted that the criteria are
different for males and females of the same chronolo-
gical age; the differences range from -0.98 to 1.34 cm.

58. Small head size and trimester of exposure. The
frequency of individuals with small head sizes, with
and without severe mental retardation, is shown in
Table S by trimester at exposure and cstimated DS86
uterine absorbed dose. Figure II gives the proportion
of small hecad sizes by trimester at exposure. As is
cvident from Figure I, the incidence of individuals
with small head sizes in the first trimester unquestion-
ably increases with increasing cstimated dose; it also
increases in the sccond trimester, but to a lesser
extent. Hardly any increase is observed in the third
trimester. Of the 26 mentally retarded individuals, 15
(58%) had small hcads (Table 5). About 24% of the
62 individuals with small head size (determined by
age-speciflic criteria) among the 1,473 clinical subjects
from both cities were mentally retarded. This rate
increases to 29% (13/45) when only those survivors
cxposed to 0.01 Gy or more are considered. These
rates, it will be noted, are greater than that (10%)
previously reported by Wood ct al. [W1, W2],

59. Almost all of the individuals with small bead
sizes were exposed in the first or sccond trimester,
55% in the former and 31% in the latter. The risk of
an atypically small head and severc mental rctardation
observed among individuals exposed in the second
trimester o an estimated 0.01 Gy or more is 57%
(8/14), but only 19% (5/27) in the first trimester.
Alternatively stated, among individuais with an
atypically small head and severe mental retardation,
the bulk, 62% (8/13), were cxposed in the second
trimester.

60. Small head size and post-ovulalory age (weeks)
at exposure. The proportion of individuals with small
head size for the four post-ovulatory periods, namely,
0-7 weeks, 8-15 weeks, 16-25 weeks and 226 weeks,
is also shown in Table 5. The proportion of indivi-
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duals with small head size increases with increasing
cstimated dose in only the first two periods, and an
cspecially sharp rising trend is seen in the 8-15 wecek
period (Figure I1).

61. In the 17 individuals from both citics with a
small head in the 0-7 week period there was no appa-
rent mental retardation. Twelve of these individuals
wcere exposcd to an estimated dose of 0.01 Gy or
more. One of two (50%) of the individuals exposed to
21.00 Gy had small head size and two of four (50%)
cxposed to 0.50-0.99 Gy had small head size. There
were 29 individuals with small head size in the 8-15
weck period, 26 of whom reccived an estimated dose
of 20.01 Gy; 12 of them (46.2%) were severcly men-
tally retarded. Seven (87.5%) of the eight small head
cascs who were exposed to 21.00 Gy had severe men-
tal retardation. Thus, 12 (80%) of the 15 individuals
with an atypically small head and severe mental retar-
dation occurred at the most radiosensitive period, 8-15
weeks after ovulation, In the 16-25 week period, only
onc (33.3%) of the three individuals with small head
in the >0.01 Gy group was mentally retarded, and he
bad been exposed to a dose of more than 1.00 Gy.

62. The rubric "small hecad size” may, indeed
probably docs, cover a variety of diffcrent develop-
mental “"abnormalities”. Among the individuals with
small head size and severe mental retardation, [or
cxample, some clearly invite the clinical diagnosis of
microcephaly, since the bead is not only unusually
small but misshapen, ofien pointed or oxycephalic-
like. Still others, and they are more common, have a
bead sizc that is proportionate in all dimensions, albeit
small. Morcover, since head size varies in all popula-
tions, it can be assumed that some of the individuals
here designated as having small head size merely
represent the lower extreme of normal variability.
Indeced, based on the criterion for small head size used
here, il head sizes are approximately normally distri-
buted, some 2.5% of "normal" individuals would be so
classified.

63. Since the mean intelligence quotient (IQ) and its
standard deviation among the 47 individuals having
small head size without severe mental retardation
approximalc the values scen in the entire clinical
sample, it is conceivable that a significant fraction of
these individuals are the "normals” alluded to above.
Accordingly, Otake and Schull [O13] attempted to
estimale the excess number of individuals with small
heads ostensibly attributable to exposurc io ionizing
radiation (sce Table 6). Among the 62 individuals with
small head size, some 37 would be expected normally,
and the observed and expected numbers agree reason-
ably well when exposure occurred in the 161h week or
later. However, there is a striking excess prior to this
time, where 16 are expected but 46 were actually

observed, an excess of 30 cases. If it is assumed that
the small head size among those 12 individuals with
severe menlal retardation is secondary to brain
damage, this leaves 18 cases that might represent
radiation-related instances of growth retardation
without accompanying mental impairment. But can
these latter individuals be distinguished from those
cxpected by chance? To explore this possibility, the
locations of the 47 cases of small head size without
mental retardation were determined in a bivariate plot
of standing versus sitting height expressed as age- and
sex-standardized deviates based upon the full sample
of 1,473 individuals. The individuals with a small
head size but no apparent mental retardation were
found to be disproportionately represented among the
lower values defined by cither the 95% or 99% proba-
bility ellipse (see Figure 4 in [O13]). Three individuals
were outside the 99% ellipse, but only one of these
three reccived an estimated dose of known biological
consequence. Specifically, the DS86 uterine absorbed
doses in the mother were 0, 0.04 and 0.49 Gy. These
obscrvations suggest that small head size is not an
independent teratogenic effect but is either secondary
to mental retardation or to a more generalized growth
impairment without clinically recognizable mental
retardation (sec {O16]).

3. Intelligence test scores

64. Intelligence has been variously described as the
ability to manage oneself and one’s affairs prudently;
to combine the clements of cxperience; to reason,
compare, comprehend, use numerical concepts and
combine objects into meaningful wholes; to have the
faculty to organize subject-matter experience into new
patterns; or to have the aggregate capacity to act pur-
posefully, think rationally and deal effectively with
one’s environment. Given such differences in defini-
tion, it is natural that the bases of measurement should
vary.

65. Intelligence tests differ one from another in the
importance given to verbal ability, psychomotor
reactions, social comprchension and so on. Thus, the
score altaincd by an individual will depend to some
degree upon the specific test used; generally, however,
individuals scoring high on one test tend to score high
on other tests. It is important 1o note, however, that
even with the same test an individual’s score is not an
immutable value, as relesting has shown. Thus, a
change of a few points in a particular child’s score
may not be clinically significant, but a change of only
a few points in the mean score for a population of
children can bave important public bealth implications,
resulting in a higher proportion of socially dysfunc-
tional individuals. Most intelligence tests are so struc-
tured that the distribution of test results follows an
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approximately normal curve, with a mcan of 100 and
a standard deviation of 12-15 points. Thus, normally
somc 95% of the population will have scores in the
range 70-75 1o 125-130, that is, will fall within two
standard deviations of the mean. Individuals whose
scores lie, consistently, two standard deviations or
more below the mean would commonly be described
as rctarded. In the Japancse cxperience, the mean
Koga score of some 1,673 tested children was 107.7
(standard deviation 16.08) [S4], and the highest 1Q
achicved by any of the clinically diagnosed severely
mentally retarded children was 64 [O1].

66. Schull et al. [S4] have described an analysis of
the results of intelligence tests of the prenatally
exposed survivors of the atomic bombings of Hiro-
shima and Nagasaki conducted in 1955 by trained psy-
chometrists. This analysis of the Koga test scores [K1,
T2], which also used estimates of the DS86 uterine
absorbed dose, reveals the following (sce Figure III):

(a) there is no evidence of a radiation-related effect
on intelligence among those individuals exposed
at 0-7 wecks or >26 weceks after ovulation;

(b) for individuals exposed at 8-15 wecks after
ovulation, and to a lesser extent those exposed at
16-25 weeks, the mean test scores, but not the
variation in scores about the mean, are
significantly bheterogencous among the four
exposure categories;

(c) the fact that the mean test score declines signi-
ficantly with increasing estimated dose without
a statistically demonstrable change in the vari-
ance of the test scores suggests a progressive
shift downwards in all individual scores with
increasing cxposure.

67. While intuitively it is reasonable to assume that
achievement on intelligence tests is related to the
quality of brain function, and that the diminished
performance described above reflects some functional
impairment, the biological basis (or bascs) of that
impairment is far from clear. Performance on intelli-
gence tests can be affected by factors other than
ionizing radiation, such as motivation, socialization at
home and in school, and physical impairment (dcfect-
ive vision or hearing, for example). Of necessity, since
information on these extraneous sources of variability
does not exist, they must be assumed to be part of the
random error in the analyses of such tests, but the
possibility that they change systematically with dose
cannot be ignored, although there is no cvidence that
this is so.

68. Qualitatively, these findings are consistent with
the interpretation that there is a dose-rclated shift in
1Q and that this could explain the increasc in clinically
classified cases of scvere mental retardation.

4. School performance

69. As a part of the continuing assessment of the
cffects on the developing embryonic and fetal brain of
cxposure (o ionizing radiation, the school performan-
ces of prenatally exposcd survivors of the atomic
bombing of Hiroshima and a suitable comparison
group have been studied [O2].

70. The Japanese place strong emphasis on school
performance and school attendance [B9]. As a conse-
quence, the Japanese child rarcly misses school with-
out good cause and places high value upon achieve-
ment in school. If a child’s attendance record is corre-
lated with illness and performance with innate ability,
attendance might be correlated with exposure as a con-
scquence of more (or less) frequent illness, and
performance might reflect the nature of the develop-
mental events that took place when exposure occurred.
Accordingly, with the approval and assistance of the
Municipal Board of Education in Hiroshima and the
written consent of the parents of those prenatally
exposed, their school records were microfilmed in
1956. At that time these children were 10-11 years
old, and most had recently completed their fourth year
in elementary school. The records themselves include
information on school attendance, performance in
various subjects, behaviour and physical status.

71. The attendance records of the public schools of
Japan indicate the actual number of days of school and
the total number of days of school missed by a speci-
fic child, the number of days tardy and the number of
days the child left school prematurely. The days
missed are further subdivided into absences because of
illness and absences for other reasons, such as death
or illness of another member of the child’s family.
The ratio of the days missed through illness to the
total days of school affords a crude measure of the
health of a given child.

72.  With some 250 school days per academic year,
the typical child in these years failed to attend school
fewer than 5 days a year. On average, school absences
for illness tend to increase generally with dose among
the four post-ovulatory age groupings, when the clinic-
ally recognized mentally retarded cases are included in
the sample analysed. Absences also tend to diminish
in number as the child advances in school. This con-
tinues to be true when the mentally retarded, who are
more prone to illness, are excluded, but the overall
effect of radiation on attendance becomes more equi-
vocal. When one tumns to age-specific calegories, it is
obscrved thal (a) the number of absences continues to
diminish in all age groupings as the child advances in
school; and (b) the largest and most consistent effect
of radiation, with and without respect to sex, involves
the age group exposed 8-15 weeks after ovulation.
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73.  In the first four years of clementary schooling
the Japanesc child studies scven subjects: the Japanese
language, civics, arithmetic, science, music, drawing
and handicrafts, and gymnastics. Every student’s per-
fonnance with respect to these subjects is cvaluated
routinely, and at the cnd of cvery semester (there are
three in the academic ycar) a score is assigned for
cach. At the end of the academic year, these scores are
summarized into a single value for each subject. The
latter varies, normally, in unit steps from +2 to -2. The
highest and lowest five percentiles of the class are
assigned scores of +2 (very good) and -2 (poor), re-
spectively. The next highest and lowest 20 percentiles
arc given +1 (somewhat above average) and -1 (some-
what below average), and finally, the middle 50% are
given zero (average). Otake ct al. [O2] have converted
these assigned values to a five-point scale (5, 4, ..., 1),
giving the highest and lowest scores the values 5 and
1, respectively, and so on. Some scores for some indi-
viduals were either missing or illegible in the copies
of the original records; all of the information that was
available was uscd in these instances.

74. Before determining what measure of school per-
formance should be fitted to the dose data, given the
intecrdcpendence of the various school performance
scores, the investigators examined the structure of the
matrix of correlation cocfficients among the seven
subjects previously enumcrated. The correlations were
high, ranging from 0.62 to 0.82, suggesting a strong
interdependence of the scores. Accordingly, to deter-
minc whether some combination of the scores would
provide a more suitable mcasure of radiation-related
damage than the scores individually, summary charac-
teristics of the corrclation matrix were computed.
Thesc computations revealed that assigning approxi-
malcly equal weights to the scores and summing the
product of the score and its weight would account for
75% of the collective variability. More mathematically
stated, the vast majority of the variability was ex-
plaincd by the first cigenvector, which since it weights
subjects cqually, is tantamount to the mcan of the
individual subject scorcs. No other combination of the
scores explained morc than 6% of the variability, and
all were associated primarily with a single subject, the
second with music, the third with gymnastics, elc.

75. Achiecvements in school of the prenatally
exposcd survivors, as judged by the relationship of the
average school performance score in these subjects,
can be summarized as follows (see Figure 111):

(4) for 8-15 weeks after ovulation, scholastic
achievement in school diminishes as the
estimated absorbed dose increases;

(b) a similar diminution is seen for 16-25 weeks
after ovulation. This trend is stronger, however,
in the earliest ycars of schooling;

(c) in the groups exposcd -7 weeks after ovulation
or 26 or morc weeks after ovulation, there is no
cvidence of a radiation-related effect on acade-
mic performance.

Not unexpectedly, given the corrclation between
average school perfermance and 1Q score (r = 0.54),
these results parallel those previously found in pre-
nalally exposed survivors with respect 1o achicvement
in standard intelligence tests in childhood.

5. Seizures

76. Scizures arc a frequent sequela of impaired brain
development and could therefore be expected to affect
more children with radiation-related brain damage than
children without. Dunn ct al. [D3] have described the
incidence and type of seizures among the prenatally
exposed survivors of the atomic bombings and their
association with specific stages of prenatal develop-
ment at the time of irradiation. Histories of seizures
were obtained at bicnnial routine clinical examinations
starting at the age of 2 years.

77. Scizures, as here defined, include all references
in the clinical records to "seizure”, "epilepsy” or "con-
vulsion". All of the medical records of participants in
this programme of examinations who were coded for
seizures were reviewed to characterize the nature of
the seizure (i.c. its severity, clinical symptomatology,
prescnce of fever, cause of the scizure, duration), the
presence of other neurological disease, developmental
landmarks, school performance, and any other medical
problem. The records were not sufficiently explicit nor
were clectroencephalographic findings available to
permit detailed clinical classification. However, there
was cnough description to allow a limited categoriza-
lion of scizures by aetiology for epidemiologic pur-
poscs. Starting with all seizurcs, cases were classified
as fcbrile, acute symptomatic (scizures duc to acute
central nervous system insult, such as head trauma)
and unprovoked.

78. Cases of unprovoked scizures are those seizures
without a record of a concomitant acute insult, that is,
a known precipilating cause of a scizure, c.g. fever,
trauma, post-vaccination reaction, or anoxia during an
acute postnatal event. A scizure was so classified if
the medical records revealed no clear statecment of
cxposure 1o an accompanying infectious, traumatic or
fever-producing agent. Strictly neconatal scizures
(within the first month post-partum) were difficult 1o
ascertain in this study, which did not begin until the
children were 2 years old. Since nconatal scizures
appcar to have a different actiology and were most
likely underascertained, they were routinely excluded.
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79.  Fever is the most common precipitating cause of
scizurc in infancy or childhood. In the event of
multiple seizures, howcver, fever might accompany
only onc scizure, and then not nccessarily the [irst,
and scoring these cases was undoubtedly arbitrary, The
investigators adopted the (ollowing convention: if
fever accompanicd only one of several scizures,
making it doubtful that fever was a gencrally precipi-
tating causc in an individual, the casc was scored as
unprovoked.

80. No scizures were recorded among individuals
cxposed 0-7 weceks after ovulation at estimated doses
higher than 0.10 Gy. In the group exposed 8-15 weceks
after ovulation, the incidence of scizures was highest
among those who received doses exceeding 0.10 Gy
and incrcased with the level of fetal cxposure. This
was the case for all scizures without regard to the
presence of fever or precipitating causes, and for
unprovoked seizurcs. When the 22 cases of severe
mental retardation were excluded, the increase in
scizures was only slightly significant, and then only
for unprovoked seizures. After exposure at later stages
of development, there was no increase in recorded
scizurcs.

81. Other data on the occurrence of scizurcs
following in utero cxposure are sparse, and there is
little to which these observations can be compared.
However, two case reports suggest that the period
between 8 and 15 weeks may be a vulnerable time for
cxposure of the human fetus to radiation, with subsc-
quent development of scizures [G10]. The first indivi-
dual was a male exposed in the second to fourth
month of gestation in the course of his mother’s radio-
therapy (dose unknown) for uterine myomatosis. He
then developed epilepsy at the age of 3.5 years. The
sccond was a female cxposed during months 2 and 3,
again in the course of maternal trcatment for uterine
myomatosis (dose unknown); she developed cpilepsy
at 2 ycars of age.

82. Summary. To summarize paragraphs 50-81,
studics of the prenatally exposed survivors of the
atomic bombings of Hiroshima and Nagasaki have
revealed a statistically demonstrable dose-related
increase in the frequency of mental retardation,
seizures, individuals with atypically small heads,
diminution in intelligence test scores and academic
achievement. These effects are most conspicuous in
wecks 8-15 following ovulation; however, there is a
significant increase in the number of individuals with
small heads in the first two months post-ovulation (12
of 81) and some evidence that mental retardation may
be more common than expected in post-ovulatory
weeks 16-25, particularly at doses estimated to be
0.5 Gy or more, where 3 (12.5%) of 24 children were
retarded.

6. Pathologic and other findings
of brain abnormalities

83. The biology of mental retardation remains
enigmatic, and without a clear understanding of the
molecular and ccliular events that culminate in this
functional defect, the role ionizing radiation may play
in its origin is clusive. Despitc important recent
advances in diagnostic methods, causation is unknown
in the great majority of cases of mental retardation.
Often (10%-20% of cases) the brain appears normal
by all standard methods of ncuropathologic examina-
tion. Even more frequently the structural changes that
arc scen are mild and non-specific: the brain may be
small, the grey matier may be aggregated abnormally
in the subcortical arcas, the columnar arrangement of
cclls may be unusual or the ncurons may be more
tightly packed than customary. However, two observa-
tions are common: a dysgenesis of dendritic spines on
the cortical pyramidal neurons and impaired growth of
dendritic trees of pyramidal neurons, affecting both
basal and apical dendritic branches [H18]. These find-
ings suggest defects in the geometry of the cercbral
cortex, which form a plausible, but obviously not
cstablished, basis for the mental retardation. They
further suggest that the difference between the normal
brain and the retarded onc may be as much quantita-
tive as qualitative. But the brain is a structure that
undergoes major postnatal developmental changes,
including the pruning and rearrangement of synapses,
and these continue into adolescence. Since this post-
natal growth may modify errors that arose prenatally
or perinatally, ncuropathologic abnormalities seen in
the cortex may depend on the age at which the indivi-
dual was studied. Catch-up growth has been observed
in some instances in cxpcrimental animals, but the
prevalence of this in the human is unknown. Postnatal
growth changes may mercly lead to mismatched con-
nections and a brain with the normal numbers of syn-
apses, which have not, however, been incorporated
into functional units.

84. Whether the cases of mental retardation seen
among the prenatally exposed survivors of the atomic
bombings of Hiroshima and Nagasaki represent mal-
formations or instances of maldevelopment is not
clear. The issue is more than semantic; it strikes at the
mcchanism of damage. This mechanism can be per-
ceived as involving a dose-rclated large cffect on a
small number of individuals, i.c. as a malformation, or
as a small effect on a large number of individuals, i.c.
as maldevelopment, or, conccivably, as a mixture of
the two. In maldevelopment, mental rctardation
reflects a dosc-proportional effect on a variable that is
continuously distributed. Otherwise stated, exposure
results in a shifting downwards of the distribution of
capacities for intclligence and results in some
individuals whose capacity falls below that associated
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with clinical judgments of rctardation. An analogy
involves small-statured individuals, some of whom are
small because of a single gene cffect, such as the
achondroplastic dwarfs, and others merely represent
the lower end of the normally occurring variation in
staturc. Other analogies could be drawn, such as sper-
matogenesis or hacmatopoiesis.

85. Pathological findings are still too limited to
provide an uncquivocal answer 1o the origin of mental
retardation following exposurc to ionizing radiation.
The information available from studies performed is
presented here.

86. Four individuals of the Clinical Sample who died
have been submitied for autopsy; two were mentally
retarded and two were not. Of the two with normal in-
telligence, a 9-year-old male exposed in week 20 after
ovulation to a dose estimated to be less than 0.01 Gy,
dicd from granulocytic leukacmia; autopsy disclosed
extensive brain haemorrhages, which were thought to
be the final cause of death. His brain had a normal
wecight of 1,440 g and a normal structure. The death of
the other, a 29-ycar-old female, was ascribed to car-
diac insufficicncy. She had been exposed in fetal
week 24 to an estimated dose of less than 0.01 Gy.
The autopsy revealed multiple bilateral pulmonary
infarcts and evidence suggestive of autoimmune dis-
case (the clinical data were too scanty, however, to
pursue this possibility). Cut scctions of the cerebrum,
ccrebellum, brain stem and spinal cord showed no
abnormality on gross or on microscopic examination.
The brain had a normal weight of 1,450 g; there was
no cvidence of edema, which would have increased
brain weight.

87. Both of the mentally retarded individuals had
brain weights substantially below normal. One of these
individuals, a 20-year-old overweight female (MF
400133) exposed in week 31 after ovulation to an esti-
mated dose of less than 0.01 Gy, died of congestive
heart failure. Her body mass index (defined as weight
in kilograms divided by the squarc of the beight in
meters) was 28.6; a body mass index of 27 or greater
is commonly uscd to define obesity. Autopsy disclosed
severe edema and congestion of both lungs as well as
marked, diffuse fatty infiltration of the liver. Multiple
transcctions of the brain, which weighed 1,000 g,
revealed the usual pattern of grey and white matter
and no evidence of edema. Her mental retardation was
presumably not related to her exposure, given the very
low dosc involved. The other mentally retarded indivi-
dual, a male (MF 142623), dicd of acute meningitis at
the age of 16 years [N3, Y1). If he had been carried
to the normal termination of a pregnancy, he would
have been exposed 12 wecks after ovulation, but given
his birth weight (1,950 g), he was undoubtedly pre-
mature. His weight suggests that he was actually

exposed at week 8 or 9, since a full-term Japanese
infant would weigh about 3,200 g. The estimated
absorbed dose to the uterus of his mother was 1.2 Gy,
and his brain wecighed 840 g. He was bilaterally
microphthalmic and had microcorncac and bilateral
hypoplasia of the retina, particularly in the macular
arca. Posterior subcapsular opacities were present in
both cyes. Coronal sections of the cerebrum revealed
massive heterotopic grey matier around the lateral
ventricles. Histologically there was an abortive laminar
arrangement of nerve cells within the heterotopic grey
arcas, imitating the normal laminar arrangement of the
cortical neurons. The cerebellum and hippocampi were
histologically normal, but both mamillary bodies were
missing. Thesc bodies, which can be seen in recon-
structions at 6 wecks after conception but are not
externally rccognizable in their double form until
somewhat later, are thought to function as a part of
the limbic system, which controls emotions and moti-
vations, and interestingly this boy was not only
retarded but severcly emotionally disturbed. Hetero-
topic grey matter was not observed in any of the other
three cases, including the sccond mentally retarded
individual,

88. Heterotopic masses arce collections of nerve cells
in abnormal locations within the brain. They are due
to an arrest in the migration of the immature neurons.
They may be single, multiple, unilateral, bilateral,
periventricular or located decp within the white matter,
The most common locations are subecpendymal and
just below the neocortex. They may be isolated or
associated with other anomalies in brain development,
such as schizencephaly, a rarc abnormality of the brain
in which clefis extend across the cerebral hemispheres.
Individuals with isolatcd heterotopias can be clinically
asymptomatic; when symptomatic, they often present
with seizures in infancy or carly childhood, but
seizures have also been reported associated with other
neurological defects, such as homonomous hemi-
anopsia, the loss of vision in one half of the visual
ficld in one or both eyes [O12]. Seizures have also
been seen accompanied by the partial or complete
absence of the corpus callosum [B13]. Most hetero-
topias are probably microscopic, but if sufficiently
large (0.5 cm or so), they can be readily visualized
with cither computed tomography or magnetic reson-
ance imaging [B13, O12]. The incidence of isolated
heterolopias, either asymptomatic or symptomatic, is
not known.

89. Ectopic grey matter is commonly seen in rodents
following exposure to ionizing radiation. Hicks et al.
[H9] rcported such occurrences more than three
decades ago and argued that they arose from surviving
cells that retained the capacity to divide but did so in
an abnormal environment. More recently, Donoso et
al. [D8] found that all rats exposed to 1.25 Gy of
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x-radiation on gestational day 15 developed cctopic
areas beneath the corpus callosum and adjacent to the
caudate nucleus. It is presumed that thesc isolated
islands, or rosetics, of neuronal cclis arise through
faulty rcpair of radiation-related damage to the
cpendymal wall of the lateral ventricles, leading to an
encirclement of mitotic cells. Subsequent divisions of
these cclls result in neuroblasts migrating in all
dircctions. Structurally, the rosettes are not laminated
but contain neurons with the shapes and sizes
characteristic of cortical pyramidal cells. At 4 weceks
of agc, these cells are immature and scldom scen in
the laycred coriex above the corpus callosum. At
4 months of age, however, the immature cells are no
longer present in the ectopias, and the cctopic
pyramidal cells resemble those in the cortical layer.
Donoso et al. [D8] found the number and distribution
of spines on the ectopic pyramidal cells to be lower
than for the layerced cortical ncurons. They further
found that, whereas the number of apical spincs
decrcased with age in the control animals, this did not
occur in the ectopic zones. Synapses in the layered
and cctopic cortex were morphologically indistinguish-
able. Since synaptogenesis in the rat is largely a
postnatal phenomenon, and synapses were seen in the
ectopic areas, these areas may have retained some
functional activity.

90. The brains of five of the mentally retarded
individuals exposed to the atomic bombings, all during
week 8-15 after ovulation, have been examined using
magnetic resonance imaging techniques {S8]. Although
the number of individuals that have been studied is
small, several different anomalies of development have
been seen, and these correlate well with the embryo-
logical events transpiring at the time the individuals
were exposed.

91. Two individuals, both malecs (MF 404259 and
471693), exposed during wecks 8 and 9 after
ovulation, showed ventricles somewhat larger than
normal and areas of heterotopic grey matter adjacent
to the lateral ventricles. One of these individuals (MF
404259) cxhibited an underdeveloped arca in the left
temporal region, an anlerior commissure somewhat
wider than nornal and a thickened nucleus accumbens
sept. Formation of the caudate lenticular bridge also
appeared to be poor. It is noteworthy that this is the
period when the first wave of neuronal migration
devclops, the onc that proceeds without the support of
the radial glial fibres. The findings in these two cases
are strikingly similar bul not identical to those on the
autopsied case described carlicr. However in these two
instances, unlike the autopsied case, both mamillary
bodies are ciearly visible in the images. While this fact
could be attributable to variation in developmental age,
it could also suggest that the estimated ages at
cxposure are not exact.

92. Ectopic grey matter occurs in other instances of
menial retardation not related to exposure to ionizing
radiation, but its prevalence among mentally retarded
individuals is not rcliably known, and it may vary with
the type and scverity of the retardation. Thus, for
example, Rosman and Kakulas [R20] have contrasted
the brains of six mentally retarded individuals with
muscular dystrophy with those of six dystrophic
patients without mental defect. The average brain
weight of the deficient group was significantly less
than that of the controls. Grossly visible malformations
of ccrebral development were present in three of the
dcficient patients, four showed pachygyria and all six
had significant microscopic heterotopias. There were
no gross lesions in the control subjects, and significant
microscopic heterotopias were present in only one of
the patients whose intelligence was considered to be
normal. A similar comparison of individuals with
multiple neurofibromatosis (von Recklinghausen’s dis-
casc) with and without mental retardation found the
cortical archilecture to be grossly or microscopically
abnormal among the mentally retarded but not among
those who were not retarded [R19]. Thesc architectural
abnormalities included random orientation of ncurons,
a disarray of normal cortical lamination and hetero-
topic neurons wilhin the cortical molecular layer.
Among the retarded individuals they also commonly
saw (three out of [ive cases) small heterotopias in the
deep cerebral white matter (defined as more than
10 mm from the cortico-white matter junction). These
were not seen in the individuals of normal intelligence.
However, subcortical heterotopias were present in all
instances of the discase.

93. Ectopic grey matter is not invariably associated
with mental retardation. The ncuro-imaging of indivi-
duals with the inherited fragile X syndrome, where
varying degrees of mental retardation commonly
occur, has not revealed this defect. Of 27 individuals
who have been studied, cight were found to be
abnormal [W13]. Seven of these individuals exhibited
only a mild enlargement of the ventricles, but in one
a moderate, generalized dilation was scen. Autopsy
studies have, however, disclosed abnormalities in
dendritic spine morphology; very thin, long, tortuous
spines with prominent heads and irregular dilatations
were noted [W13]. This suggests a developmental
crror occurring after migration was completed.

94. Two individuals, botb females (MF 401081 and
onc unrcgistered case not included in the clinical
sample), exposed at 12-13 weeks after ovulation, that
is after compiction of the initial wave of migration and
late in the sccond, exhibit no evidence of conspicuous
migrational errors but do show a faulty brain structure.
There is an enlargement of the prominently rounded
clevalions of the brain, the gyri. These clevations are
scparated by furrows or trenches, the sulci, and the
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latter arc shallower than normal, Both individuals have
a mega cisterna magna, that is, an enlargement of the
subarachnoid cistern that lics between the under sur-
face of the cercbellum and the posterior surface of the
mcdulls oblongata. One of the cases (the unregistered
onc) studied at this time exhibited a corpus callosum
(the network of nerves that provides communication
between the two halves of the brain) markedly smaller
than normal and a poorly developed furrow immedia-
tcly above the corpus, suggesting an aberration in the
development of the band of association fibres, the
cingulum, that passes over the corpus callosum. Inter-
cstingly, animal experiments suggest the cingulum to
be particularly radiosensitive [R14, R17]. Indirectly,
thesc (indings suggest crrors in migration.

95. Still later in development, a male exposed to an
estimated dose of 1.5 Gy at week 15 exhibited neither
migrational errors nor conspicuous changes in brain
structure (MF 143818). It is thercfore presumed that
the functional impairment that exists must be related
to the degree of conncctedness between neurons. There
is experimental evidence to show that exposure at this
time in the development of the brain in primates leads
to a diminished number of connections between neuro-
nal cclls [B6]. If all of the connections can be pre-
sumecd to have functional significance, then the dimi-
nution must compromise performance in some manner.

96. Arc the developmental errors described in the
preceding paragraphs causally related to prenatal expo-
surc 1o jonizing radiation, or arc they merely fortui-
tous, characteristics of mental retardation generally?
Two lines of evidence suggest causation. First, al-
though the data are limited, similar findings have been
reported in other individuals who were exposed to jon-
izing radiation prenatally. For example, Driscoll ct al.
[D5] have described the acute damage to two fetuses,
one a male exposed at 16 or 17 weeks of pregnancy
and the other a female exposed at 22 weeks to radium
therapy in the course of trecatment of maternal squam-
ous cell carcinoma of the cervix uteri. Both were alive
at the time of hysterectomy, a day following the cessa-
tion of treatment in the first instance and six days later
in the second. The doses were large, estimated to be
about 4.3 Gy at the centre of the fetal head and 7.7
Gy at the ncarest point inside the cranium in the 16-17
weck fetus, and about 16 Gy in the sccond fetus. In
both cases, the brain incurred the greatest damage, but
then it was also closest to the source of ionizing radia-
tion. Neuronal cell loss was shown to be selective.
The primitive post-mitotic migratory cells were
promplly killed by the radiation, and in this respect the
findings paralicl those scen in experimental animals.
Damage to the cerebellum was less extensive but still
noticeable, particularly in the older fetus exposed to
16 Gy. Exlensive changes were seen in other organs,
notably the bone marrow and lymph nodes.

97. Thus the findings of Driscoll et al. as well as
thasc of other investigators (sce, ¢.g. [M19)), clearly
indicate that if the dose is sufficiently high, scvere
damage to the brain can occur at stages in gestation
consislent with those scen in the survivors of the
atomic bombings in Japan. Unfortunately, the ages at
exposure arc described in terms of weeks of preg-
nancy, but if it is assumed that this implics time from
the onsct of the last menstrual period, as is commonly
the case, then, measured from the moment of ovula-

_tion, these fetuses were 14-15 and 20 weeks of deve-

lopment at the time of cxposure. However, dosc-
response cxtrapolations to the situation among the
prenatally exposed survivors of the atomic bombings
mus! be guarded. The doses were three to eight times
higher than the highest reccived by any one of the
survivors of the atomic bombings, and well above the
presumed whole body fectal LDgy. Moreaver, the
Japanese studies are based upon live-born children
surviving at lcast to an age where a clinical diagnosis
of mental retardation could be made. Given the
extensiveness of the damage in the cases described by
Driscoll ct al., it is questionable whether these fetuses
would have survived gestation and parturition,

98. Sccond, although migrational errors arc often
seen associated with well-recognized, often inherited,
syndromes in which mental retardation occurs (for
specific instances, sce [D9, H19, M20), and for a
review [B16]), they appcar relatively uncommon in
idiopathic (unclassificd) mental retardation. Crome
[C10], for example, describes the findings at autopsy
on 282 institutionalized mentally defective individuals.
He points out rather carefully the limitations of the
sample of individuals he studied and docs not argue
that his findings are representative of "the large
number of mentally retarded individuals in the com-
munity or special hospitals". Among 191 individuals
with unclassified mental retardation, he identified
about 500 main abnormalitics (cach individual was
counled as many times as main diagnoses occurred).
About half of thesec abnormalilies involved either
dilation of the ventricles or a small brain (based on
weight). However, smallness was defined as anything
under 90% of the average, which implies that some
40% or so of a random sample of individuals would
be diagnosed as having an abnormally smail brain, Of
more immediate interest and relevance to the pre-
natally exposcd is the frequency of macrogyria (or
pachygyria) and cctopic grey matter, since these are
the primary findings reported in the Japanese studies.
Crome identified only two cases (among 500-o0dd dia-
gnoses) of pachygyria and two of "cctopic nodules of
grey matter". Another, smaller series of autopsies of
mentally retarded individuals in Finland revealed three
cases of pachygyria or agyria among 80 individuals
[P3]. Finally, a study of relarded individuals in
Denmark reporied 34 cases of microgyria or pachy-
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gyria among 175 autopsics [C11]. Thus, the abnormal-
itics seen among the prenatally exposed survivors of
the atomic bombings of Hiroshima and Nagasaki
would not appear to be common f{indings among the
mentally retarded.

99. Summary. A variety of anatomical abnor-
malities of the brain have been scen among the pre-
natally cxposed, mentally retarded survivors of the
atomic bombings of Hiroshima and Nagasaki and in
other cmbryos or fetuses also exposed to ionizing
radiation. Although the data arc limited, these gross
anatomical cffects have thus far been seen only at
doses in cxcess of 0.5 Gy. Some of these abnormal-
itics have been obscrved among mentally retarded
individuals who werc not exposed to radiation, but
they appear to be less common. The abnormalities
commonly correlate well with the embryological
events occurring at the time of cxposure, suggesting a
causal rclationship. However, the observations arc
essentially descriptive and subject to different
interpretations; they suggest but cannot establish the
nature of the ccllular or molecular events that are
impaired. Further similar studies are obviously nceded.

B. OTHER HUMAN STUDIES
1. Prenatal exposure

100. Numerous studies and a varicty of casc reports
(sce, c.g. [B1, DS], and [M19] for a review) have been
published that further the understanding of the possiblce
role of ionizing radiation in the origin of brain ab-
normalitics {G1, M1]. However, few of these studies
or reports provide a reliable basis for risk estimation.
Generally, there is little information on the exposures
or on the developmental ages after fertilization at the
time of exposure, and the sample sizes arc often small.
An exception 1o this is Lhe study of some 998 children
born at the Chicago Lying-In Hospital to women who
had pelvimetry during the course of their pregnancy
[O3, 08, 09]. The pelvimetric procedure was standard
and resulied in an estimated dose of 0.005 Gy to the
fetus. Since the date at which pelvimetry occurred was
rccorded, the age of the fetus at exposure could be
cstimated. While the bulk (87%) were exposced in the
second half of pregnancy, 120 or so were cxposed
prior to the day 140 after the onset of the last
menstrual cycle. A variety of cnd-points were exam-
ined in this group of children, rclative to two control
groups (born before or after the pelvimelry serics was
completed), including the occurrence of malignant
neoplasms and congenital malformations, and the pre-
sence of mental deficiency. Only one statistically
significant difference between the exposed and the
comparison groups was observed: the frequency of
hacmangiomas was increased in the pelvimetry group,

particularly when exposure occurred in the second or
third trimester [G8]. Subsequent studics have indicated
that this increase was duc primarily to flame nevi, and
the investigators are inclined to attribute no biological
significance to their finding [O8]. Although the sample
ascertained by Oppenheim ct al. [O3, O8, O9] is
relatively large (about 1,000 first-born children) and
the irradiation occurred routinely rather than for
mecdically indicated diagnostic purposes, the doses are
generally small, 0.01-0.03 Gy, and as previously
indicated, the bulk of the children were exposed in the
third trimester. Unlike those studies of individuals
where irradiation had occurred on a selective basis
(c.g. [D4]), these authors find no evidence of a
radiation-related cffect on morbidity or mortality, save
the onc described above, but the analyses usually
pooled all ages at exposure, and the power of the tests,
in the statistical sense, is small in light of the expected
effect at these doses, based on the Japanese studies.

101. Granroth [G2] has examined the association of
diagnostic x-ray cxaminations in Finland with the
occurrence of defects of the central nervous system.
The data, drawn from the Finnish Registry of
Congenital Malformations, reveal a significant increase
in abnormalities of the brain, primarily ancncephaly,
hydrocephaly and microcepbaly, among ncwbom
infants prenatally exposed, when contrasted with
control subjects matched by time and arca. No
estimate is given of the fctal absorbed dose. Moreover,
as the author notes, the majority of these infants were
cxposed because of the clinical suspicion of either
maternal pelvic anomaly or fetal anomaly, so the
cxposures were unlikely to have occurred at a time
when abnormalities such as anencephaly are induced
[M11]. Accordingly, it scems unlikely that the results
reflect a teratogenic effect of radiation.

102. Neumeister [N1] has described the findings on
19 children prenatally exposed to doses cstimated to
be between 0.015 and 0.1 Gy. No instances of scvere
mental retardation are recorded, but post-ovulatory age
at the time of cxposure was not taken into considera-
tion and no suitable comparison group was found. A
subsequent report, on 73 children, merely states that
mental development followed a normal course [N7].
Meyer ct al. [MS] failed to find cvidence of an in-
creased frequency of scvere mental retardation among
1,455 women who were prenatally exposed to small
doses of radiation as a result of diagnostic pelvic
examinations of their mothers. It scems uncertain,
however, whether their case-finding mechanism would
have identified women who were severcly mentally re-
tarded. An increased probability of premature decath
among such individuals leads to underrcprescentation of
the mentally retarded later in life. In addition, expo-
sure must commonly have occurred late in pregnancy,
after the most vulnerable period.
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103. Other studics, such as those of Nokkentved [N2],
arc similarly inapproprialc for the estimation of
radiation elfects. Nokkentved examined 152 children
cxposed in the (irst four months after fertilization to
doses ranging from 0.002 to 0.07 Gy. The findings
among these children were compared with the findings
among their unirradiated siblings. Only onc child, in
the cxposed group, was found to be microcephalic.
There were no cascs of microcephaly among the
siblings. Two children in cach group were reported to
be rctarded. Given the purported doses and sample
sizes, these findings are not inconsistent with the
cxperience in Hiroshima and Nagasaki.

104. Recently, Chinese investigators [H8, H17]
published the results of a study of the long-term
cffects of prenatal cxposure to diagnostic x-radiation
on childhood physical and mental development that
addresses some of the limitations, previously cited, of
other studies. The exposed group consisted of 1,026
children who had been born in hospitals in Beijing,
Shanghai and Changchun and were between the ages
of 4 and 7 years when recruited. The absorbed dose to
the fetus ranged from about 0.012-0.043 Gy; these
doscs were estimated using a thermoluminescent
dosimcter in a human fetus phantom exposed to x rays
from the posterior-anterior, lateral and axial views
wilth typical exposure factors. Only one child, how-
cver, was exposed before week 8 following ovulation;
13 were exposed in wecks 8-15, 41 in wecks 16-25
and the remainder in weck 26 or subsequently (most
of them in week 37 or thereafter). The comparison
group was comprisced of 1,191 children matched to the
cxposed group by scx, age and hospital of birth.
Height, weight and head circumference measurements
were obtained, and intelligence was assessed using a
50-item intelligence and ability scale developed by the
Capital Institute of Pediatrics of the Chinese Academy
of Mcdical Scicnces and standardized nationally. No
significant difference between exposed and controls
cmerged in the measurements of physical develop-
ment. The mean intelligence test score was reduced to
a modest but statistically significant extent among the
exposcd group as compared (o the non-exposed group
(mecan 1Q: 100.35 and 101.71, respectively), and the
distribution of individual scores was slightly shifted
towards lower values. However, when possible con-
founding factors were taken into account, this differ-
cnce was no Jonger statistically significant, nor was a
significant difference found when attention was focus-
cd on those cascs cxposed between 8 and 15 weeks
after conception. Given the small doses and the small
sample size in the critical period, it is not surprising
that these authors found no significant effects.

105. Ragozzino ¢t al. [R21] have described the
outcomc of 9,970 pregnancies recorded for 2,980
women in the Rochester, Minnesota, metropolitan area

in the United States in the ycars 1935-1960. The
health statlus of the children was followed for more
than 20 ycars in 70% of the entire cohort. This was
possible because of the linkage system for medical
records, which facilitated the retrospective deter-
mination of radiation absorbed dose and the compre-
hensive, long-term follow-up of mothers and offspring.
Absorbed dose to the fetus for examinations in which
the utcrus was in the primary radiation beam was esti-
mated for five intervals of gestation by multiplying
calculated fetal dosc at conception by a scale factor
bascd on average maternal anterior-posterior dimen-
sion at different gestational ages. Fetal absorbed dosc
was expressed as the total absorbed dose in the first
trimester, as the total dose absorbed by mid-gestation
and as the absorbed dose accumulated throughout
gestation. For purposes of analysis, the doses were
classificd into three categories, namely, 0 Gy, 0-3
mGy, and >3 mGy. Among the 8,014 children where
the data were complete, 63 cases of mental retardation
were recorded. The relative risk in the highest dosc
group, bascd on the mid-gestation total absorbed dose,
was not statistically significant; the value was 1.1
(95% Cl: 0.06-5.39). Data were not reported on the
occurrence of scizures.

106. Results are also now available from a S-year
clinical-physiological study of children who were born
after the Chemobyl accident whose mothers lived in
contaminated arcas at the time of pregnancy [T6, T7).
The critical periods for cercbro- and corticogenesis
(815 and 16-25 weeks) for 370 of these children
occurred in May, June and July of 1986, but the doses
accumulated in these periods are not clear. However,
the findings of Ilyin et al. [I5] suggest that they were
probably a few tens of milligray at most.

107. Some delay in myelination, accompanicd by
slight psychomotor disorders, was seen in 14.5% of
children cxposed in the critical period of cerebro-
genesis, but in only 7.5% of children born in the first
half of 1988. EEG studies of these children showed a
delay in normal alpha rhythm formation, with signifi-
cant input of slow waves and later formation of zone
differentiation. This was found in 16%-18% of child-
ren examined at 2 and 5 ycars of age. For the critical
group of children, symptoms associated with an in-
crease in intracranial pressure were seen, as revealed
by special function studies. This was found in 18%-
35% of cascs, more [requently among children 2-3
years old.

108. The occurrence of scizures, confirmed by
repeatled EEG examinations, was observed in 14 of
342 children [T6, T7). However, scven of these child-
ren were excluded since they had other proved causes
of symptomatic seizures. For the other seven there
were 1o other apparent causes than radiation exposure.
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Scizures were observed more frequently in the group
cxposed at 8-15 wecks (13.4%) than in the group
exposed at 16-25 weeks (8.2%); in the comparison
group, the frequency of scizures was only 3.0%-3.2%.
Insofar as the developmental period of vulnerability is
concerned, these findings are consistent with those that
have been reported for the prenatally exposed sur-
vivors in Hiroshima and Nagasaki. No cases of micro-
encephaly, Down’s syndrome or any gross CNS defect
were obscrved in the study group.

109. Summary. Aside from the obscrvations on the
prenatally exposed survivors of the atomic bombings
of Hiroshima and Nagasaki, there are few other popu-
lation-based studics of the cffects of prenatal exposure
on the developing human embryo and fetus. Those that
have been published often provide no information on
the doses reccived by the embryo or fetus or on the
developmental ages after fertilization at which expo-
sure occurred. Moreover, the sample sizes are often
small and the power of the statistical tests inadequale
in the light of the expected cffect based on the
Japanese cxpericnce. These caveats notwithstanding,
the information provided by those studies that arc
available is broadly consistent with the Japanese data
and not clearly contradictory.

2. Exposure of the infantile and juvenile brain

110. Because maturation of the human brain continues
beyond birth, possible late-stage effects of prenatal
cxposure of the brain to ionizing radiation (especially
in the later weeks of gestation) may be similar to
effects from exposures of the infantile and juvenile
brain. It is clear that ionizing radiation used
therapeutically in the treatment of brain tumours or
acute lcukacmia at these ages can have deleterious
effects, as measured by conventional intclligence
testing (e.g. [El, H3, M10, R7, S3]). Mcadows et al.
[M10] statcd that "significant reductions were found in
overall intelligence score for the majority of children,
younger patients being most affected”. The exposures
involved in these instances were high, tens of gray,
and most of the individuals involved were also receiv-
ing chemotherapy. It is also important to bear in mind
that protracted hospitalization of the young often
denies them the opportunity to socialize with their
contemporaries and the intellectual interactions this
affords. Ncuropsychologic and other effects of thera-
peutic irradiations of children are discussed in Annex
1, "Late deterministic radiation cffccts in children”.

111. X-ray induced epilation was extensively used
between 1910 and 1959 for the treatment of tinca
capitis. It has been estimated that more than 200,000
children worldwide reccived this form of treatment.
Albert et al. [Al], in their study of one group of
children treated for tinea capitis, reported a higher

incidence of mental iliness, including psychosis,
personality disorders and psychoncurosis, among 1,905
children treated for this discase by x rays than among
1,501 children with tinca capitis treated by other
means. It has becn estimated that, in thc Adamson-
Kicnbock treatment regimen uscd in these instances,
the brain received 1.5-1.75 Gy at its surface, decreas-
ing to 0.7 Gy at the basc.

112. Subsequently, Omran ct al. [O7] described the
results of psychiatric and psychometric evaluations of
109 children with tinea capitis treated by x-ray therapy
and 65 trcated with chemotherapy. They found more
patients with deviant Minnesota Multiphasic Person-
ality Inventory scores among those who had been irra-
diated than in those chemotherapcutically treated, and
the former were judged more maladjustcd by their
MMPI profiles. Hence, there is evidence that exposure
to ionizing radiation can modify personality traits, but
interpretation of these data is difficult, because x-ray
treatment and chemotherapy treatment differ in aspects
other than radiation exposure and because a variety of
cmotional disturbances are associated with protracted
hospitalization of the young. However, Ron et al. [R8]
(sce also [Al, O7, S5]) have reported a similar finding
among individuals treated for tinca capitis who were
not on adjuvant therapy nor hospitalized and who re-
ceived similar radiation doses, possibly 1.3 Gy, on the
average. Ron et al. [R8] have stated that "the irradiat-
cd children had lower examination scores on scholastic
aptitude, intelligence quotient (IQ) and psychologic
tests, completed fewer school grades, and bad an in-
creased risk for mental hospital admissions for certain
disease categories". Apparently no estimate was made
of the diminution in intelligence test score per unit
exposure. The increcased frequency of cases of cortical
dysfunction reportcd by these authors and in the
studies described in the preceding paragraph are not
known to be associated with demonstrable anatomic
changes in the brain.

113. Studies of children exposed during the first few
months of life to absorbed doses in the brain of 1.0-
5.2 Gy as a result of therapy for baemangiomas of the
head, face and neck also reveal impaired subsequent
brain development (see, e.g. [T3, T4, TS]). These
investigators assessed brain function using not only
conventional clinical and neurological examinations
but also clectroencephalography, clectromyography,
rheoencephalography and a varicly of psychological
tests. More than half of the children exposed to doses
ranging from 0.46 to 1.3 Gy exhibited functional
central nervous system changes. These were common-
ly manifested as memory and cmotional defects. At
somewhat higher doses (2.3-3.4 Gy), damage was
more pronounced and included structural-functional
asymmetries that could be demonstrated electro-
encephalographically. Long-term follow-up has re-
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vealed some amclioration of these cffects in some in-
stances. At doses of 4.2-5.2 Gy, arrested physical and
cndocrinological growth was scen, accompanied by a
reduction in head size with deformity. Mental retarda-
tion combined with cpileptoid phenomena was also
scen. No ameclioration occurred with time in these
cascs. Generally, it was found that the older the child
at the time of exposure, the higher the dose required
to produce a specific effect.

114. Studics have been made in the former Soviet
Union of the late consequences of radiation therapy
for brain tumours, using concentrated beams in frac-
lionated exposures [M25]. Obscrvations after 5-10
years disclosed a number of asthcnoncurolic cercbra-
sthenic  syndromes, combined with hypertension,
vestibular and atactic insufficiency, and residual
hemiparesis in some children. Psychological studies
have revealed passive attention instability, active
attention cxhausti-bility, rapid loss of interest duc to
fatigue and memory and intellect reduction; some
children exhibited overt emotional disorders. In nearly
half of the cases studied, however, some amelioration
of these cffects occurred, and after 5-7 years there was
an apparently satisfactory social and school adaptation,
Scven individuals developed an cpileptoid syndrome
after 10 years, and ninc had a lowered convulsion
preparedness threshold, based on clectroencephalogram
(EEG) tests.

115. Long-term obscrvations have also been made on
89 Sovict children treated with 9Co gamma rays for
haemangiomas of the skin in the first 6 months and the
first 2 years aflter binh |T4, TS]. Local doses were
cstimated 1o be 15-28 Gy, but exposure of the brain was
non-uniform, varying from 1 10 3 Gy. A rctardation in
the development of motor and motorstatic functions, as
cvidenced by psychomotor performance or partial-
speech, was seen in 11 children, By 5-6 years of age,
almost a quarter of the children (22 per cent) exhibited
an encephalopathy syndrome, often with evidence of
minor organic damage to the central nervous system.
Among the symptoms they cxhibitcd were hcadache,
difficulty in falling aslecp, incrcased fatiguability of the
ncuromuscular system, vegetative-vestibular disorders
(vegetative as used here and subsequently implics the
autonomic nervous system) and a reduction in memory
and  associative  abilitiecs. Eight children  had
psychovegetative disorders and lowered 1Q. Afler
puberty, during adolescence and youth, satisfactory or
good social adaptation occurred in some instances, but
ncuropsychic dysadaptational periods were seen. EEG
tests disclosed an cpileptoid syndrome, as well as a
lowcring of the convulsion preparcdness threshold in
seven individuals, including two with epileptiform
seizures (radiation dose 22-26 Gy). These ncuropsychic
organic and functional changes were most pronounced
in children exposed at 1-6 months and 1-3 years of age.

C. EXPERIMENTAL STUDIES

116. As noted in paragraph 2, previous UNSCEAR
reports (sce, in particular, [U2, U4]) have considered
the gencral developmental effects of prenatal irradia-
tion as revealed by experimental studies. It is not the
intent of this Annex to re-examine the voluminous
literature, but to comment on certain recent findings
that deal specifically with the development of the
brain. Mole [M19] reviewed this litcrature and the
basis it affords for predicting malformations after
irradiation of the developing human,

117. Experimental studies have demonstrated that the
relative sensitivity of different components of the brain
lo ionizing radiation differs, and possibly substantially
so. Reyners et al. [R17, R18], for example, have
shown that the cingulum bundle, a myclinated sub-
structure of the corpus callosum, is an especially
sensitive indicator of exposure to x-radiation. Changes
in this structure occur at doses as low as 0.1 Gy, that
is, at doses too low for the effects to be readily
explicable in terms of mitotic cell death, and suggest
a disordered sequence of morphogenctic events. More
recently, using 600 keV ncutrons from a Van de
Graaff accelerator, Reyners ct al. [R22] have shown a
significant effect on brain weight at doscs as low as
10 mGy. This diminished brain weight is accompanied
by a significant reduction in the size of the cingulum
bundle. Reyners et al. concluded from their studies
that "the threshold dose for detectable effects to a
developing brain may be lower than 35 mSv, in
particular for acute exposurc to high encrgy transfer
particles during the period of corticogenesis.” Lent et
al. {L.1] have shown that mice exposed to 2 or 3 Gy of
gamma radiation on gestational day 16 arc invariably
acallosal. It is not clear, however, whether these
changes in the cingulum and the corpus callosum are
conspicuously detrimental to the animal nor is it
known why the cingulum appears to be so radiosensi-
tive, more so than the entire corpus callosum.

118. Until relatively recently, most experimental
studics have focuscd on changes in brain morphology
or weight (c.g. [A3, H7, S13]) following exposure to
jonizing radiation rather than changes in brain func-
tion, There arc exceptions to this statement. Studics
conducted almost three decades ago have revealed that
seizurcs occur in rodents following prenatal exposure.
Sikov ct al. [S12, W11], for example, rcported an
increased frequency of seizures among the olfspring of
albino rats exposed at 15 days of gestation to a dose
of 0.5 or 1.9 Gy. These scizures were described as
focal in onset, with rapid progression from face to
forclimb and hind limbs, and then quickly becoming
gencralized. They were said to be equivalent 10 the
typical Jacksonian scizure in man, in which the attack
usually proceeds from the distal to the proximal limb
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musculature. No increase in scizures was seen when
cxposure occurred on day 10 of gestation, and no
cffort was made to define a dosc-response relationship
at 15 days of age. Other ncurological deficitls were
noted, such as gait defects, forced circling and
hypersensitivitly 1o some scnsory stimuli, which
manifested itsell as exaggeraled myoclonic jerks.
Although some of these effects were seen in rats
cxposed on day 10, they were more common among
the rats exposcd on day 15 and at the higher dosc.

119. However, bchavioural studics of rodents
following prenatal irradiation have now revealed that
a varicty of behaviours are correlated with cortical
morphology. Norton [N5, N6, for cxample, has
reporicd that cortical thinning is associated with
changes in an animal's angle of stride, negative
geotaxis and continuous corridor activity, as well as
with other behavioural mcasures. She has further
shown that some behavioural tests exhibit a clear
dosc-response relationship to doses as low as 0.25 Gy
(the lowest dose used in her experiment), although
several behavioural parameters were not altered by
radiation. Jensh ct al. [J4, J5] have described similar
findings in the Wistar rat at doses of 0.2 Gy and
higher, but they concluded that all of the parameters
they had studicd bad thresholds at or above 0.2 Gy.
Kimler et al. [K6] have shown that the organ most
sensitive 1o radiation-induced alterations changes: it is
the pituitary gland at gestational day 11 and the
primitive cortex of the brain at days 13-17, with a
peak of sensitivity at day 15. They further noted that
a spectrum of related functional and morphological
deficits can be produced even by low-dose in utero
irradiation (0.25 Gy), with the specific end-point
showing the greatest change being determined by the
day on which exposure occurs. Finally, Minamisawa
et al. demonstrated an effect of aggressive behaviour
in adult male mice following fetal cxposure to
gammarays [M24]. These anatomical and behavioural
experi-mental results accord surprisingly well with
what has been seen in the human (for a comparison
sce [S24]).

120. Still other ncurophysiologic effects, with
different critical periods, have been identified. Recent-
ly, for example, it has been shown that mice irradiated
prenatally on day 18 (corresponding, roughly, to week
33 in the human) suffer a significant loss in spatial
memory [S16]. The integrity of spatial memory ap-
pears 10 depend on the proper development of the hip-
pocampus, a primitive, anatomically distinct part ol
the cortex lving beneath the cercbral hemispheres, This
structure arises relatively late in the development of
the human brain, but damage 1o it resulls in a rccog-

nized cognitive defect characterized by severe amnesia
and includes deficits in learning mazes. Morcover,
there is evidence thal associates a reduction in the
pyramidal cclls within the hippocampus with memory
impairment.

121. Analogous bechavioural changes have been seen
in primatcs following prenatal exposure [O10]. Brizzee
ct al. [B12], for example, have reported that the
exposure of squirrel monkeys on days 89 and 90 of
gestation to 0co gamma-radiation at doses of 0.5 or
1.0 Gy results in less accurate and poorly coordinated
reflexes and necuromuscular  coordination. The
percentage of correct responses in tests on visual
oricntation, discrimination and reversal leaming were
significantly lower in the exposed animals than in the
controls. At doses of 0.1 Gy, no structural or
bechavioural alterations were scen; however, the
authors conjecture that more sensitive behavioural
testing and the use of computerized microscopic
techniques (and, possibly, the computer-aided mapping
of specific ncuronal populations [K9]) will reveal
changes.

122, It is difficult to put thesc obscrvations into a
perspective suitable to the purposes of this Annex: the
tests used t{o measurc cortical dysfunction have no
obvious human counterparts, the nature of the dose-
response relationship is often clouded by the large
inhcrent variability in the end-points measured, and so
forth. Morcover, abscopal effects cither in the
cxperimental animal, the human or both cannot be
cxcluded. Sloviter et al. [S11], for example, have
shown that adrcnalectomy of adult male rats results in
a ncarly completc loss of hippocampal granule cells
3-4 months after surgery. The bhippocampus, as
previously stated, is involved in lcarning, memory and
a varicty of other behaviours and is known 1o be the
target of adrenal steroids. How widespread this
phenomenon may be is not known, nor is it clcar that
radiation-related damage to the adrenals would effect
similar changes. However, damage to the adrenals’
from prenatal exposure has been seen in the human
|DS, Yi].

123. Summary. Three general conclusions scem
warranted from the experimental evidence. First, it
appecars clear that low doses (that is, doses in the
range of 0.2 Gy or so) produce mecasurable beha-
vioural and anatomic cffects. Sccondly, behavioural
changes have their structural counterparts in the
architecture of the brain. Thirdly, there is a high
degree of f(unctional specificity in the information
transmitted over ncural systems.
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I11. RISK ESTIMATES

124. Quantitative risk estimates for radiation damage
to the brain after prenatal exposure of human beings
are of importance because they have practical implica-
tions for radiation protection. However, the human
data on which to base such estimates are limited and
imperfect. The data on the survivors of the atomic
bombings of Hiroshima and Nagasaki provide the
primary basis for the risk cvaluation. As described in
Chapter II, four types of observation are available
from these data:

(a) the frequency of severe mental retardation
recognized clinically;

(b) thc diminution of intelligence, as measured by
conventional tests;

(c) scholastic achicvement in school;

(d) the occurrence of unprovoked seizures.

Each has its limitations, and there must be an aware-
ness, when interpreting the available information, of
these limitations and other difficulties. However, until
more direct measures of brain damage, such as cell
dcath or impaired cell migration, are available, these
obscrvations are the only ones on which risk estimates
can be based. Unquantified clinical descriptions are of
little assistance, and experimental data, though
important qualitatively, provide an uncertain basis for
quantilative estimates of prenatal risks in humans.

125. One of the most important problems in
estimating the risk to the developing brain from expo-
sure to ionizing radiation is the shape of the dose-
response relationship. As stated, much of the data that
have helped to identify the teratogenic cffects of
radiation have limited applicability, for either the
doses are too poorly known or too invariant to permit
discrimination between different plausible models. The
information on the atomic bomb survivors represents
onc of a very few sets of data that may be relevant.
But even here, the multiplicity of ways in which radia-
tion could affect the normal development of the brain
and culminate in cortical dysfunction makes it hard to
asscss the reasonablencss of an observed dose-
responsc relationship. This limitation will remain until
the different causcs of a necurological deficit of an
organic nature can be distinguished one from another.

126. As stated in paragraph 84, it is presently unclear
whecther the cases of mental retardation seen among
the prenatally exposed survivors of the atomic bomb-
ings of Hiroshima and Nagasaki represent malforma-
tions or instances of maldevelopment, Their origin can
be perceived cither as involving a dose-related large
effect on a small number of individuals or as a small
effect on a large number or, conceivably, a mixture of
the two. Since the suggested shift of the 1Q curve
towards lower values must increase the frequency of

mentally retarded individuals with increasing dose, the
fall in 1Q and the increase in scverely mentally
rctarded individuals with dose may be interrelated.
Indeced, the observed increase in mental retardation in
the critical 8-15 week period and the shift in mean 1Q
in this same interval of time can be shown to be
mathematically compatible. This fact has led the
International Commission on Radiological Protection
(ICRP) to conclude that the shift in IQ "appcars to be
a deterministic effect, probably with a threshold
determined only by the minimum shift in IQ that can
be clinically recognized" and to assert further that "the
obscrved shift of 30 1IQ units per Sv is best suited to
describe the risk” of radiation-related mental impair-
ment [12]. The Commission also concluded that "if
both observations (alluded to above) are correct, the
most likely interpretation is that the dose required to
cause an IQ change large enough 10 make an other-
wise normal individual mentally retarded would be
high, while the dose that would bring an individual
with potentially low IQ over the borderline may be a
few tenths of a Sv”.

127. It should be noted that ICRP interpretation of the
data stemming from the studies in Japan has not gone
unchallenged, most notably by Mole [M23]. He argues
that the neuroembryology and plasticity of the brain
do not support this interpretation, that the correlation
between the shift in 1Q and the occurrence of severe
mental retardation reflects the way in which IQ tests
arc constructed and is not indicative of a common
underlying biologic process, and that the data are
actually better described by a threshold model, with
the threshold being in the ncighborhood of 0.5 Gy.

128. Mole contends that the interpretation of the
damage to the developing brain depends upon the
choice between two competing proposals about the
mechanism of construction of the primitive cerebral
cortex. One of these hypotheses, the radial column
hypothesis, argues that the development of the cere-
bral coriex arises through the radial migration of
neurons from their sites of birth to predetermined
destinations in the cortex, forming, as they move,
radial columns with specific functions (see, in
particular, [R12, R13]). The other hypothesis (see
[W8, W14)) asscrts that the migration of neurons is
not limited to outward radial movement but can occur
in other directions and over longer distances than
cnvisaged by the radial column hypihesis. He argues
that ICRP in favoring the radial column hypothesis has
erred in denying the plasticity of the human brain.
This argument is specious for at lcast two rcasons.
First, the hypotheses stated briefly above arc not
competitive but supplemental; it is not a mattcr of the
choice of one and the rejection of the other. Evidence
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clearly exists for both mechanisms of migration. This
should not be unexpected, since collectively they
afford an cxplanation for both the known plasticity of
the human brain and the nccessity that some cortical
functions be rigidly cncoded. This does not deny
plasticity, but asserts that cortical function is a
complex process some portion of which is conserva-
tive. Secondly, ICRP, while favoring the radial column
hypothesis, does not assert that all migration of
ncuronal cells must conform to this hypothesis. They
do note, however, that the radial column hypothesis
provides a basis for presuming that some small local
lesions could have lasting cffects on mental function,

A. RISK FROM ACUTE EXPOSURE

129, Re-cvaluation of the data on the survivors of the
atomic bombings of Hiroshima and Nagasaki has pro-
vided a new perspective on the periods of sensitivity
of the developing brain to radiation-related damage
and the possible nature of the dosc-response relation-
ship. These findings have been described in some
dctail previously. The main points that specifically
concern risk estimation are the following:

(a) the period of maximum vulnerability to radiation
appears to be the time between 8-15 weeks after
ovulation, that is, the interval when neurons are
produced in greatest number and when they
migrate to the cercbral cortex;

(b) a period of lesser vulnerability occurs in the
succeeding period, 16-25 weeks after ovulation.
This period accounts for about a quarter of the
apparently radiation-related cases of scvere
mental retardation;

(c) the least vulnerable period is 0-7 weeks after
ovulation, during which no radiation-related
cascs of severe mental retardation occur.

However, as previously stated, within the 0-7 week
period, a higher proportion of exposcd embryos fail o
survive gestation, and it may be that brain-damaged
cmbryos are Iess likely to survive to an age where
their handicap can be recognized clinically. Moreover,
a significant increase in tbe incidence of individuals
with an atypically small head, presumably due to
generalized growth retardation, does occur in these
weeks.

1. Mental retardation

130. In fctuses cxposed to radiation in the period 8-15
weeks aficr ovulation, the prevalence of severe mental
retardation at estimated mcan doses to the mother’s
uterus of 0, 0.05, 0.23, 0.64 and 1.38 Gy, was 0.8%,
4.5%, 1.8%, 20% and 75% (Table 4). Within this
period of maximum vulnerability, it is difficult to

know, a priori, what the appropriate dosc-response
model should be, since mental retardation could arise
through a varicty of different biological or genetic
cvents, ranging from cell killing to mismanaged
ncuronal migration o errors in synaptogencsis or to
some combination of these cvents, Each of these
processes could have its own unique, but currently
unknown dose-response relationship. Accordingly the
Committee has clected not to fit a specific model or
models but to cite the risks as they have been
observed cmpirically.

131. Although the Committce docs not believe that a
linear dosc-response model has much, if any, biologi-
cal credence, prudence suggests the nced to examine
such a model, since presumably it would maximize the
cstimated risk at low doses. Within the most vulner-
able age group (irradiation at 8-15 wecks after
ovulation), the incidence of severe mental retardation
at 1 Gy is 0.39, with a standard error of about
0.09 Gy!.

132. In fctuses exposed to radiation in the period 16-
25 weeks after ovulation, the prevalence of severe
mental retardation at estimated mean doses to the
mother’s uterus of 0, 0.05, 0,23, 0.64 and 1.38 Gy was
0.6%, 1.8%, 0%, 0% and 37.5% (Table 4). Thus, the
only demonstrably increased risk occurs at doses
estimated to be 1 Gy or more.

2. Small head size

133. A variety of dose-response relationships, with
and without a threshold, have been fitted to the data
on head size grouped by trimester and post-ovulatory
age (weeks) at exposure. A significant radiation-related
cflect on the incidence of individuals with a small
head was noted only in the first and second trimesters
and for the 0-7 week and 8-15 weck periods after
ovulation. 1t is worth noting that these findings are
similar 1o those of Miller and Blot [M3], when allow-
ance is made for the difference in dosimetry (they
used the T65 maternal kerma) and some subsequent
small changes in the data. They observed "a progres-
sive incrcase with dose in the frequency of the
abnormality (small head circumference) among per-
sons whose mothers were exposed before the 18th
week of pregnancy”. When exposure occurred in the
first trimester, the risk of an atypically small head
suggests a possible lincar-quadratic dosc-response
rclationship. Both lincar and quadratic tcrms are
significant, but the quadratic term is negative. The
results of fitting a linear-quadratic model 10 the 0-15
week period after ovulation suggest a lincar dose-
response rclationship (Figure II). No excess risk for
small head size is scen in the third trimester or among
individuals exposed at 16 weeks or more after ovula-
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tion. The estimated threshold, based on cither a linear
or a lincar-quadratic dosc-response relationship, is zero
or ncarly so. This apparent abscnce of a threshold and
the somewhat different periods of developmental
vulnerability suggest an embryological difference in
the events culminating in small head size, on the onc
hand, and severe mental retardation, on the other.

134. The relationship of small head size 1o exposure
1o ionizing radiation and gestational wecks was cva-
luated using four physical mcasurements of growth
and devclopment: standing height, weight, sitting
height and chest circumference. These variables are
highly correlated. Accordingly, the four mcasurements
were cvaluated as a set, using a multivariate analysis
with estimated DS86 dose and gestational week as co-
variales and sex and small head size as calegorical
factors. A retardation in growth is observed among
individuals with a small head, with or without severe
mecntal retardation, when their physical measurements
are compared with those of individuals with a "nor-
mal" head size,

135. In order to investigate the possibility of growth
retardation using the four physical mcasurements
simultancously, a multivariate analysis of covariance
was attempted, using data for individuals 10-12 and
16-18 ycars old, for whom comparatively large num-
bers of observations were available. The retardation of
growth with increasing radiation dose is observed at
almost all ages, as judged by the negative cstimates of
the dosc parameters associated with the four measure-
ments. However, a statistically significant rctardation
of growth and development, after adjusting for con-
founding factors bascd on scx, small head and gesta-
lional age, is noted only at 17 years of age with or
without inclusion of severe mental retardation and at
18 yecars of age with the severe mental retardation
cases included. At 16 years of age there is a sug-
gestive retardation of growth among individuals with
small hcad size and scverc mental retardation (p <
0.10). At all other ages, no statistically significant
rctardation of growth is observed; howcver, as pre-
viously noted, at these ages too, growth scems to
diminish as the radiation dose increases. It must be
borne in mind that where a statistically significant
cflect of radiation on growth is not seen, the pubertal
growth spurt and its variability in age of onsct could
increase the generalized variance of the measurcments,
diminishing the sensitivity of the statistical tests. This
conjecture is not supported, however, by a test of the
homogeneity of the generalized variances, since these
cannot be shown to be significantly heterogencous.

136. Post-ovulatory age is statistically significant and
negative for all cocfficients associaled with the four
physical measurements, except for chest circumference
at 10 ycars of age, with or without the inclusion of

individuals with severe mental retardation in the
analysis. Individuals with small heads, with or without
the inclusion of the cases with severc mental retarda-
tion, cxhibit a highly significant retardation of growth
and development with gestational age at exposure, as
judged by the four physical measurcments. Why this
should be truc is not obvious. But since the measure-
ments decline as gestational age increases, it suggests
that there may have been some selection for body size
in the carlicr gestational ages. Expressed in another
way, individuals who survived cxposure in the early
stages of gestation may have represented healthier
pregnancics, on average, that were thercfore destined
1o give risc to larger children and young adults. If this
were lrue, it would be reasonable to assume that no
gestational age cffect would be obscerved if the com-
parisons were restricted to those sample members who
were cither not exposed or exposed to estimated doses
of less than 0.01 Gy. When the data are so restricted,
however, the effect of gestational age remains, and its
origin is unclear,

3. Diminution in intelligence
and academic performance

137. Thc obscrvations on intelligence tests and school
performance suggest the same two post-ovulatory age
periods of vulnerability to radiation. The period 8-15
weeks again shows the greatest sensitivity, although
with the data available so far, it has not been possible
to establish the form of the dose-response relationship
unequivocally. However, within the post-ovulatory age
group mosl scnsitive to the occurrence of clinically
recognizable severe mental retardation (exposure 8-15
weeks after ovulation) the diminution in IQ under the
linear model is 21-33 points at 1 Gy, based on the
new dosimetry and the specific set of observations
uscd.

138. A linear-quadratic modcl does not generally
provide a betier fit to the intclligence test data (sce
Table 7), nor does it reveal persuasive evidence of
curvilincarity in the dose response in the most critical
post-ovulatory age group. However, the significance of
the effect at 16-25 weeks after ovulation is more equi-
vocal with a linear-quadratic model than with a lincar
one. Regression coefficients obtained in fitling lincar
and lincar-quadratic modcls to school performance
results are shown in Table 8.

139. The effects of diminished mental capacity
considered here result from damage to the cerebrum in
prenatally exposed individuals, Although experimental
studies [A2, C12, H20] and case reports [B1, DS5]
have cstablished that the cerchellum is sensitive to
radiation damage, no evidence has emerged (rom the
studies of the prenatally exposed survivors in Hiro-
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shima and Nagasaki of such damage, and for scveral
reasons it may be difficult to identify. First, Purkinje
cells, the only efferent neurons in the cerebellum, arce
prolifcrating and migrating in the samc developmental
period as the neuronal cells that populate the cerebral
cortex, so damage to precursors or differentiated Pur-
kinje cclls would occur at the same time and might be
inscparable from damage to those cclls that give rise
to the cerebral cortex [Z1). Secondly, the granular
ncurons, the most numerous nerve cells in the cere-
bellum, retain their proliferative abilities after birth
and could, in theory, repopulate areas of the develop-
ing cerebellum that were damaged by radiation. To the
extent that this occurs, granular cell damage might be
mitigated. Estimates of the risk of damage to the
cercbellum following prenatal exposure, based on
fixed or progressive neurologic deficit, are presently
not possible. No evidence of damage to the mid-brain
or the brain stem following prenatal exposure has been
reported; accordingly, radiation risks to these parts of
the central nervous system cannot be estimated.

4. Seizures

140. The risk ratios for unprovoked scizures, follow-
ing cxposure at weeks 8-15 after ovulation are as
follows: afier doscs of 0.1-0.49 Gy, 4.4 (50% CI: 0.5-
40.9); after doses of 20.5 Gy, 24.9 (90% CI: 4.1-192,
mentally retarded included); 14.5 (90% CI: 0.4-200,
mentally retarded excluded). Table 9 gives the results
of fitting a linear response mode] to the grouped dose
data including and excluding the severely mentally
retarded.

141. It is not clear which of these sets of risk ratios,
that based on the inclusion or that based on the ex-
clusion of the mentally retarded, should be given the
greater weight., The answer hinges ultimately on the
mechanisms underlying the occurrence of scizures and
mental retardation following prenatal exposure to ion-
izing radiation, and thesc are presently unknown. If
scizures can arise by two indcpendent mechanisms,
both possibly dose-rclated, one of which causes seiz-
ures and the other of which causes mental retardation
in some individuals who are then predisposed to deve-
lop seizures, the mentally retarded must necessarily be
excluded if one is to cxplore the dose-responsc rela-
tionship associated with the first mechanism. If, how-
ever, mental retardation and scizures arise from a
common brain defect, which manifests itself in some
instances as mental rctardation and in other instances
as seizures, then the mentally retarded should not be
excluded.

142. At present the only evidence suggesting a com-
mon radiation-related developmental defect is the oc-
currence of ectopic grey matter in some instances of

both disorders. However, even this evidence is diffi-
cult to put into perspective, because while it is known
that ectopic grcy matter occurs among some of the
radiation-related instances of mental retardation, the
observation of cctopia in individuals with scizures is
bascd on other studies. As yet, there has been no in-
vestigation of the incidence of ectopic grey matter
among the prenatally exposed survivors of the atomic
bombings of Hiroshima and Nagasaki who have
seizures but no mental retardation.

143. A scarch for a threshold in the occurrence of
seizures (sce Table 10) discloses the following: the
central values of the threshold for all seizures range
between 0.11 and 0.15 Gy in the most critical period,
that is, 8-15 wecks after ovulation, and the estimates
are even lower for unprovoked seizures (0.04-0.08
Gy). In all of these instances, however, the lower 95%
bound on the threshold includes zero, so the data
provide no compelling evidence for a threshold.

B. RISK FROM FRACTIONATED OR
CHRONIC EXPOSURE TO NEUROTOXINS

1. Ionizing radiation

144, Little is known about the effects on the
developing human embryo and fetus of fractionated or
chronic exposures to ionizing radiation. Given the
complexity of brain development and the differing
durations of specific developmental phenomena, it is
reasonable, however, to assume that reducing the dose
rate or dosc fractionation will have some effect. The
hippocampus, for example, and the cerebellum
continue to have limited neuronal multiplication, and
migration does occur in both organs. Changes continue
in the hippocampus and cerebellum into the first and
second years of life. Continuing cvents such as these
may show dose-rate effects differing from those
associated with the multiplication of the cells of the
ventricular and subventricular arcas of the cerebrum,
or the migration of neurons to the cercbral cortex.

145. Most of the information available on the effects
of dose rate involves the experimental exposure of
rodents, Since these findings have been summarized in
previous reviews (see, e.g. [K11, M19, U2, U4)),
atliention here is restricted to only one or two
represcntative obscrvations. Brizzee et al. |[B10] (see
also [J1]) have cxamined ccll recovery in the fetal
brain of rats. Pregnant rats were exposed to Do
radiation on gestation day 13 in single doses, ranging
from 0.25 to 2 Gy in increments of 0.25 Gy, and in
split doses of 1 Gy, followed 9 bours later by a
second dose of 0.25 to 1.5 Gy, again in increments of
0.25 Gy. The animals were disccted and examined on
the day 19 of gestation. The incidence and severity of
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tissuc alicrations gencrally varied directly with dose
and wecre clearly greater in single dose than in split
dosc groups with the same total exposure. The authors
obscrved that "the presence of a threshold (shoulder)
zonce on the dosc-response curve in the split-dose ani-
mals suggests that cell recovery occurred in some
degree in the interval between the two cxposures”.
This reduction in damage with the protraction of dose
secms greater for continuous gamma-ray exposure than
for scrial, brief x-ray cxposures, and it has been
argucd that this may indicate a further sparing when
the protracted dosc is evenly distributed over time
{M19]. If true, this obviously has important regulatory
implications.

146. Rccendy, Vidal-Pergola et al. [V1] reported
results of fractionated prenatal doses on postnatal
development in Sprague-Dawlcey derived rats. Their
cxperiment consisted of exposing pregnant females to
single doses of 0.5 or 1.0 Gy, or to two doses of
0.5 Gy 6 hours apart. Offspring were subjected to four
behavioural tests (negative geotaxis, reflex suspension,
continuous corridor activity and gait) on postnatal days
7-28. The rats were then sacrificed, and the brains
were removed and processed for histology. For all
four bebavioural end-points, the fractionated dose
produced an effect that was intermediate between the
0.5 and 1.0 Gy doses and that, by linear interpolation,
could be expressed as equivalent to a single dose of
about 0.7 Gy, Mcasurements of the upper four layers,
the lower two layers and the total thickness of the
sensorimotor cortcx in the dose-fractionated group
revealed significantly lcss damage than was seen at a
single dose of 1.0 Gy but more than that scen at a
single dose of 0.5 Gy. Reyners et al. [R22] have
cxamined the effects of protracted exposures to low
doscs of gamma rays on Wistar rats from day 12 to 16
post conception and found a significant reduction in
brain weight at an accumulated dose as low as
160 mGy.

147. Newly developed techniques for the culturing of
ncuronal cells in vitro make such cell studies more
practical now than in the past. For example, the means
exist to culture cells from a snippet of the embryonic
forcbrain of the mouse (sce, e.g. [F2, H15, H16]).
These cells, when dissociated and plated in a
monolayer, will form structures with a well-defined
lumen and disposc themselves radially around the
latter much like the proliferative zones seen in the
fewal brain. The cells will divide, become post-mitotic,
as cvidenced by the presence of ncural filament
protein, and actually migrate to the periphery of the
globular aggregate. At about 5-7 days after the
formation of the aggregatces, they collapse, presumably
for want of a supporting structure, and although the
cells will continue to divide and migrate, they no
longer have a well-defined architecture. No studies

have been published describing the cffect of exposure
to ionizing radiation on this scquence of events in
these cultures. However, even a week could be long
enough to determine whether radiation does alter, even
transitorily, the surface properties of these neuronal
cells, much as Feinendegen et al. reported for
haematopoictic stem cells [F3, F4]. The measurements
on the hacmatopoictic stem cells are essentially
indirect, but given the cxistence of specific
monoclonal antibodies 1o a varicty of the neuronal cell
adhesion molecules and cytoskeletal proteins, a more
direct test of alterations in the neuronal or glial cell
membrane or the cytoskeleton of the neuronal cell is
possible. If such studies arc to be informative,
however, it will be necessary to demonstrate that the
changes scen in vitro parallel changes in vivo and arc
not merely the consequence of the experimental
manipulations.

2. Neurotoxic chemicals

148. Somec insight into the nature of the develop-
mental effects to be anticipated from chronic radiation
exposurc may come from toxicological effects in
cmbryos and fcluses exposed to toxic chemicals [W3,
W4, W5]. In Minamata, Japan, where the bay and its
marinc life were contaminated by methylmercury, 23
of 359 children born between 1955 and 1959 showed
symptoms of ccrebral palsy, a proportion 10 to 60
times higher than normally expected. Fetal exposure
reduced brain weight in severely poisoned children to
one half or less of normal, and abnormal cells could
be scen distributed throughout the brain. Severe,
permancnt central nervous system damage leading to
behavioural and other neurological disorders was also
seen in Iraq, where sced grain contaminated with
methylmercury was used as food. These incapacitating
consequences were often observed in children of
mothers whose most common sympiom of methyl-
mercury poisoning during pregnancy was a mild,
transient paracsthesia. Such observations suggest that
the embryo and fctus are much more sensitive to
methylmercury than the mother, but it should also be
noted that mecthylmercury accumulates to higher
concentrations in the blood and tissues of the embryo
and fetus than in those of the mother [I3, W6].

149. The fetal aicohol syndrome offers another
possible paradigm. Abnormalitlies of the central
nervous system, particularly mental retardation and
small head size, are also the most pronounced cffects
of heavy intra-uterine exposure to alcohol [S6]. The
average 1Q of individuals with fetal alcobol syndrome
is about 65, although scores may vary from 16 1o 105
|S7]); also, the severity of the mental retardation
corrclates with the severity of the dysmorphic features
in the individual. Clarren ct al, [C3, C4] (see also
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[H4]) bave noted that areas of cclopic grey matter in
the frontal and temporal white regions of the cerebral
hemispheres and leptomeningeal ncuroglial hetero-
topias, both cvidences of abnormal cell migration, are
common among infants with fetal alcohol syndrome.
This appears truc not only among those infants born to
chronically alcoholic mothers, but also those born to
womich who describe themselves as infrequent drinkers
who have occasional cpisodes of intensive drinking,.

150. Itis gencrally assumed that the teratogenic effect
of alcohol, insofar as abnormalities of the central
nervous system are concerned, is initiated during the
first trimester, but this has not been well cstablished.
Given the commonly chronic nature of the exposure,
it is not surprising that the sensitive period is
imperfectly known. Renwick et al. [R9], using an
argument based upon seasonality in the prevalence of
fetal alcohol syndrome, on the one hand, and ethanol
use, on the other, suggested that the damage may
occur as late as weeks 18-20 of gestation. Since they
apparently measured gestation from the last menstrual
period [R9], this corresponds to 16-18 weeks afier
ovulation and suggests that the vulnerable periods for
alcohol use and exposure to ionizing radiation may be
similar. It should be noted, however, that lepto-
meningeal heterotopias of the kind observed in fetal
alcohol syndrome have not been reported in either
humans or other primates exposed to ionizing radia-
tion, although heterotopic grey matter has been seen,
as previously described. These leptomeningeal neuro-
glial heterotopias are seen as a sheet of neural and
glial tissue that covers a part of the brain surface and
may partially incorporate the pia mater. They are
apparently continuous wilh the molecular layer of the
cortex and may represent a persistence of its subpial
granular layer [B8]. If so, they arise somewhat later,
probably after weeck 24 [B8, Z2]. The aberration in
migration that occurs appears less a failure of the
necurons to move from the periventricular proliferative
areas than an inability 1o recognize when to stop; the
cells commonly migrate beyond their normal sites of
final differentiation.

151. Further insight into the effects of ionizing
radiation on the developing human brain is to be
found in the ncurotoxic effects of prenatal exposure to
lead (sce, c.g. [M22, S19, S20]). Although the toxic
effects of this metal are many and variced, four find-
ings appear especially pertinent to this Annex. First,
the cffects of prenatal exposure to lead on the deve-
lopment of the central nervous system appear to be
lincar over a widc range of doses. For example, the
decline in performance on the Bayley Mental Develop-
ment Index, which has a mean of 100 and a standard
deviation of 16, is 2-8 points per 10 ug of lead per
deciliter of blood [M22]. But the epidemiological data
do not allow a threshold to be established with con-

fidence. Lincarity docs not seem 1o be true for all
neurotoxic effects, however. The lead-related impair-
ment of peripheral nerve conductance, for example,
appcars to follow a quadratic dose-response curve,
suggesting that a threshold may exist for this effect
[S21]. In this instance ncurotoxicity apparently
requires the recruitment of several nerve fibers if a
dysfunctional statc is to obtain. This suggests that the
shape of the dose-response relationship is intimately
rclated to the developmental biology of the end effect
mcasured. Secondly, since there are no absolutely
lead-free societies, it is not possible to compare lead-
frce situations with those involving very low levels of
lcad exposure in order to determine whether there are
non-monotonic regions in the empirical dose-response
relationship. This situation is similar to that involving
exposure lo ionizing radiation. Thirdly, there is
substantial evidence supporting the notion that lead
toxicity involves molecular interactions of this metal
with calcium and sodium {S19]. Given the ubiquity of
cxposure to lead, its effect on the transmembranal
influx of calcium and the possible role of N-type
calcium channels in neuronal migration, this suggests
the need, in the case of ionizing radiation, to explore
carcfully the molecular and cellular mechanisms that
may subtend radiation damage. Finally, in so far as
lcad provides a paradigm for the potentiation of radia-
tion-related effects on the central nervous system
through other toxic exposures, it is important to
recognize that evaluation of the mother at the time of
pregnancy may not predict the actual exposure of the
embryo or fetus to a neurotoxin. In the case of lead,
there is evidence that bone stores of this metal can be
mobilized during pregnancy and cause rapid changes
in internal exposure.

152. Brock et al. [B11], as well as others, have shown
that chemically induced injury to the postnatal mam-
malian brain is often manifested by alterations in the
cytoarchitecture of specific neuroanatomical regions.,
More importantly, they have shown that these anato-
mic changes are accompanied by quantitative changes
in the protcins associated with specific cell types.
Thus, for exampie, the organometallic compound tri-
mecthyltin, which preferentially destroys the ncurons of
the limbic system, depresses the concentration of the
synaptic vesicle protcins synapsin 1 and p38 but
increases that of glial fibrillary acid protcin (GFAP) in
a dose-related manner. This suggests a widespread
astrocytic response to the chemical, since GFAP is the
major protein of intcrmediate filaments in astrocytes.
Presumably trimethyltin stimulates astrocyte division
and, possibly, other glial elements as well. Whether
this also occurs in the prenatal brain is not clear;
however, it is known that the radial glial cells that
provide guidance during migration of the immature
ncurons to the cortex will ultimately develop into
astrocytes and, possibly, oligodendroglial cells |C5)
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once their guidance function ceases. Astrocytes have
many ncuronal characleristics, such as neurotransmitter
receptors, ion channels and neurotransmitter uptake
systems. Morcover, it has been shown that cultured
astrocytes express certain neuropeptide genes prefer-
enlially and specifically for the brain region from
which the cultured cells were derived, suggesting that
the peptides synthesized in astrocytes may play a role
in the development of the central nervous system
{S10].

153. Summary. The information available on exposure
of the developing human brain to protracted doses of
ionizing radiation is still too limited to permit esti-
mates of risk at low dose rates; however, the animal
data that arc available suggest that the risk is lower
but the degree of attenuation is uncertain, Moreover,
it is difficult to extrapolate this information to the
human case because of the differences in duration of
the rclevant neuroembryologic events. Data on expo-
sure to ncurotoxic chemicals have provided some
insight into the molecular and cellular events asso-
ciated with such exposures, which may be pertinent to
radiation-related brain damage.

C. UNCERTAINTIES

154. Estimates of risks from prenatal radiation
cxposure of the developing human brain have becn
derived only from the high-dose-rate, acute exposures
of survivors of the atomic bombings of Hiroshima and
Nagasaki. Many uncertainties are associated with these
risk cstimates. They include the limited nature of the
data, especially on mental retardation and seizures, the
appropriateness of the comparison group, errors in the
cstimates of the tissue absorbed doses and in the
cstimates of prenatal ages at exposure, Moreover, there
are other confounding factors that would play a role.
Socio-economic circumstances in the final ycar of the
war and immediately thercafier were stringent, affect-
ing both the availability of food and the resourccs to
treat disease. Thus, maternal nutrition and health status
and the possibility of intercurrent disease could
contribute to higher risks than might be scen other-
wise.

155. Sample size and comparison group. Only 21 of
the 30 severely mentally retarded individuals in the
Clinical Sample received fctal absorbed doses esti-
malcd to be 0.01 Gy or more, and three of these bad
health problems that could account for their retarda-
tion, making it unrelaled to radiation (two cases of
Down’s syndrome and onc case of Japanese encephal-
itis in infancy). With their removal, there are only 18
cases in the critical period without known cause and
might be attributable to cxposure to ionizing radiation
or other factors.

156. As to the comparison group, the atomic bomb-
ings resulted in exceptional circumstances that could
have altered the normal frequency of scvere mental
retardation or have interacted non-additively with
exposure. However, comparison of the frequency of
mental retardation among children whose mothers
were present in the city at the time of the bombing but
received an estimated dose of less than 0.01 Gy with
the frequency of severc mental retardation among
children whose mothers migrated into these cities after
the bombing reveals no difference.

157. Estimation of prenatal age. The apparcent timing
of vulnerable events in development can be affected
by errors in the determination of prenatal age, possibly
seriously so in specific casecs. Gestational age is
usually estimated from the onset of the last menstrual
period, assuming that 280 days, on average, intervene
between the beginning of menstruation and parturition,
Post-ovulatory age is then calculated by subtracting
two weceks, This method is sensitive to at least two
types of errors, namely, miscstimation of the onset of
menstruation and that associated with the tacit assump-
tion that all pregnancies proceed to term. If any
terminated prematurely, as must surely have been true
for some of the sample of prenatally exposed survivors
in Hiroshima and Nagasaki, the estimated age of the
child at cxposurc would be incorrect. Prematurity is
generally determined by an infant’s size and weight at
birth, but these measurements were not routinely made
and recorded in the months immediately following the
bombings. At the initial physical examination of these
survivors the mother was asked about the child’s
weight at birth. The trustworthiness of her recollec-
tions is uncertain, however, since a subsequent mail
survey often revealed large discrepancics between the
weight obtained at interview and that given in the
survey. Women with irregular menstrual cycles or who
miss a menstrual period for any of several reasons,
notably lactational amenorrhea, illness or malnutrition,
could erroneously identify the onset of their last cycle.
Japanese women formerly nursed their infants longer,
so lactational amenorrhea may have been more com-
mon. Some were undernourished due to the economic
stringencies that obtained during and following the
war, and infectious diseases were more frequent in the
surviving populations. Another possible source of error
may arise from variations between individuals in the
prenatal age at which specific developmental events
occur [M7, N4, S17]. This does not scem likely to be
a major limitation of the data, but little or no
information is available on the probable magnitude of
this source of variability.

158. Dosimetry. All estimates of doses in the study
of survivors of the atomic bombings in Japan are sub-
ject to at least three sources of crror: (a) determina-
tions of dose in air with distance from the epicentre,
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(b) the attenuation factors for building materials and
tissues and (c) the locations and positions of the
survivors. Some of these, notably (c), can never be
cvaluated rigorously for all of the individuals
concerned. Errors of this nature can affect inferences
on the overall shape of the dosc-response relationship
as well as parameter values defining that shape [G3,
G4, J3, P2]. Picrce et al. [P2] have shown that random
dosimeltric errors can lead to a 10%-15% underestima-
tion of the cancer risk among the survivors, and
presumably a similar error could obtain in the esti-
matcs described here. Nevertheless, there remain
troublesome inconsistencies in the DS86 system,
notably with regard to neutrons in Hiroshima. Straume
ct al. [S22], for example, using all of the available
mcasurement data on thermal neutron activation
including ncw measurements for 3¢, suggest that
thermal neutron activation at about 1 km in Hiroshima
was 2 to 10 or morc times higher than that calculated
based on DS86. The implications of this discrepancy
with regard to risk estimates is not wholly clear, since
it must be noted that low-energy neutron activation
contributed litle to the dose in Hiroshima. It is not
presently known whether the fast neutrons, those with
encrgies in the range ~0.1 to 1 MeV, which comprised
the bulk of the neutron dose in Hiroshima, have been
similarly underestimated. However, Preston et al. [P5]
and Sasaki et al. [S23] have attempted to determine
the possible impact of this discrepancy on risk esti-
mates. Preston et al., based on several differcnt
assumptions regarding the neutron RBE, found that the
cancer risk estimates might be in error by 2% to 20%;
whereas Sasaki and his colleagues, using a serics of in
vitro experiments, found that the difference in chromo-
some aberration frequencies between the two cities is
explicable if the neutron dosc in Hiroshima was as
large as 5% of the total dose in Gy rather than the
estimate of 2% or less provided by the DS86
dosimetry.

159. Dose-response function. Within the period of
maximum vulnerability, all the data on the prenatally
exposed survivors of the atomic bombings of Hiro-
shima and Nagasaki can be satisfactorily approximated
by more than one dose-response function. Given that
ncuronal death, mismanaged migration and faulty syn-
aptogenesis could all play a role in the occurrence of
mental retardation or other cortical dysfunction and
that cach could have its own different dose-response
relationship, there is little or no prior basis for
presuming that onc or the other of these models better
describes the fundamental biological events involved.
The most appropriate modcl, therefore, remains a
matter of conjecture, and it seems unlikely that
epidemiological studies will ever be able to determine
this. This mcans necessarily that the estimation of risk
must rest on a serics of considcrations not all of which
arc biological.

160. First, the experimental data arc often contra-
dictory. Some of the disparity in results may reflect
the choice of experimental animal; some investigators
have used inbred strains of mice or rats and others
outbred lines. Some may reflect the choice of the end-
point measured. However, Hoshino ¢t al. [H6] have
reported the frequency of pycnotic cells to be linecar
with dosc, even at doses below 0.24 Gy, and Wanner
ct al. [W9] reported a measurable, but not statistically
significant, diminution in brain weight in guinca pigs
at exposures as low as 0.04 Gy. More recently,
Wagner ct al. [W12] demonstrated a statistically
significant diminution in the brain weight of guinea
pigs exposed to 0.075 Gy on day 21 following
conception (this corresponds to approximately week 5
or 6 following ovulation in the human). The loss in
brain weight was approximately 1 mg mGy™L. Studies
of beagles exposed on the day 26 post-ovulation bave
shown a similar lincar decrease in brain weight over
a range of doses extending from 0.16 Gy to 3.6 Gy
[H7]. Konermann [K7] has argued that the lowest dose
in animals causing overt brain damage is gencrally
0.1 Gy or higher. This is consonant with other experi-
mental studies. However, he noted that more subtle
changes, such as the alignment of the small and
medium-sized pyramidal neurons in the inner pyrami-
dal ccll layer of the mouse cortex, can be seen at
doses as low as 0.025 Gy and that errors in alignment
are marginally significant at 0.05 Gy (p < 0.10). It is
not obvious what the occurrence of pycnotic cells or
malaligned neurons is measuring in so far as func-
tional brain damage is concemed. Nor is it clear what
a loss in brain wecight implies if the numerical
densities of brain cells are increased, as has been
reported [R14]. An increased cell density can, of
course, mean less ncuropil (fewer axons, dendrites and
glial processes betwcen the nerve cells), and it is
reasonable to assume that fewer intercellular connec-
tions could reduce the quality of brain function.

161. Sccondly, Miiller et al. [M14}, in a study of
x-ray irradiation of preimplantation stages in the
mouse, have shown that exposure at the single-cell
stage can produce malformed fetuses, although the risk
of death of the fetus is greater. They not only noted
that the single-cell stage is characterized by a high
radiation scnsitivity but also asserted that their
obscrvations are best described by a lincar-quadratic
dose-response function without a threshold in this
(their) special case. This conclusion, they contended,
is consistent with theoretical considerations, since the
exposure of a single cell differs from the cxposure of
polycytic stages in development, where the high capa-
city of embryonic cclls to replace damaged cells and
the need for a number of cells 1o be affected if a
malformation is to ensue argues for a threshold. How-
cver, the fact that they found teratogenic effects
following the exposure of a single cell, whereas most
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other experimental studics have focused on later
critical stages in development and have commonly
found no cvidence of a radiation-rclated effect,
suggests that the mechanisms involved in their
indings may be quite different from those of others.
Indeed, Pampler and Streffer [P4], in a study of
female mice irradiated with ncutrons (7 McV) or
x rays when the embryos were at an carly zygotc
stage, interpreted their results as suggesting that the
reactions of prcimplantation cmbryos to irradiation
could be more complex than the simple all-or-nonc
response gencrally considered. In these experiments,
the most commonly encountered malformation was
gastroschisis, but omphaloceles and anencephalies
were also observed [M21]. The proportion of
malformed fctuscs increased wilth dose in a linear-
quadratic manner for both radiation qualities. These
investigators  estimated the rclative  biological
cffectiveness of neutrons in the induction of external
malformations to lic between 2 and 3, increasing
somcwhat as the reference x-ray dose increased.

162. Extraneous variations. Altcrnative, non-radia-
tion-related explanations can be found to cause or con-
found the effects to the developing human brain
observed in the study of survivors of the atomic
bombings in Japan. These include (a) genetic varia-
tion, (b) nutritional deprivation, (c) bacterial and viral
infections in the course of pregnancy, and (d) embryo-
nic or fetal hypoxemia, since there is substantial
cvidence to suggest that the cercbrum and its adnexa
arc especially sensitive to oxygen deprivation. There
were also exposures to other potentially noxious
physical or chemical agents, inciuding the blast wave,
the fumes associated with the extensive conflagration
that followed the bombing, and the volatilization of
chemicals, such as lead, the fires produced. The
possible roles some of these may play in the present
context have been explored elsewhere [M6, M16, O1],
but the roles of others can only be a source of
speculation, since no relevant data are available.

163. Mole [M18], in particular, has contended thal the
radiation-related depression of fctal haematopoiesis
may bave played an important role in the occurrence
of severc mental retardation among the prenatally
cxposed survivors in Hiroshima and Nagasaki by
reducing oxygen transport 1o the fetal brain. While the
abscopal effect to which he alludes cannot be estab-
lished uncquivocally, it remains a contention to bear
in mind in interpreting the human data. However, the
issue of the oxygenation of the developing embryonic
and fetal brain is a complex one, involving not only
blood volume and concentration of haemoglobin, as
Mole suggests, but also the specific haemoglobin
present, since this affects the binding and unloading of

oxygen, The carlicst hacmogiobins present in the
developing  individual, the embryonic oncs, are
produced in the yolk sac, but from about week 8
through weck 28 after fertilization, the major site of
erythropoiesis in the fetus is the liver and not the bone
marrow (B14]. If a depression in crythropoiesis
occurred at this time, it would have to entail damage
to the haematopoietic cells in the liver or, to a lesser
extent, perhaps, the spleen. The single case of fetal
marrow irradiation at 21 weeks to which Molc alluded
has litde relevance, therefore, despite the fact that the
marrow was apparently normal. The site of crythro-
poicsis does gradually shift from the liver and spleen
to the bone marrow in the last half of gestation,
making bone marrow dcpression a more important
threat to the fetus at this later stage of development.
This is not the time when the brain appears especially
vulnerable, It is, of course, not known whether signi-
ficant damage to the liver does or docs not occur at
the doses and times of relevance in the human case;
however, studies of prenatal exposure of rats at
comparable stages of development, 10 and 15 days of
gestation, failed to show an alteration in liver weight
as a percentage of body weight, although spleen
weight did decrease [S13]. It would be reasonable to
presume, nonetheless, that haematopoietic cells in the
liver have the same sensitivity to radiation as those in
the marrow itself and that a diminution in their
number might not be reflected in liver weight. At
about 9 weeks of gestation, the buitk (90%) of the
haemoglobin to be found in fetal red cells is fetal
haemoglobin, and even at birth this haemoglobin still
accounts for 80% of the haemoglobin present. Fetal
haemoglobin has a substantially enhanced alkaline
Bohr cffect, which in concert with the fall in pH of
maternal blood as it passes through the placenta
facilitating maternal oxygen unloading, maximizes
oxygen transport to the fetus. Finally, the incidence of
hypoxia-producing complications of late pregnancy
does not appear to be significantly different among
pregnancics terminating in a mentally handicapped
child from that seen in general [D10].

164. No fully satisfactory assessment of the contri-
bution of the sources of variation alluded to above can
be made so many years afier the event. It is only pos-
sible to speculate on their importance. Given the
present uncertainties (since most of these extraneous
sources of variation would have a greater impact at
high than at low doses, and thus producc a concave
upwards dose-response function), the careful course
would be to assume that the dose-response relationship
is not materially altered other than additively by these
potential confounders. This would have the effect of
overestimating the risk at low doses, which are of
greatest concern in radiation protection.
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IV. FUTURE PERSPECTIVES

165. Numcrous events are involved in the processes
that bring forth a functional brain, any onc of which
is potentially susceptible to radiation damage. There is
clearly a nced to confirm and extend the findings on
cercbral cortical impairment following prenatal expo-
surc to ionizing radiation described in the carlier
paragraphs. To do so, howevcer, will entail not only
more neurologically focused clinical examinations,
including the various non-invasive techniques now
available to image the living brain, but a concerted
effort, national and intcrnational, to identify groups of
individuals prenatally exposed to ionizing radiation
that might be able to contribute information. Such
studies will have value well beyond the immediate
assessment of the risk of prenatal exposure to radia-
tion; they can contribute to a deeper understanding of
human embryonic and fetal development, to a clearer
appreciation of the diversity among individuals in the
agce at which specific embryonic or fetal landmarks are
achicved, and to a sharper definition of the develop-
mental ages most vulnerable to exposure to chemical
or physical teratogens. Some methods of investigation
which might be profitably exploited in future research
studies are considered in this Chapter.

166. Epidemiological studies. The prenatally exposed
survivors of the atomic bombing of Hiroshima and
Nagasaki are unusual in many respects, not the least
of which is the fact that they are the only group of
survivors whose life cxperience subsequent to expo-
sure can be followed literally from birth to death and
who can thus provide unique insights into the effect of
the exposure on central nervous system aging. As yet,
however, there have been no studies directed at deter-
mining the cffect of radiation on specific cortical
functions. Nevertheless, many of these functions can
be investigated with a surprising degree of precision,
and the time at which cortical ncurogenesis is initiated
and its duration, are often rcasonably well known.
Particularly appealing as subjects of study arc the
various aspects of visual function. Some 30% or so of
the human cortex appears to be involved in the pro-
cessing of visual stimuli, and the mechanisms through
which this processing occurs arc better understood
than for any other cortical arca. Similarly, it has long
been known that the brain exhibits weak electrical
activity, which can be measured. Its recording is not
painful or invasive, and other studies have revealed
mcasurable radiation-related alterations in the normal
record of these electrical potentials.

167. Future investigations of central nervous system
impairment should look for damage not only to the
cercbrum but also to the cerebellum and brain stem, to
the extent that effects on the latter can be dissociated
from effects on the former. Methods of visualizing the

living brain such as magnectic resonance imaging
(MRI) or positron emission tomography (PET) might
give subclinical evidence of radiation-related central
nervous system damage. If there are metabolic differ-
ences between neuronal and non-ncuronal cells, PET
scans, since they can mceasure some metabolic func-
tions, could give evidence of impaired migration or of
sites in the brain that are non-functional but seem to
be histologically normal. Individuals with intractable
scizures, for example, often have regions of the brain
that show no functional activity yet appear grossly
normal. Similarly, recent advances in MRI, which
does not involve exposure to ionizing radiation, have
made possible some functional measurcments of brain
activity, and further developments can be anticipated.
Singly and collectively, these techniques hold great
promise for furthering the understanding of the
function and physiology of the brain in the healthy as
well as the diseased state.

168. Of particular import have becn the recent
developments in MRI that allow functional parameters
to be added to the information content of the images
themselves (see, e.g. [M17]). Although these newer
uses of MRI have not been applied to the study of
functional damage to the brain following prenatal
exposure to ionizing radiation, their promise seems
great. High-resolution MRI, together with neurological
findings has demonstrated, for example, that selective
bilateral damage to the hippocampal formation is suffi-
cient to cause significant, permanent memory impair-
ment [S14]. Also, neuropsychological studies of
patients with confirmed hippocampal damage suggest
that the hippocampus is essential in the cstablishment
of long-term memory. This role of the hippocampus
appears (o be a time-limited one, however, and ulti-
mately the role is transferred to the neocortex [Z3].
Where practical, the use of these non-invasive but
highly informative techniques should be encouraged in
clinical as well as experimental studies. They could be
the means not only of determining the functional
impairment associated with grossly visible changes in
the brain but also of identifying damage that cannot be
related to gross morphological changes.

169. Radiation-related damage to the brain could also
be evaluated by simpler means. Cognitive tests, such
as those mcasuring word association, fearning ability,
memory and intelligence, could be informative. More-
over, in the light of experimental findings on other
primates, careful studics of auditory and visual acuity
and olfaction and taste should be uscful. These might
include the audiomctric asscssment of the left and
right ears and the conventional appraisal of visual
acuity. Smell and taste could be evaluated through
exposure (o a battery of tastes or aromas at different
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concentrations. Evidence of premature loss of hearing
or vision should be sought, since a lesser initial num-
ber of ncuronal cells could lcad to carlier manifesta-
tion of an aging central nervous system.

170. Still other neurophysiologic cffects, with dilfer-
cnt critical periods, can be envisaged. Recently, for
example, it has been shown that mice irradiated pre-
natally on day 18 (corrcsponding 1o about week 35 in
the human) suffer a significant loss in spatial memory.
The integrity of spatial memory appears to depend on
the proper development of the hippocampus. This
structure arises relatively late in the development of
the human brain, but damage to it results in a recog-
nized cognitive defect characterized by severe amnesia
and evidenced by deficits in leaming mazes. There is
cvidence that associates a reduction in the pyramidal
cclls within the hippocampus with memory impair-
ment. Here even simple pencil-and-paper mazes might
be informative.

171. Prenatal exposure to a nuclear accident might
give risc to a dysfunctional child, either because of
organic damage to the developing brain or because of
the disturbed psychosocial milieu into which the child
is born. The frequency, severity and pathogenesis of
these psychosocial disorders have been poorly studied.
If their origins are to be understood, the children
found to be abnormal nced to be studied to ascertain
ways in which the children, families, and community
and culture interact to cause psychosocial dysfunction
and to form perceptions of risk. A child’s perception
of risk is not independently formed, but is inculcated,
at least in part, by the attitudes of his or her age peers

and family, and their attitudes are shaped, in turn, by
community and culture, Thus, to understand the origin
of psychosocial disorders arising out of a nuclear
accident, it is essential to understand the workings of
the larger milieu. Without this understanding, purely
pragmatic ameliorative or preventive efforts are likely
to be unproductive and ultimately self-defeating be-
cause they arouse cxpectations than cannot be fulfilled.

172. Experimental studies. Although no animal
species is an ideal model for human brain develop-
ment, experimental studies will and must continue to
play an important role in understanding the effects of
prenatal exposurc on the developing human brain.
Such studies can serve to confirm epidemiological
findings in humans, to provide data on possible dose-
response relationships and to afford insight into mole-
cular and cellular mechanisms that is not easily avail-
able from human investigations. It warrants noting, as
well, that extrapolations to the human being of
molecular and cellular mechanisms revealed by animal
experimentation are likely to be better than extra-
polations based upon gross, phenotypic end-points,
although the latter are often a necessary first step in
the detection of radiation-related effects. Numerous
questions of a mechanistic nature exist for which
answers are not now available. For example, what
initiates migration? How does the migrating neuron
know that it has reached its destination, which is the
point at which it disengages from its radial glial
pathway? Recent advances in ncuromolecular biology
and the ability to culture specific neuronal cells in
vitro hold promise for providing answers to these
fundamental questions.

CONCLUSIONS

173. The buman brain is relatively sensitive to
ionizing radiation at certain stages in its prenatal
development. Data from Hiroshima and Nagasaki, as
well as from a few other studies, indicate that there
can be conscquences to the central nervous sysiem
from exposure to radiation at these stages. The
abnormalitics that have been observed correlate well
with animal experiments and with current knowledge
of the developmental embryology of the brain. It
should be noted, however, that these findings do not
represent a major public health problem. There were
about 100,000 deaths at Hiroshima and Nagasaki, and
somewhat more than 285,000 survivors. Among these
survivors there were possibly as many as 10,000
pregnant women whose greatest immediate risk was
the loss of their pregnancy. Although the observations
on loss of pregnancy are limited, this risk appears to

have been markedly elevated among those women in
the first cight weeks of pregnancy, but it was also
greater than normal among women in the 8-15 week
interval [C15). Nonetheless, the epidemiological data
do indicate substantial risk of abnormalitics in the
central nervous system following high doses at certain
periods of pregnancy. The risk is highest for exposures
occurring during post-ovulatory weeks 8-15, that is,
when the greatest number of neurons are produced and
when they migrate to their functional sites in the
cerebral cortex. During weeks 16-25 after ovulation, a
lesser vulnerability is observed, with little apparent
risk for exposures before week 8 or after week 25,

174. Among the prenatally exposed survivors of the
atomic bombings of Hiroshima and Nagasaki who
have been under clinical scrutiny, there are 30 cases of
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scvere mental retardation, some of which are probably
not radiation-related, 30 with small head size without
apparcnt mental retardation, 52 with scizurcs, of which
24 appear 10 be unprovoked (thosc with no clinically
identifiable precipitating cause) and some with reduced
intelligence quotient scores or with lower scholastic
achicvement in school.

175. Both scvere mental retardation and lower intelli-
gence test scores are observed to occur following pre-
natal exposures during the two sensitive periods of
development previously described. These effects are
mutually consistent if radiation is scen as operating on
a continuum of qualities of brain function. The
damage causcd by exposure to 1 Gy within the most
vulnerable period, namely 8-15 weeks after ovulation,
increases the frequency of mental retardation to about
40% (background frequency: 0.8%), and lowers 1Q by
25-30 points, which is consistent with the observed
increase in mental retardation. The specific value of
the IQ decrement depends on the sample used to esti-
mate the risk and on whether the mentally retarded
individuals are included in that sample. Prenatal
exposure to 1 Gy in the most critical period appcars 10
cause a decrement in average school performance
score equivalent to the shifting of an average indi-
vidual from the 50th percentile to the lower 10th
percentile and increases the risk of unprovoked seiz-

ures by a factor of approximately 25. For the period
16-25 wecks, no cases of severe mental retardation
were observed at exposures of less than 0.5 Gy. Thus,
albeit with some uncertainty, a threshold could be
assumed for that period. As to unprovoked seizures, at
cstimated doses in the range of 0.1 to 0.49 Gy the
rclative risk is 4.4; whercas at doses of 0.5 Gy or
greater the relative risk is 14.5 when the cases of
mental retardation are excluded from the data.

176. The risks cited in the preceding paragraphs as-
sume the dose to have been an acute one. It is reason-
able 1o assume, however, that these risks would be
smaller for chronic exposure over the same critical
periods, and this assumption is supported by the
experimental animal information that is available.
However, there are numerous potential confounding
factors, and the human data are still far too limited to
provide quantitative estimates of the possible reduction
in risk at low doses.

177. The limitations in the data presently available
and the uncertainties in the risk estimates have been
pointed out. Definite risk estimates cannot be obtained
at doses lower than 0.5 Gy or at low dose rates. The
above estimates are therefore obviously provisional
until additional cvidence from further investigations
can be obtained.
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Table 1

(W10]

Temporal patlern of brain development

Past-owdatory age

Important developmental evenis

3 wecks

Neural folds closc to form neural tube
Cervical region begins to form

Cranial and cervical ficxures appear
Cranial and spinal motor nuclei develop

4 weeks

Paired oplic vesicles event; cranial and spinal nerves emerge
Spinal ganglia develop and axons enter central nervous system
Qosure of neural tube

S weeks

Diencephalic nudci develap

Pincal and hypophysis evert

Eversion of cerebral vesicles

Orbit and lens induced by the optic primordia

Charoid plexus develops and ceretrospinal fluid fills neural tube

Basal ganglia and amygdala develop

Major cerebral arterics form

Canalization and development of caudal spinal cord; posterior commissure develops
Beginnings of the cerebellum and cerebeilar nuclel appear

Thinning of the roof of the 4th ventriclc allows cerebrospinal fluid to flow oul

6 weeks

Neural retina develops
Olfactory nerves grow to base of brain; secretory vesicles appear in choroid plexus
Beginnings of hippocampus and olfactory spparatus appear

7 weeks

Neocortical primordia appears
Olfsctory bulb everts
Formation of pigmented retinal epithelium and ciliary body

8-1]1 weeks

Cortical platc appears in neocortex

First synapses in the molecular and subplate regions of the neacortex
Neurons migrate from the proliferative zones; optic nerve pathways form
Proliferative zone of 3rd ventricle is exhausted

Contical plate of cercbellum appears

Anterior commissure develops

Contical plate of the hippocampus appears

Sylvan and hippocampal fissures form

Skeletal muscle innervated and joint cavitics sppear

Basal foramina and subarachnoid spaces open

12-15 wecks

Corpus callosum forms

Cavum sepium pellicidum formed

Migration of ncusons 1o neocortex in full swing

Contical wall triples in thickness

Conticaspinal fibers dessucate

Purkinje cell migration complete, inward migration of external granule cells begins

16-20 wecks

Germinal zones of lateral ventricles are depleted
Last wave of ncocortical migration
Prominence of subventricular germinal zone and first wave of glial migration

Thalamocorlical afferents invade the depths of the caetical plate, synapscs appear and larpe pyramidal neurons begin to differentiate

Cerebral subarachnoid spaces are open to the sagttal sinus
Active phase of natural nerve cell death

20-24 weeks

Newonal migration to neocortex camplete

Granule cells of cercbellum and dentate gyvus of hippocampus continue to proliferate and migrate

Radial glial cells relcase ventricular attachments and migrate into cortex as protoplasmic astrocyles

Primary gyri and sulci form

Myclination begins

Retinogeniculate, brain stem auditory and visual motox, and sensory lemniscal pathways are among the first (o develop

25 weceks
10 end of term

Granule ccll migration continues

Glial proliferation continues

Appearance of glial fibrils and acidic glial fitwillary protein signal increasing capacity for glial response 10 injury
Secondary gyri and sulci form

Matwation of supragranular neocortical layers bepns

Myelination of internal capsule begins

Robust growth of dendrites and axons, and synaptogenesis
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Table 2
Sites and levels of neuronal variation
(E2)
Genetic traits and Variations in cell division, migration,
developmenial primary processes adhesion, differentiation, death
Cell morphology Varistion in cell shape and size; vaniation in dendritic and axonal arborizations (spatial distribution, branching

order, length of branches, number of spines)

Connection patterns

Variations in number of inputs and outputs; connection crder with other neurons; local versus long-range
connections; degree of overlap of arbors

Cytaarchitectonics Variation in number or densily of cells; thickness of individual cortical layers; relative thickness of
supragranular, infragranular and granular layers; position of somata; variation in columns; vanation in strips
or patches of terminations; variation in anisotropy of fibers

Trapsmitters Variations between cells in a population; batween cells at different times

Dynamic response Variations in synaptic chemistry and sizz of synapse; in electrical properties; in excitstoryAnhibitory ratios and

locations of synapses; in short- and long-term synaptic alteration; in melabolic state

Neuronal transpost

Interactions with gia




Table 3

Severely mentally retarded individuals exposed in ufero to the atomic bombings in Japan

[O1]

Post-ovulatory Absorbed dose in uterus (Gy)
File number Dare of birth Date of death Cause of death Sex age at exposure Koga 1Q score Smn]‘l head Significant
1955-1956 size L )
(wecks) Total Neutron clinical findings
Hiroshima
2459717 5.3.1946 14.1.1953 Malignant neoplasm of liver F 8 14 0.01 Yes Neo-natal jaundice
404239 1.3.1946 M 8 0.14 0 Yes
246116 28.21946 M 8 0.87 0 64 Yes
400590 25.2.1946 M 9 1.36 0.01 Yes
471693 24.2.19%6 M 9 0.69 0 Yes
401141 12.2.1946 M 10 1.02 0 Yes
400210 15.2.1946 21.1.1952 1) -defined, unkown F 11 2.22 0.0} Yes
By2M™ 11.2.1946 M it 0.05 0 No
401023 6.2.1946 28.6.1952 Accidental drowning F 12 0.56 0 Yes Down's syndrome
444522 4.2.1946 F 12 1.39 0.01 Yes
401081 27.1.1946 F 13 1.64 0.01 56 Yes
404032 23.1.1946 F 13 0.29 0 Yes Down's syndrome
245763 15.1.1946 30.8.1958 Tuberculosis M 15 061 0 Yes
241728 11.1.1946 F 15 0.06 0 Yes
312021 5.1.1946 F 16 0 0 Yes
400716 12.12.1945 18.21970 Renal failure M 19 1.23 0.01 64 No
226683 12.12.1945 19.9.1956 Heart failure, epilepsy M 20 0 0 No Retarded sibling
433800 8.121945 F 20 0.03 [ No Encephalitis at age 4
440463 22.11.1945 M 22 1.0 0 59 Yes
440056 29.10.1945 M 26 0 0 60 No
400133 229.1945 26.3.1966 Heart failure, epilepsy F 31 0 0 No
403929 18.8.1945 M 36 0 0 Yes Down's syndrome
Nagasaki

050968 22.4.1946 F 1 0 0 No Possible birth trauma
078487 27.2.1946 M 9 1.16 0 62 No Neurolibromatosis
142623 6.2.1946 14.3.1962 General symptoms, meningitis M 12 1.18 0 Yes
1523% 26.1.1946 M 13 0 0 No
143818 15.1.1946 M 15 1.46 0 Yes
151845 15.1.1946 F 15 0 0 56 No
078481 2.11.1945 F 25 .79 0 60 No
257021 25.9.1945 F 31 0 0 No Congenital lues

+v8

LAOdY £661 YVIDSNN
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Table 4
Severe mental retardation in Individuals exposed in utero to the atomic bombings in Japan ¢
[01]
: b
Post-ovdatory Evaluation Dase caregories (Gy)
age categories < 0.01 0.01-0.09 0.10-0.49 l 0.50-0.99 210 Total
Hiroshima
0-7 weeks Number of subjects 145 35 24 5 1 210
Number retarded 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0(05%) 0 (0%)
8-15 weeks Number of subjects 209 4l 50 13 9 322
Number retarded 0 (05%) 2 (4.9%) 1(2.0%) 3(23.1%) 6 (66.7%) 12 (3.7%)
16-25 weeks Number of subjects 243 47 46 14 7 357
Number retarded 2 (0.8%) 1(21%) 0 {0%) 0 (0%) 2(28.6%) 5(14.0%)
x 26 weeks Number of subjects 217 57 a7 4 2 337
Number retarded 2 (0.9%) 0 (0%) 0 (0%%) 0 (0%) 0 (0%) 2(0.6%)
All ages Number of subjects 824 180 167 36 19 1226
Number retarded 4 (0.5%) 3(17%) 1(0.6%) 3(8.3%) 8 (42.1%) 19 (1.5%)
Nagasaki
0-7 wecks Number of subjects 60 6 7 0 1 24
Number retarded 1(1.7%) 0 {0%) 0 (0%) 0 (0%) 0 (0%) 1 (1.4%)
8-15 weeks Number of subjects 46 3 7 2 3 61
Number retarded 2 (4.3%) 0 (0%) 0 (0%) 0 (0%) 3 (100%) 5 (8.2%)
16-25 wecks Number of subjects 65 8 11 2 1 87
Number rctarded 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100 1(L1%)
x 26 weeks Number of subjects kp 4 14 1 2 93
Number retarded 1(1.4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(1.19)
All ages Number of subjects 243 21 39 5 7 315
Number retarded 4(1.6%) 0 (0%) 0 (0%) 0 (0%) 4(57.1%) 8 (2.5%)
Both cities
0-7 weeks Number of subjects 208 41 31 5 2 284
Number retarded 1(0.5%) 0(0%) 0 (0%%) 0 (0%) 0 (0%) 1(0.4%)
8-15 wecks Number of subjects 255 44 57 15 12 383
Number refarded 2 (0.8%) 2{4.5%) 1(1.8%) 3 (20.0%) 9 (75.0%) 17 (4.4%)
16-25 weeks Number of subjects 308 55 57 16 8 444
Number retarded 2 (0.6%) 1(1.8%) 0 (0%) 0 (0%) 3 (37.5%) 6 (1.4%)
= 26 weeks Number of subjects 299 61 61 5 4 430
Number retarded 3(1.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (0.7%)
All ages Number of subjects 1067 201 206 41 26 1541
Number retarded 8 (0.7%:) 3(L5%) 1(0.5%) 3(7.3%) 12 (46.2%) 27 (1.8%)

¢ Three cases of Down's syndrome have been excluded.
b5 DS86 uterine absarbed dose; mean doses within dose categories for total sample are 0, 0.05, 0.23, 0.64 and 1.38 Gy, respectively.
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Table §
Small head size In children exposed in utero to the atomic bombings in Japan
[013]
Posi-ovdatory Fvaluation Dase categories (Gy) ©
ke categories <0.01 001009 | 0.10-0.49 0.50-0.90 a Lo Total
Hiroshima
First trimester Number of subjects 222 5 52 9 3 343
Number with small head size 7 (3.2%) 3(53%) 12 (23.1%) 5 (55.1%) 2 (66.7%) 29 (8.5%)
Number mantally retarded ® 0,0 01 01 2,0 20 4,2
Sccond trimester Number of subjects 317 62 57 17 10 463
Number with small head size 3 (0.95%) 3 (4.8%) 4(7.0%) 2(118%) | 3(300%) | 15(32%)
Number mentally retarded 4 01 L1 1,0 1,0 31 6 3
Third trimestcr Number of subjects 229 61 46 7 2 345
Number with small head size 5(22%) 2(3.3%) 1(22%) 0 (0.0%) 0(0.0%) 8 (2.3%)
Number mantally retarded ® 21 00 00 60 00 21
Nagssaki
First trimester Number of subjects 88 9 15 1 3 116
Number with small head size 0 (0.0%) 0 (0.0%) 1(6.7%) 1 (100%) 3 (100%) 5(4.3%)
Number mentally retarded 2 Q1 0,0 0,0 0,0 1,0 11
Second trimester Number of subjects 80 9 12 3 2 106
Number with small head size 2(2.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (100%) 4(3.8%)
Number mentally retarded ® Q2 0,0 0,0 0,0 2,0 2,2
Thitd trimester Number of subjects 74 7 15 1 3 100
Number with small head size 0 (0.0%) 0 (0.0%) 1(6.7%) 0 (0.0%) 0 (0.0%) 1(1.0%)
Number mentally retarded b 01 00 00 0,0 01 0,2
Both cities
First trimester Number of subjects 310 66 67 10 6 459
Number with small head size 7(2.3%) 3(4.6%) | 13(194%) | 6(60.0%) | 5(833%) | 34 (7.4%)
Number mentally retarded ® 01 01 0,1 2,0 3,0 s, 3
Sccond trimester Number of subjects 397 7 69 20 12 569
Number with small head size 5(1.3%) 3 (4.2%) 4 (5.8%) 2(10.0%) 5(41.7%) 19 (3.3%)
Number mentally retarded b 03 1,1 1,0 L0 51 B S
Third trimester Number of subjects 303 68 61 8 5 445
Number with small head size 5(L7%) 2(29%) 2 (3.3%) 0 (0.0%) 0 (0.0%) 9 (2.0%)
Number mentally retarded ® 2,2 00 0,0 0,0 01 2,3
Hiroshims
0-7 wecks Number of subjects 135 36 pA] 4 1 201
Number with small head size 5 (3.7%) 3(8.3%) 5(0.0%) | 2(50.0%) 0 (0.0%) 15 (7.5%)
Number mentally retarded 2 00 0,0 0,0 0,0 0,0 0,0
8-15 wecks Number of subjects 187 41 48 12 7 295
Number with small head size 3 (1.6%) 124%) | n@2ew | s@am | s | 24619
Number mentally retarded b 0,0 1,1 1,1 30 40 9,2
16-25 wecks Number of subjects 32 45 38 13 5 333
Number with small head size 2(0.9%) 2 (4.4%) 0 (0.0%) 0 (0.0%) 1(200%) | 5(1.5%)
Number mentally retarded ® 61 01 0,0 0,0 L1 1,3
= 26 weeks Numbet of subjects 214 58 44 4 2 322
Number with small head size 5{23%) 2 (3.5%) 1(2.3%) 0 (0.0%) 0 (0.0%) 8 (2.5%)
Number mentally retarded ® 21 X 0,0 0,0 0,0 21
Nagasuki
07 weeks Number of subjects 60 1 7 0 1 75
Number with small head size 0 (0.0%) 0 (0.0%) 1(14.3%) 0 (0.05%) 1 (100%) 2 (2.7%)
Number mentally retarded ® 01 00 00 00 00 01
8-15 weeks Number of subjects 46 4 9 2 4 65
Number with small head size 0 (0.0%) 0 (0.0%) 0 (0.0%) 1(50.0%) 4 (100%) 5(7.7%)
Number mentally rctarded b 02 0.0 0,0 00 30 3,2
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Table § (continucd)
ies (Gy) ©
Post-ovulatory Evaluation Dase categories (Gy)
age categories <001 001-009 | 0.10-0.49 0.50-0.99 210 Total
16-25 wecks Number of subjects 65 8 12 2 1 88
Number with small head size 2(3.1%) 0 (0.05) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (23%)
Number mentally retarded b 00 00 00 Q0 01 01
x 26 weeks Number of subjects n 6 14 1 2 94
Number with small head size 0(0.0%) 0 (0.0%) 1(7.1%) 0(0.0%) 0 (0.0%) 1(1.1%)
Number mentally retarded ® 01 00 00 00 0.0 01
Both cities
0-7 weeks Number of subjects 195 43 32 4 2 276
Number with small head size S (26%) 3 (7.0%) 6 (18.8%) 2 (50.0%) 1(50.0%) 17 (6.2%)
Number mentally retarded ® 0,1 0,0 0,0 0,0 0,0 0,1
8-15 weeks Number of subjects 233 45 57 ] 1 360
Number with small head size 3(1.3%) 1(22%) 11(193%) | 6 (429%) B (72.7%) 29 (8.1%)
Number mentally setarded ® 02 L1 i1 30 7.0 12, 4
16-25 wecks Number of subjects 297 53 50 15 6 421
Number with small head size 4 (1.4%) 2 (3.8%) 0 (0.0%) 0(0.0%) 1(16.7%) 7(1.7%)
Number mentaily reiarded * 01 0,1 0,0 0,0 1,2 1,4
a2 26 weeks Number of subjects 285 64 58 5 4 416
Number with small head size 5 (1.8%) 2 (3.1%) 2 (3.5%) 0 (0.0%) 0 (0.0%) 9 (2.2%)
Number mentally retarded ® 2,2 00 0,0 00 0,0 22
Al ages Number of subjects 1010 205 197 8 23 1473
Number with small head size 17 (1.7%) 8 (3.9%) 19 (9.6%%) 8(21.1%) | 10(43.5%) | 62 (4.2%)
Number mentally retarded b 26 1,2 1,1 30 8 2 15 11

& Number of mentally retarded with small head size followed by number 5f mentally retarded with pormal head size.

DS86 uterine absarbed dose; mean doses within dose calegories for total sample are 0, 0.05, 0.23, 0.63 and 1.30 Gy, respectively.

Table 6
Expected and observed incidence of small head size in individuals exposed in utero to the atomic bombings in
Japan
[013]
Number with small head size
Post-ovulatory age Number of subjects
Expected * Observed ®
0-7 weeks 276 7 17¢0,17)
8-15 weeks 360 9 2 (12, 17)
16-25 weeks 421 1i 7(1, 6)
* 26 weeks 416 10 9(2 7
All ages 1473 37 62 (15, 47)

Estimated from assumed 2.5% deviance in the normal distribution.
Number with and without severe mental retardation given in parentheses.
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Table 7
Regression coelTicients obtained In fltting models to intelligence test scores and uterine absorbed dose for
Individuals exposed in utero to the atomic bombings in Japan
(S4]
Past-ovulatory Regression Regression coefficient * Significance level of
age model a b t b c
Clinical subsample, all cases included
0-7 weeks Linear 106 = 1.2 27 =53
8-15 weeks 108 = 0.99 -29.0 = 4.2 p<001
16-25 wecks 111 = 0.89 204 = 4.4 p < 0.0l
= 26 weeks 107 = 0.80 42 =50
All ages 108 = 0.47 -158:24 p<0.01
0-7 weeks Lincar-quadratic 107 = 1.2 -340=135 16.4 = 6.5 p < 0.05 p < 0.05
8-15 weeks 108 = 1.0 <258 = 11.1 29392 p < 0.05
16-25 weeks 111 =091 -36=93 -16.8 = 8.2 p < 0.05
2 26 weeks 107 = 0.82 -10.1 2128 7.0 2142
All ages 109 = 0.48 207> 4.8 42+ 3.6 p < 0.01
PE-86 subsample, all cases included
0-7 weeks Linear 106 = 0.94 <17 =51
8-15 weeks 110 = 0.92 25340 p<0.01
16-25 weeks 110 = 0.76 214242 p < 0.01
2 26 weeks 108 = 0.68 47 =50
All ages 109 = 0.40 2157222 p <001
0-7 weeks Linear-quadratic 107 2097 -24.1 = 125 121 = 6.1 p < 0.10 p < 0.05
8-15 weeks 110 = 0.97 336:9.7 6.1+ 6.6 p < 0.01
16-25 weeks 110 077 6.9 =88 -14.9 = 8.0 p<0.10
x 26 weeks 108 = 0.71 <119 2125 8.8 + 140
All ages 109 = 0.42 2202+ 4.6 3.7+33 p <001
Clinical subsample, retardation cases excluded
0-7 weeks Lincar 106 = 1.2 27=+53
8-15 wecks 108 = 0.98 250: 5.1 p < 0.01
16-25 weeks 111 = 0.89 9857 p < 0.10
x 26 weeks 107 = 0.79 4450
All ages 108 = 0.47 <1022 2.6 p <001
0-7 wecks Linear-quadratic 107=1.2 -34.0= 135 16.4 = 6.5 p < 0.05 p < 0.05
8-15 weeks 108 = 1.0 261 =122 1.2=211.7 p <005
16-25 weeks 111 = 0.92 -59 =156 62233
x 26 weeks 108 = 0.82 -108 = 127 7.7 = 140
All ages 109 = 0.48 -19.0+ 4.8 8.1=38 p <001 p < 0.05
PE-86 subsample, retardation cases excluded
0-7 weeks Linear 106 = 094 <1725
8-15 weeks 110 = 091 21.0: 4.5 p < 0.01
16-25 weeks 110 = 0.76 <133+:52 p <001
x> 26 weeks 108 = 0.68 49250
All ages 108 = 0.40 -11.0: 25 p <001
0-7 weeks Lincar-quadratic 107 = 0.97 -24.1 2125 121 = 6.1 p<0.10 p < 0.05
8-15 weeks 110 = 0.94 -293:99 63267 p <001
16-25 weeks 110 = 0.79 -5.1+150 -12.8 £ 22.0
= 26 weeks 108 = 0.70 -125=2 124 9.3 =139
All ages 109 = 0.41 <178 : 4.6 59=234 p < 0.01 p <010

* The regression cocficient a is the estimated 1Q score at zero dose (intercept); b is the increase in 1Q score per unit dose (Gy’l); c is the increase in }JQ score
per unil dose squared (Gy’z).
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Table 8
Regression coefTicients obtained in fitting models to average school performance and uterine absorbed dose for
individuals exposed in utero to the atomic bombings in Japan
[02]
, —_— -
Past-ovulatory Regression Regression coefficient Significance level of
age model a b c b e
First grade
0-7 weeks Linear 3.09 = 0.08 023=032
B-15 weeks 2.86 + 0.06 ~1.15+0.22 p <001
16-25 weeks 3.03 £ 005 097+ 0.24 p < 0.01
2 26 weeks 3.11 = 0.05 0.23+0.36
All ages 3.03 = 0.03 070+ 0.14 p <0.01
0-7 weeks Lincar-quadratic 3.18 £ 0.08 -2.68 = 0.89 1.38 = 0.40 p < 0.01 p<0.01
B-15 wecks 2.87 = 0.06 -1.21 = 0.58 0.06 = 0.48 p < 0.05
16-25 weeks 3.05 + 0.05 -1.53 =072 0.67 = 0.80 p < 0.0
= 26 weeks 3.10 = 0.05 0.84+0.79 0.82 = 095
All apes 3.05 = 0.03 -1.512 027 0.70 = 0.20 p < 0.01 p <001
Second grade
0-7 wecks Linear 3.09 £ 0.09 0.36 = 034
8-15 wecks 2.86 + 0.06 <127+ 0.22 p <001
16-25 weeks 3.05 = 0.05 0.96 = 0.24 p <001
x 26 weeks 3.16 = 0.05 0.01 = 0.36
All ages 3.05 = 0.03 0.76 = 0.14 p <001
0-7 weeks Linear-quadratic 3.17 = 0.09 <214 £ 098 119 = 0.44 p < 0.05 p<0.01
8-15 weeks 2.86 = 0.06 -1.14 = 0.57 0.12 = 048 p < 0.0§
16-25 weeks 3.06 = 0.05 -1.79 = 0.72 0.97 = 0.80 p < 0.05
= 26 weeks 3.15 = 0.05 0.21 + 0.80 -0.28 = 0.97
All ages 3.07 = 0.03 -1.64 = 0.27 0.76 = 0.20 p <001 p < 0.01
Third grade
0-7 weeks Linear 3.11 2010 0.12+0.38
8-15 weeks 286 = 0.06 <117+ 025 p < 00!
16-25 weeks 3.02 = 0.06 -1.01 = 0.25 p <001
2 26 weeks 3.10 = 0.05 -0.06 = 0.37
All ages 3.02 003 0.74 2 015 p <001
0-7 weeks Lincar-quadratic 321 +£0.10 -3.04 = 1.08 1.50 = 0.48 p < 0.01 p < 0.01
B-15 weeks 2.86 = 0.06 0.90 + 0.62 -0.25 = 0.54
16-25 weeks 3.02 = 0.06 ‘1172077 0.19 = 0.85
2 26 weeks 3.10 = 0.05 .13 £ 0.81 0.10 = 0.98
All ages 3.05 = 0.03 -1.57 = 0.29 0.73 £ 0.21 p < 0.01 p < 0.01
Fourth grade
0-7 weeks Linear 278 = 0.11 -1.72+ 084 p < 0.05
8-15 weeks 2.88 = 0.06 0.95 = 0.42 p < 0.05
16-25 wecks 3.03 = 0.05 -1.09 = 0.26 p < 0.01
= 26 weeks 3.13 = 0.05 0.35 + 0.32
All apges 3.02 £ 0.03 -0.89 + 0.18 p <0.01
0-7 weeks Lincar-quadratic 282 =011 4.42+ 2.88 5.66 = 5.78
8-15 weeks 289 =007 -1.52+ 098 0.90 = 1.39
16-25 weeks 3.05 = 0.06 -1.88 = 0.75 0.95 = 0.84 p < 0.05
= 26 weeks 3.13 £ 005 044+0.78 0.11 = 0.88
All ages 3.03 = 0.03 -1.52 = 0.45 0.82 = 0.54 p < 0.01

* The regression coeflicient a is the mean school scare at zero dose (intercept); b is the increase in mean school score per unit dose (Gy"); ¢ is the increasc in

mean school score per unit dose squared (Gy'z).
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Table 9

Regression coefMicients obtained In fitling a linear model to seizures and uterine absorbed dose for individuals
exposed in utero lo the atomic hombings in Japan

103]
Post-ovdatory Regression Regression coefficient * Significance
age model level of
a b b
All seizures
0-7 weeks P Linear 455 0.046 + 0,34
B-15 wecks ® 2.51 0.18 = 0.087 p < 0.05
8-15 weeks B ¢ 3.87 0.15 = 0,084 p <0.10
16-25 weeks & 4.73 0.001 = 0.052
> 26 weeks ¢ 3.89 0.024 = 0.064
All ages 3.97 0.054 = 0.037 p<0.10
0-7 weeks ¢ Lincar 4.62 0,058 = 0.12
8-15 weeks ¥ 261 0.11 + 0.11
8-15 weeks < 9 3.70 0.083 = 0.10
16-25 weeks ¢ 4.39 0.016 = 0,067
x 26 weeks ¢ 3.62 0.029 = 0.071
Al sges 3.88 0.026 = 0.040
Febrile seizures
0-7 weeks © Lincar 4.06 0.041 + 0.34
8-15 weeks ® 1.80 0.018 = 0.071
B-15 wecks & ¢ 221 0.023 = 0.073
16-25 weeks ¥ 279 0,030 = 0.048
> 26 weeks ® 1.81 0.033 = 0.052
All ages b 246 £0.012 = 0.015
0-7 weeks ¢ Linear 4.10 0.050 = 0.30
B-15 weeks ¢ 1.96 0,018 = 0.081
8-15 weeks < ¢ 221 0.028 + 0.017 p <010
16-25 weeks ¢ 283 0.036  0.11
> 26 weeks ¢ 1.84 0.033 = 0.056
All ages ¢ 261 0.013 + 0.021
Unprovoked seizures
0-7 weeks ® Lincar . -
815 weeks ¥ 0.89 0.20 = 0.084 p <0.01
8-15 weeks 8 € ) 0.18 = 0.083 p < 0.05
16-25 wecks ¥ 1.98 0.042 = 0.054
2 26 weeks ¢ 1.89 -0.019 = 0.070
ANl ages ® 1.45 0.074 £ 0,033 p <005
0-7 weeks ¢ Lincar - -
§-15 weeks 4 0.921 0.15 £ 0.10 p<0.10
8-15 weeks & ¢ 1.50 0.13 * 0.099
16-25 weeks ¢ 1.58 0.067 + 0.065
x 26 weeks ¢ 1.69 0.018 = 0.065
All ages 1.30 0.052 = 0.035 p <010

-

a

The regression cocfTicient a is the number of seizures per 100 individuals at zere dose (intercept); b is the increase in frequency of seizures per unit dose (Gy").
Cascs of severe menlal retardation included in sample.

Pooled controls. Data for controls (> 0.01 Gy) over all gestational ages were used.

Cases of severe mental retardation excluded from sample.
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Tuble 10
Regression cocfficients and estimated thresholds oblained in fitling a linear model to seizures and ulerine
nhsorbed dose for individuals exposed in utero to the atomic bombings in Japan

|01]
. . a ;s b
Post-ovulatory Regression Regression coefficient &g]mﬁ;‘ante Threshold
age model evel of
a b b (Gy)
All scizures
B-15 weeks ¢ Linear with threshold 271 0.26 = 0.13 p < 0.05 0.15
B-15 weeks ¢ ¢ 394 0.2520.14 p<0.10 0.20
Al ages © 4.08 0.10 = 0.06 p<0.i0 0.23
8-15 weeks ¢ Linear with threshold 270 0.17 = 0.16 0.11
B-15 weeks ¢ © amn 0.7 = 0.20 0.17
All ages ¢ 3.93 0.06 = 0.07 0.3
Unprovoked seizures

8-15 weeks ¢ Linear with threshold 0.50 0.26 = 0.11 p <0.01 0.08
8-15 weeks & ¢ L2 0.25 = 0.1} p < 0.05 0.11
All apes ¢ 1.44 0.09 = 0.04 p < 0.05 0.04
8-15 weeks ¢ Linear with threshold 0.91 0.19 = 0.13 p <0.10 0.04
8-15 weeks 4 ¢ 149 0.17 2 0.12 0.04
All apes ¢ 1.28 0.07 = 0.04 p < 0.10 0.04

The regression coefficient a is the number of scizures per 100 individuals at z¢ro dose {intercept); b is the increasc in frequency of scizures per unit dose (Gy™).
95% (1 in parentheses.

Cases of severe mental retardation included in sample.
Pooled controls,
Cases of severe mental retardation excluded (rom sample.
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Figure L.
Incidence of severe mental retardation in individuals exposed in utero to the atomic bombings
in Japan. Number of cases indicated in upper figure. Totsl number of cases is 27; one case in controls
exposed ut 0-7 weeks not shown; three cases of Down’s syndrome excluded.
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abscopal
acallosal

anencephaly

anosmia

apoptosis
arborization, dendritic

astrocyte

axon

brain

brain mantle
brain stem
Broca’s area

bulb, olfactory

CAM

caudate nucleus

cerebellum

cerebrum

cingulum

cisterna magna

coloboma

commissure

corpus callosum

Glossary

the effect on non-irradiated tissue of the irradiation of other tissues of an organism
in the context used here, implying without a corpus callosum

a congenital anomaly of the brain with the absence of the bones of the cranial vault,
usually the cercbral and cerebellar hemispheres are lacking and the brain stem is
rudimentary.

the inability 1o smell

a particular form of cell death, apparently programmed, in which death occurs relatively
rapidly without conspicuous damage to the cell membrane

development of the tree-like network of nerve processes

a star-shaped neuroglia cell; the final differentiated form of the radial glial cells that
provide guidance to the neurons as thcy migrate from the proliferative zones
surrounding the ventricles to the cortex

a nerve fibre that is continuous with the body of a nerve cell and is the essential
stimulus conducting portion of the cell. It consists of a series of neurofibrils surrounded
by a well-defined shecath, known as the axolemma; the latter is in turn encased in
myelin, a mixture of lipids, and a final sheath, the neurolemma.

the mass of nervous matter that lies within the cranium or skull and consists of a
number of discrete parts, such as the brain stem, the cerebrum and the cerebellum

the distinctively laminated layering of grey matier covering the cerebral hemispheres
the portion of the brain that connects the cerebrum with the spinal column

the region in the left hemisphere involved in language. It lies in the frontal lobe above
the lateral sulcus (the Sylvian fissure) between the two anterior limbs of this fissure.
It is also known as the parolfactory area or the area subcallosa.

the greyish expanded forward extremity of the olfactory tract, lying on a sieve-like plate
above the ethmoid bone and receiving the olfactory nerves

an abbreviation of the words cell adhesion molecule; a number of surface molecules are
known, such as N-CAM, a molecule that allows one neuron to rccognize another, or
Ng-CAM, that is involved in neuron-glial recognition. N-CAM exists in at least two
forms, an embryonic (E-N-CAM) and an adult, which differ in the degree of sialylation.

a long horse shoe-shaped mass of grey matter that is closely related to the lateral
ventricle throughout its entire fength. It consists of a head, a body and 2 tail.

the posterior portion of the brain, consisting of two hemispheres connected by a narrow
mass of tissue known as the vermis

the largest portion of the brain including the ccrebral hemispheres. In its earlier stages
of development, the cerebrum is characterized by four major layers, namely, the mantle,
the outermost margin of the brain; the cortical plate; the intermediate or migratory
zone; and the matrix or proliferative zone.

a well-marked band of nerve fibres lying immediately above the corpus callosum that
relate the cingulate to the hippocampal gyri

the largest of the cisterns lying in the space between the pia mater and the arachnoid
membrane of the brain; it lies between the under surface of the cerebellum and the
posterior surface of the medulla oblongata. The term mega cisterna magna implies an
abnormal enlargement of this cistern.

a mulilation of a structure, generally of the eye. For example, coloboma iridis is a
congenital cleft of the iris.

a bundle of nerve fibres passing from one side to the other of the brain

the great transverse commissure between the two cerebral hemispheres; it lies benecath
the longitudinal fissure and is covered on each side by the cingulate gyrus.
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cortex

cortico-cortical cells

cytoarchitectonics

dendrite

diencephalon

Ds86

dyslexia (severe)

ectopia

encephalomeningocele

enolase, neuron-specific

ependymal layer

folia cerebelli

fragile X syndrome

ganglia (ganglion)

gap junction

gastroschisis
GFAP

glomerulus, olfactory

granular neurons

growth cone

the outer layers of the cerebral hemispheres and the cercbellum where mast of the
necurons in the brain are located. The cells of the cortex are arranged in extensive,
stacked layers that are distinguishable histologically. Six layers arc recognized, namely,
the molecular or plexiform layer (Layer 1), the outer granule cell layer (11), the outer
pyramidal cell layer (I1I), the inncr granule cell layer (IV), the inner pyramidal cell
layer (V) and the polymorphous layer (V1). Layer V, the inner pyramidal cell layer, is
often further subdivided into two sublayers, known as V_ and V. V, consists of small
and medium-sized pyramidal ncurons, whereas V, is made up of large pyramidal
ncurons. The spheres of projection of these two sublayers are also different.

the most superficial of the cells of the cortex

the cytoarchitecture of a structure, particularly the cerebral cortex, where different areas
may be mapped according to the manner in which various cells are distributed in the
cell layers

one of the branching protoplasmic processes of the nerve cell

the part of the brain that includes the thalamus and related structures. It is derived from
the posterior part of the prosencephalon.

the revised system of computing the gamma and neutron doses reccived by the
survivors of the atomic bombing of Hiroshima and Nagasaki; this system was
introduced in 1986, hence the acronym DS86 (dosimelry system 1986).

an uncorrectable inability to read understandably, now attributed to a specific lesion in
the language centre of the brain located in the left temporal lobe

as used in the present context, the displacement or malpositioning of ncuronal cells;
synonymous with heterotopia

a protrusion of the brain and its membranes through a bony defect in the skull

a form of the glycolytic enzyme cnolase, or phosphopyruvate hydratase, which appears
to be restricted to neuronal and neuroendocrine tissues and can be a useful marker for
neuronal damage

the layer of cells that line the ventricles; the term subependymal implies the region
beneath the ependymal layer.

the narrow, leaf-like gyri of the cerebellar cortex

an inherited, X-linked form of mental retardation associated with a characteristic
secondary constriction (often called a fragile site) of the X-chromosome. The extent of
the mental retardation can vary substantially.

a term generally used to describe a knot or knot-like collection of nerve cell bodies
outside the central nervous system

the cells of a multicellular organism arc able to influence the activities of one another
through a variety of processes. Collectively, these processes are referred to as inter-
cellular communication. Adjacent cells, for example, can transport small molecules
back and forth through their cell walls by means of a specific channel, known as the
gap junction. Their capacity to do this, however, is influenced or modulated by a
number of factors, such as the calcium levels within the cells. Regulation of this
communication through gap junctions is presumed lo play a role in the occurrence of
cancer and in the development of the brain.

a congenital defect in the abdominal wall, usually with protrusion of the viscera
glial fibrillary acid protein, a biochemical marker of glial cells

a rounded body in the olfactory bulb formed by the synapses of dendrites of one class
of olfactory cclls, known as mitral cells, with the axons of the olfactory cells of the
nasal mucous membrane

one of the five discrete types of neuronal cells found in the cerebellum; these cells arise
in the outer granular layer of the cerebellar cortex and migrate inwards to their sites of
function. They make synaptic connections with the spiny processes on the Purkinje cell.

the specialized end of 8 growing axon (or dendritc) that provides the motive force for
its elongation
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gyrus

hemianopsia, homonomous
heterochromia iridis

heterotopia

hippocampus

holoprosencephaly

horseradish peroxidase
hydrocephaly
hypergonadotrophism
hypogonadism
leptomeninges

LHRH cells (luteinizing hormone

releasing hormone cells)

limbic system

macrogyria (also called pachygyria)

mamillary bodies

medulla oblongata

mesencephalon (or midbrain)

micrencephaly (microencephaly)
motoneuron (motor neuron)
motor cortex

myelin

neocortex

neurite

one of the prominent rounded elevations of the surface of the hemispheres of the brain;

the cingulate gyrus or the callosal gyrus, a synonym, is a long, curved convolution that
arches over the corpus callosum.

defective vision or blindness affecting the right halves or the left haives of the visual
fields of the two eyes

a difference in coloration of the iris of the two cyes, or different parts of the iris of the
same cye

sce cctopia

a deeply infolded portion of the cerebral cortex, lying on the {loor of the inferior horn
of the lateral ventricle. It is a submerged elevation that forms the largest part of the
olfactory cortex. It is now thought to be involved in learning and memory since damage
to it results in a recognized cognitive defect characlerized by severe amnesia and
includes deficits in learning mazes.

a failure of the forebrain to divide into hemispheres

an enzyme derived from horseradish that catalyzes the oxidation of certain compounds
by peroxide

a condition marked by the excessive accumulation of fluid in the cerebral ventricles,
resulting in a thinning of the brain and causing a separation of the cranial bones

the overproduction or excretion of the gonadotrophic hormones, the hormones of
pituitary origin

inadequate gonadal function, represented either by deficiencies in gametogenesis or the
secretion of gonadal hormones

the combined pia mater and the middle layer of membranes covering the brain and
spinal cord known as the arachnoid

these are specialized ciliated neurons that arise in the olfactory placode and migrate into
the cerebrum. Their function is to release the hormone that stimulates the production
of the luteinizing hormone, which in turn is involved in the elaboration of the sex
hormones.

a group of subcortical structures of the brain (the hippocampus, hypothalamus,
amygdala) that are concerned with emotions and motivations

a developmental abnormality of the brain in which the gyri are fewer in number than
expected and relatively broad, and the sulci are short, shallow and straighter than
normal. In its most extreme form, known as argyria or lissencephaly, there may be a
total or almost total absence of gyri. Macrogyria is an abnormality in neuronal
migration.

two protuberances on the under surface of the brain beneath the corpus callosum; they
are a part of the brain known as the hypothalamus.

the portion of the brain that is continuous above with the pons and below with the
spinal cord

the part of the central nervous system that arises from the middle portion of the initial
divisions of the embryonic neural tube

abnormal smaliness of the brain
a necuron that enervates muscle fibres

the region of the cortex lying in front of the central furrow, or sulcus, that divides the
cerebral hemispheres into anterior and posterior portions. It is the site of the processing
of motor impulses.

a mixture of lipids arranged around the axons of nerve fibres. Myelination refers to the
development or formation of the myelin sheath around a nerve fibre.

the laminated, evolutionarily younger portion of the cercbral cortex in humans and
higher vertebrates

s€¢ d4xon
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neuroblasts

neurofibromatosis, multiple
(von Recklinghausen’s disease)

neuroglia (or often jusi, glia)

neuron

neuropil

nucleus accumbens septi
oligodendroglia
olfactory bulb
omphalocele

oplic tectum

oxycephaly

pachygyria

paleocortex

parahippocampal gyrus

PE-86 sample

periventricular (or circumventricular)

pia mater

placode, olfaciory

plasmalemma

premolor cortex

prosencephalon (or forebrain)

Purkinje cell

embryonic cells that develop into ncurons

an inherited necurological disorder characterized generally by the appearance early in
childhood of discrete, small, pigmented lesions in the skin, followed by the
development of multiple subcutancous neurofibroma. The latter can develop along
almost any nerve trunk. Two difTerent types of this disorder have been identified, each
associated with a different genelic locus.,

the non-nervous cellular components of the nervous system; they provide support to the
developing structures of the nervous system and perform important metabolic functions.
There are a variety of different glial cells, distinguishable by their morphology and
function. Onc especially important group is the transitory set, known as radial glia cells,
that provide guidance to the neurons as they migrate from the proliferative zones to
their sites of function.

a nerve cell, consisting of the ccll body and its various processes, the dendrites, axons
and ending. Neurons do not normally divide.

a collective term describing the network of neuroglia, axons and dendrites and their
synapses in the brain

an arca of the brain immediately beneath the head of the caudate nucleus and medial
to the putamen

a class of neuroglial cells having few processes that form a sheath around nerve fibres
or a capsule around nerve cell bodies

a specialized arca on the ventral aspect of the cerebral hemispheres, distinguishable
about mid-gestation; related to the development of olfaction

congenital protrusion of the abdominal viscecra at the umbilicus

the first central station in the visual pathway of many vertebrates. It is located in the
midbrain and is analogous in mammals to the superior colliculus, a rounded eminence
on the dorsal aspect of the mesencephalon concerned with visual reflexes.

a condition in which the top of Ihe head is pointed
sec macrogyria

the cortex of the primate brain is often divided on the basis of the antiquity of origin
of specific segments; the paleocortex is the evolutionarily older part (the neocortex in
the younger) and includes the olfactory cortex.

a convolution of the interior surface of each cerebral hemisphere, lying between the
hippocampal and collateral sulci (or furrows)

the sample of prenatally exposed survivors in Hiroshima and Nagasaki. It was
constructed, beginning in 1955, based upon birth registrations, ad hoc censuses by the
city authorities and the Atomic Bomb Casualty Commission, and interviews of women
who were enrolled in the genclics programme in these cities in 1948-1954 and were
possibly pregnant at the time of the bombing.

meaning around the ventricles of the brain

the innermost of the three membranes (or meninges) that cover the brain spinal cord.
The other two membranes are known as the dura mater, the outermost of the three, and
the arachnoid that lies between the pia and dura maters, The arachnoid membrane is
scparated from the pia mater by the subarachnoid space.

a thickening of embryonic cells lying in the bottom of the olfactory pit as the pits are
deepened by the growth of the surrounding nasal processes

the plasma membrane

the region of the cortex of the brain lying just before the motor cortex, where complex
moior movements are organized

the most [orward part of the three primary division of the neural tube; it gives rise to
the diencephalon and telencephalon.

a large nerve cell of the cercbellar cortex; these cells are the only ones in the
cerebellum that carry nerve impulses out of the cerchellum itsell.
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pyknosis (also spelled pycnosis)

radial glia

Rathke’s pouch

rhinencephalon

rhombencephalon (or hindbrain)

schizencephaly

somatosensory cortex

subarachnoid

subplate neurons

sulcus

syncytium
synaplogenesis
telencephalon

tinea capilis
ulerine myomatosis

ventricles

von Recklinghausen’s disease

a degeneration of a cell in which the nucleus shrinks in size and the chromatin
condenses into a solid, slructurcless mass

a specialized group of neuroglia cclls thal assist immature ncurons in their migration
to the cortical plate; later in the development of the brain these cells will differentiate
into astrocytes.

a pouch of embryonic ecloderm that gives rise to the anterior lobe of the pituitary body

one of the portions of the telencephalon, specifically that part comprising the structures
toward the centre of the furrow separating the forward part of the parahippocampal
gyrus from the remainder of the temporal lobe of the brain

the most posterior of the three initial divisions of the ncural tube; it subsequently gives
rise to the metencephalon and the mylencephalon.

an abnormality of the development of the brain in which there are abnormal divisions
or clefts of the brain substance

that portion of the coriex of the brain that is involved in the processing of sensory
stimuli that arise in the body outside of the brain

implying bencath the arachnoidea, a delicate membrane interposed between the dura
and pia maters; the subarachnoid space lies between the arachnoidea and the pia mater.

a special group of carly arising ncurons that appear to be instrumental in the laying
down of the first axonal pathways; also known as transicnt pioneer neurons

one of the grooves or furrows on the surface of the brain that bounds or delimits the
convolutions, the gyri. The sulcus that separates the corpus callosum from the gyrus
cinguli is called the sulcus corporis caliosi.

a multinucleated protoplasmic mass formed by the secondary union of originally
separate cells

the process or processes that culminate in the formation of synapses, that is, the places
where a nerve impulse is transmitted from one neuron to another

the part of the brain that includes the cerebral hemispheres and is derived from the
foremost part of the neural tube

infection of the skin of the scalp with one or several different genera of fungi
the occurrence of benign neoplasms in the musculature of the uterus

as used here, the cavities within the brain derived from the lumen, or open canal, of the
primitive neural tube. The term ventricular is used to describe the layer in the brain
immediately adjacent to the ventricles.

see neurofibromatosis, multiple
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