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ANNEX 1

Late deterministic effects in children
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INTRODUCTION

1. Decterministic effects of jonizing radiation in
humans arc the result of whole-body or local expo-
sures that cause sufficient cell damage or cell killing
to impair function in the irradiated tissue or organ.
The damage is the result of collective injury to sub-
stantial numbers or proportions of cclls. For any given
deterministic cffect, a given number or proportion of
cells must be affected, so that there will be a threshold
dosc below which the number or proportion of cclls
affected is insufficicnt for the defined injury or clinical
manifestation of the cffect 1o occur [F1, 11]. With
increasing radiation dosc fewer cclls survive intact,
and thercfore the deterministic effects increasc in
severity and frequency with the dose [U3]. I the
radiation exposure is scvere cnough, death may result
as a conscequence of the exposure. Death is gencrally
the result of severe cell depletion in one or more
critical organ systems of the body.

2.  lonizing radiation can impair function in all
tissues and organs in the body because of cell killing;
however, lissues vary in their sensitivity to ionizing
radiation [F1, I1]. The ovary, testis, bone marrow,
lymphatic tissue and the lens of the cye belong to the
most radioscnsitive tissucs. In gencral, the dose-
response function for these tissues, i.e. the plot on
linear axes of the probability of harm against dosc, is
sigmoid in shape. Abovc the appropriate threshold, the
effect becomes more severe as the radiation dose
increascs, reflecting the number of cells damaged. The
cffect will usually also incrcase with dose rate,
because a more protracted dose causcs the cell damage
10 be sprcad out in time, allowing for more cffective
repair or repopulation [12]. This type of cffcct, which
is characterized by a severity that increases with dose
above some clinical threshold, was previously called
"non-stochastic”. The initial changes on the ccliular
level occur essentially at random, but the large number
of cells required to result in a clinically obscrvable,
non-stochastic cffect gives the cffect a deterministic
character. For this reason such cffects are now called
"deterministic™ effects. The dose levels that result in
the clinical appearance of pathological cffects arc
generally of the order of a few gray to some lens
of gray. This clinical threshold or critical dosc is
based on clinical examination and laboratory tests. The
time of appcarance of tissue damage ranges from a
few hours to many years after the cxposure, depending
on the type of effect and the characteristics of the
particular tissuc.

3. Radiation-induced dcterministic damage in a
tissue or organ will often have a more severe impact
on the individual during childhood, when tissues are
actively growing, than during adulthood. Examples of
deterministic scquelac after radiation exposure in
childhood include cffects on growth and development,
hormonal defliciencics, organ dysfunctions and cffects
on intellectual and cognitive functions. In this Annex,
a review is made of lale, deterministic damage to
normal tissues in children caused by ionizing radiation.
Life shortening is not discussced duc to the paucity of
data. Other cffccts of radiation exposure, such as
cancer induction, hereditary cffects and early radiation
cffccts, are not considered. Onc objective of this
review is to try to determine the critical dosc levels
for the appearance of clinical deterministic cffects.
Such dose levels will depend on the end-points
considered and on the sensitivity of the techniques for
measuring the effects. Permanent rather than transient
biochemical changes are emphasized in the attempts to
define the threshold doses.

4. The Committee reviewed the deterministic
effects of radiation in Annex J of the UNSCEAR 1982
Report [U3]. The basic concepts of cell survival were
reviewed, including the factors influencing tissue re-
sponsc to fractionated or continuous exposures to
radiation. That review of effects was based mainly on
results of animal experiments and clinical observations
of adults who had received radiotherapy. Its main ob-
jective was to identify the nature of effects in various
tissues and the doses and modalitics of irradiation that
causc the effects. 1t was the Committee’s opinion that
better quantitative results in man would be required,
although it was recognized that such data were diffi-
cult to obtain. For clfects in children, the nced for data
and the difficulties were considered to be even greater.

5. The information in this Annex on the possible
deterministic effects specific to the exposure of child-
ren comes from the application of new methods to de-
rive data and the continued monitoring of paticnts who
reccived radiotherapy and other individuals exposcd to
doscs high enough 1o cause deterministic damage to
specific tissues or to the whole body. For practical
applications it is important that attempts should be
made to quantify this damage in terms of the degree
of detriment. Owing 10 the paucity of data, it is not
really possible 1o quantify cffects by age in most
situations.
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L. DETERMINISTIC EFFECTS OF RADIATION EXPOSURES

6.  Although the pathobiology of radiation-induced
latc deterministic effects is poorly understood, it is
reasonable to belicve that late damage can result from
a combination of loss of parenchymal cells, injury to
the fine vasculature and/or dysfunction of the fibro-
cytes and other cells [C1]. Radiation-induced late
tissuc injury of a deterministic nature appears to have
its origin in the sterilization of a large proportion of
the stem-like cells of the tissuc or organ in question,
although these cells may be only a small proportion of
the total number of cells in that tissueforgan. The
conscquent injury results from the natural loss of post-
mitotic cells that are not replaced or from the loss of
cells that are stimulated into mitosis. The timing of
tissuc injury depends on the natural proliferation
characteristics of cells and also on kinetic changes
resulting from the radiation exposure that are charac-
teristic of the tissue [U3]. In addition to the loss of
functional cclls, supporting blood vessels may be
damaged, resulting in secondary tissue damage.
Damage to the capiliary network has been implicated
in the degencrative changes that are accompanied by
a progressive reduction of functional capacity [F1].
Other mechanisms for late effects include increased
vascular permeability, which causes plasma proteins to
leak into interstitial spaces, resulting in the deposition
of collagen and leading to atrophy of parenchymal
cells. There may also be some replacement of func-
tional cells by fibrous tissue, reducing organ function.
The clinical effect that ensues depends on the specific
function of the tissue in question.

7. Various processes of repair and repopulation will
increase the threshold level of dose when radiation is
given over a long period or when a second period of
irradiation is encountered sometime after an earlicr
exposure. The exact role of repopulation, recruitment
and intracellular repair of radiation injury over long
periods is not clear [C1]. Another aspect that is not
well understood is the effect of prior radiation therapy
on late injuries following a second course of radio-
therapy. There is repair of sublcthal damage related to
fraction size and fraction number, as well as to dose
ratc. There appears to be a wide range in the amount
of repair that can occur between radiation doses or at
decreasing dose rates, which scems 1o be a tissue-
specific phenomenon [C1]. Increasing tolerance occurs
as a function of time (days to wecks between frac-
tions) in organs expressing late damage and is thought
to be based on slow cell renewal.

8.  Late radiation eflects often occur in tissucs with
little or very little proliferation. The radiation effects
have been attributed to parenchymal depletion second-
ary to endothclial changes in small blood vessels or to
the direct depletion of parenchymal or stromal cells

[R1, R2, R3, T1, W1]. The dosc-survival relationship
for late elfccts differs from that of acute responses.
Injury to slowly responding tissues is more dependent
on fraction size. When conventional radiotherapy frac-
tionation schedules have been altered to fewer frac-
tions of larger doscs, an increase in late complications
has ensued, with little or no difference in the severity
of acute effects [T2]. Studics in animals indicate that
the dose-survival characteristics of target cells for late
injuries are different from those of target cclls of
acutely responding tissues. The slopes of the isocffect
curves as a function of dose per fraction are greater
for late effects, indicating a greater influence on
sparing from dose fractionation for late effects [T2,
W?2]. The data for low-LET radiation in adults show
a wide range of sensitivities of different tissues [I1,
R1]. Few tissucs show clinically significant effects
after acute exposures of less than a few gray, with the
exception of the gonads, lens and the bone marrow,
which show higher sensitivities.

9.  There is little direct corrclation between acute
reactions and late cffects of radiation [B1, R2, R3]. It
is, therefore, the late radiation effects that are the dose-
limiting factors in curative radiotherapy. Interactions
with other treatment modalities may also limit the
radiation dose. For example, chemotherapy administered
during, before or after irradiation may reduce the
tolerance of the tissues exposed lo ionizing radiation
[R3, W1]. In radiotherapy, normal tissues are unavoid-
ably included in the target volume, and it is the effects
in these tissues that limit the dose that can be tolerated.
There is still poor understanding of the exact tolerance
of a given organ or tissue and of changes in tolerance
caused by variations in fraction size, target volume,
duration of trcatment, dose rate and the presence of
various chemical compounds. For a variety of tissues or
organs, a critical radiation dose for a limited volume of
this tissue has been established empirically, mainly in
adults. This dose is usually defined as the dose that will
produce a small but detectable incidence of serious
complications resulting from the radiation eflect on the
normal tissue, and often 5% of scrious complications is
considered rcasonable in radiotherapy [C1, R1]. This
critical dose or dose range is different from the term
"tolerancc dose”, historically used in radiation
protection. Most clinical practice involves daily
fractionation with approximately 1.5-2 Gy four or five
days per wecek. In the following paragraphs this will be
referred to as conventionally fractionated radiotherapy.
Rubin et al. [R1] and Molls and Stuschke [M41] have
published data on acceptable doses in radiotherapy and
have presented estimates of radiation doses for
deterministic cffects in organs and tissues of adults and
children. There are wide variations in the critical dose
from one tissue to another (Tables 1-2),
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10. There is great variability in the latent intervals
between radiation exposure and the clinical manifesta-
tion of late deterministic effects, which may develop
at times varying from months to 10 or more ycars
after trecatment The latent interval depends on the
tissuc or organ affected and is, for example, up to 2
ycars for myelitis, onc to several ycars for nephritis,
1-5 years for cyc effects and 6 months to many ycars
for fibrosis in subcutaneous and connective tissues
[T2]. The rate at which radiation injury becomes
manifest in a tissuc reflects the rate of turmover of
target cells and their progeny [F1].

11. Only a few large cpidemiological studies of
deterministic effects in children exposed to ionizing
radiation have been published. Most data are obtained
from clinical follow-up of small groups of paticnts
successfully treated for paecdiatric tumours. In the
1950s and carly 1960s the prognosis for a child with
a malignant tumour diseasc was grave, and for many
types of tumours death would follow in a matter of
months. With the introduction of modem surgery,
high-voltage radiothcrapy and chemotherapy, the pro-
gnosis has improved considerably, and today a large
proportion of children with paediatric tumours are
cured. The proportion of two-year survivors, which
implies the cured fraction, in 1980 ranged from
approximatcly 40% for paticnts with neuroblastoma or
brain tumours to 80%-90% for paticnts with Wilms’
tumour or Hodgkin’s disease [S1]. Consequenlly,
many children are now surviving into adulthood,
making it possible to study the late effects of their
treatment. Increasing reports of late cffects have led 1o
systematic investigations by groups of pacdiatric
cancer treatment institutions, such as the Childrens
Cancer Study Group in the United States and Canada
and the International Late Effects Study Group.

12. In this review of deterministic cffects in children,
the various obscrved cffects have been grouped
according to the organ or tissue affected. It is
gencrally difficult to single out the specific effect of
radiation in children with paediatric tumours, as most

have also been treated with other modalities, c.g.
surgery, cytostatic drugs and/or hormones. Most
clinical cvaluations arc, morcover, based on small
numbers of patients, and often appropriate control
groups are lacking. Furthermore, the long duration of
the illness, the need for hospitalization, the lack of
schoo! attendance and other social factors may have
had an impact on certain effects measured, such as
necuropsychologic functioning. The fact that most data
arc obtained from studics of paticnts with paediatric
tumours makes it even more difficult to draw
conclusions that can be generalized to the general
pacdiatric population. One rcason for this is that
groups of children treated for malignant discase may
include individuals with a genctic predisposition to
cancer, some of whom can perhaps have a higher
sensitivity to other radiation-induced effects as well. In
gencral, there is a great variability in the ages of the
patients studied, and many studics have also assessed
paticnts at widely different ages. A sizeable portion of
cligible patients arc often not assessed: the children
may not be available for cvaluation, owing to, for
example, their rcfusal or that of their parents, the
discasc itself or geographical factors. These selection
critcria obviously also affect the interpretation of data.

13. Radiation therapy has been claimed to account
for about 80% of the long-term sequelae in surviving
children with neoplasms [M1]. Severe disabilitics were
noted in 41% of 200 children treated for cancer who
had no sign of discase for at least five years after
therapy [M2]. The disabilities included severe
cosmetic changes (16%), severe growth retardation
(10%), the need for special cducation (8%), gonadal
failure (7%) and other apparent organ dysfunctions
(12%). Hypothyroidism (3%), minimal scoliosis and
bypoplasia (22%) were some of the mild to moderate
disabilities. Li and Stone [L1] studicd late effects in
142 patients treated for childhood cancer and obscrved
major defects in treated organs in 52% of the patients.
Despite this, a large proportion of the patients had
fully active lives, 61% had attended college, 53% were
married and 32% had progeny.

I1. RADIATION EFFECTS IN TISSUES AND ORGANS

A. BRAIN
1. Organic effects

14. The developing human brain is especially
sensitive to jonizing radiation. Previous UNSCEAR
Reports have considercd the general developmental
effects of prenatal irradiation [U2, U4]. A review of
the results of the study of survivors of the atomic

bombings in Japan, as well as reviews of other epi-
demiological investigations rclating 1o prenatal
exposure 1o ionizing radiation and effects on the brain,
arc presented in Annex H, "Radiation effects on the
developing human brain". The mechanisms of ob-
served cffects from exposure in fetal life are different
from the mechanisms in a nearly fully developed
brain. This Section reviews data on late effects follow-
ing exposure of the brain of infants and children.
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15. The response of the normal brain to radiation
depends on the total and [ractional doses of radiation,
the duration of cxposure, the exposed tissue volume
and the age of the exposed subject. The outcome of
iatrogenic radiation damage to the normal brain
dcpends on the magnitude of the damage and the
brain’s lack of cellular repopulation. Although partial
recovery takes place between fractionated exposurcs,
the brain has very little repair function [K1, M3]. After
birth, the period of greatest radiosensitivity of the
human brain is during the first two ycars of life, before
maturation is completed. Treatment involving the whole
brain is more likely to have an adverse effect on
younger children by interfering with ncural develop-
ment before maturation of the brain is complete.

16. There is a large body of cvidence indicating that
radiotherapy to the central nervous system is asso-
ciated with adverse late cffects [B2, B3, D1, D26, F2,
K2, K3, O1, P2]. This delayed type of damage is
believed to be the cffect of injury to the fine vascula-
ture and/or loss of parenchymal cells, resulling in
ischaemic necrosis and loss of parenchymal function
[Al, C1, C2, S2]. Vascular changes may occur after
relatively low radiation doses. Glial cells proliferate
during the first years after birth and are therefore
sensitive to ionizing radiation. A decrcase in the
replacement of glial cells and the associated inter-
ference with myelination have also been postulated as
causes of delayed radiation injury [M4].

17. Treatment-related sequelae of the central nervous
system have been documented in children with brain
tumours and acutc leukacmia, as well as in children
having other tumours that require treatment of the
central nervous system. The concept of treating the
central nervous system of children with acute lympho-
blastic leukaemia was developed in the 1960s in order
1o avoid leukaemic rclapse of the central nervous
system [A2, A3). Most patients with leukaemia or
solid tumours other than of the brain do not have
primary diseasc of the central nervous system, and the
effects of trcatment can thercfore be better distin-
guished from the cffects of disease. In addition, the
radiotherapy in these patients generally involves
rclatively low radiation doses in the brain. Analysis of
radiation effects in brain tumour patients is more
difficult because of the much higher radiation doscs
and the possible effect of the tumour on brain func-
tion. In a follow-up study of 102 subjects treated for
brain tumour in childhood [L2], 40% of the subjects
had mild to modcrate disabilities but were living
independently, 9% were capable of self-care and 4%
required institutionalization. Moderate or severe
disabilities were reported in 13 of 30 (43%) irradiated
patients and in 11 of 72 (15%) who did not receive
radiotherapy. Functional deficits were more common
among those trcated before two ycars of age.

18. Five distinctive forms of late effects in the
central nervous system have been described: necro-
lizing leukomyclopathy, leukoencephalopathy, mineral-
izing microangiopathy, cortical atrophy and necrosis.
Necrotizing leukomyclopathy is a spinal cord lesion
that does not appcar to be related to radiotherapy,
since the majority of cases have been observed in non-
irradiated patients [P2]. Leukoencephalopathy is a
syndrome caused by demyeclination; it develops in
patients who have received cranial irradiation with
intrathccal and/or systemic methotrexate treatment [P1,
P2, R4]. Histopathologically, leukoencephalopathy is
characterized by demyclination, beginning with axonal
swelling and fragmentation and progressing 1o necrosis
and gliosis [B4). Leukoencephalopathy presents as
multifocal coalcscing areas of necrosis in the deep
white matter, and in the late stage white matter is
reduced to a relatively thin gliotic calcified layer.
Cortical grey matter and basal ganglia are not affected.
Clinical findings range from poor school performance
and mild confusion to lcthargy, dysarthria, ataxia,
spasticity, progressive dementia and even death.

19. Both intrathecal methotrexate and cranial
radiotherapy affect ecndothelial pinocytosis, and
damage to the endothelial barrier could be involved in
late cffects following such trecatments [L3]. The
interactions between methotrexate and radiation within
the central nervous system may be due to the over-
lapping neurocytotoxicity of the two trcatment modal-
ities or to methotrexate acting as a radiosensitizer.
Irradiation of the central nervous system may also
increase the permeability of the blood-brain barrier or
may slow the turnover of cercbrospinal fluid and
clearance of methotrexate from the central nervous
system. This would alter the distribution of metho-
trexate in the central nervous system so that some
areas accumulate higher amounts of the agent [B4].
Significant levels of methotrexate can also be found in
the spinal fluid after it has been administered
systemically. The risk and scverity of lcukoencephalo-
pathy are direclly proportional to the total radiation
dose, the cumulative dose of systemic methotrexate
and the number of therapeutic modalitics used (Figure
1) [B2, B4]. The highest incidence of leukoencephalo-
pathy is found in patients receiving radiotherapy and
methotrexate administered both intravenously and
intrathecally. The Icast neuroloxic combination appears
to be intrathecal plus intravenous mcthotrexate. If
radiothcrapy to the central nervous system must be
combined with methotrexate therapy, the least ncuro-
toxic approach appecars to be to adminisicr these
modalities in sequence [B2].

20, Leukocncephalopathy has been reported after
20 Gy or more in combination with intrathecal metho-
trexate [M6, P3, R4}. No evidence of leukoencephalo-
pathy bas been found in children for whom intra-
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venous or intrathecal methotrexate was discontinued
before radiotherapy. Leukocncephalopathy has not
been reported afier fractionated radiotherapy of the
central nervous system with 18-24 Gy alonc and rarcly
with intrathecal methotrexate alone [B4, K4]. Leuko-
cncephalopathy can also occur after a single dose of
10 Gy whole-body irradiation prior to bone marrow
transplaniation [A4, D2, J1]. Almost all such reported
cases have occurred in children, suggesting that the
maturing brain is more susceptible. These paticnts
were usually given intensive chemotherapy and cranial
radiotherapy with 20-24 Gy over a few wecks prior o
the whole-body irradiation. Leukocncephalopathy
occurred within a few years of whole-body irradiation
in these patients and has usually resulted in severe
ncurologic deterioration.

21. Mincralizing microangiopathy affects pre-
dominanly cercbral grey matter and sometimes cere-
bellar grey matier and is characterized by focal calci-
fications in the central nervous system. This degene-
rative and mineralizing disorder is believed 1o result
from radiation-induced damage to the small vesscls
(B4, P2, P4). Histopathologically, calcifications arc
found in small blood vessels occluding the lumen with
mincralized necrotic brain tissue around the vesscls.
Neurological abnormalitics, such as poor muscular
control, alaxia, headaches and scizurcs, have becen
obscrved in patients with this complication. Mincral-
izing microangiopathy is not fatal, and its effect on
neuropsychologic functioning may be minimal, al-
though permanent destruction of specific regions of
the brain may occur. Mincralizing microangiopathy
has not been found in children who did not receive
cranial radiotherapy [P4). It occurs predominantly in
children who received 20 Gy or more. Between 25%
and 30% of paticnts who survive more than ninc
months after intrathecal methotrexate and cranial
irradiation with 24 Gy have evidence of mincralizing
microangiopathy. The lesion occurs more often in
young children [B4, D5). When mineralizing micro-
angiopathy and leukocencephalopathy coexist, the
clinical manifestations of the lcukoencephalopathy will
predominate.

22.  Cortical atrophy is perhaps the most common
manifestation after treatment of the central nervous
system. It is the result of multiple arcas of radiation-
induced focal necrosis causing loss of cortical tissue
and production of ventricular and subarachnoid space
dilatation [C3, D3, D4, DS]. The cortex of atrophic
brains is microscopically characterized by an irregular,
neuronal Joss from all six layers. Astroglial prolifera-
lion is somectimes present, usually confined to the mar-
ginal layer. Cercbral atrophy occurs after fractionated
cranial radiotherapy in ncarly half of the patients
recciving >30 Gy to the entire brain. The latent period
between radiotherapy and the onset of atrophic chan-

ges detectable with computed tomography is 1-4 years
or cven longer [D3).

23.  After cranial radiotherapy with 25-65 Gy 10 the
wholc brain (delivered at =2 Gy per day) to treat brain
tumours, cortical atrophy has been found in half of the
children [D5], abnormalities of the white matter in
26% and calcifications in 8% of the patients. Cortical
atrophy has also been demonstrated in one third of
children with acute lymphoblastic leukacmia recciving
24 Gy prophylactic cranial irradiation and intrathecal
methotrexate [K2]. Crosley et al. [C3] [ound cvidence
of abnormality of the central nervous system at auto-
psy in 93% of 91 children treated for acute leukacmia.
Maodcrate to severce atrophy was observed in 13% of
paticnts receiving no prophylactic treatment of the
central nervous system, in 19% of patients receiving
radiotherapy given in 1-2 Gy fractions over 2-15 days
(the total brain dose was not stated), in 43% of
paticnts given intrathecal methotrexate and in 47% of
patients who reccived both chemotherapy and radio-
therapy. Atrophy did not correlate with leukacmic
infiltrations or vascular or infectious processcs.
Children with the most scverce atrophy were the ones
who were youngest at onset (mean age: 2.5 years),

24, Cecrebral nccrosis is a scrious sequelac and is
usually diagnoscd 1-5 years after treatment but may
develop more than a decade later. It is characterized
by an insidious onset of clinical features [K2]. Post-
irradiation myclopathy occurs with rapidly increasing
incidence at doses above 45-50 Gy with conventional
fractionation. The dose per fraction is critical, and
almost all cascs of necrosis following total dosces of
<60 Gy had fractions of >2,5-3.0 Gy [K1, M7, 82].
An interaction between chemotherapy and radiotherapy
has been observed for methotrexate in children but has
been difficult to show for other agents. A total dose of
50 Gy with 2 Gy per fraction or 55 Gy in 1.8 Gy frac-
tions over six wecks, five daily fractions per week, is
considered to be tolerable in adulls [AS, K2, S56]. A
morc recent estimate has been given by Bloom [B35],
who assumed that the maximum tolerable radiation
dosc for children up to 3 years old is 33% lower than
in adults, and for children 3-5 ycars old the dose has
1o be reduced by 20%.

25. Very few data are available on the cffects of
hyperfractionated radiotherapy. Freeman et al. [F3]
studied 34 patients 3-18 years old (mean: 7 ycars) who
were irradiated for brain stem tumours with 1.1 Gy
twice daily with a4 minimum interval of 4-6 hours, to
a total dose of 66 Gy given in 60 fractions over 6
weceks. In the 16 paticnts who were alive at one year
{only 7 were free of progressive disease), there was no
clinical suspicion of radiation-related injury. Micro-
scopical examination of the brain in 8 patients failed
to show any injury attributable to the radiotherapy.
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26. Abnormalitics are frequently observed by
computed tomographic scanning in long-term survivors
of childhood acute lcukacmia treated with cranial
radiotherapy and intrathecal methotrexate [BS, B6,
Cl4, D24, E1, M5, 02, 03, 013, 014, P5, P7, RS,
S55]. Abnormal brain scan findings may not become
apparent until many ycars have clapsed since therapy.
The type of brain abnormalities dctected include
intracerebral calcifications, white matter hypodensity
and cortical atrophy (Table 3). Patients who received
24 Gy in 2 Gy fractions with intrathecal chemotherapy
appear to have a higher incidence of each of the
various abnormalitics detected by computcd tomo-
graphy than those who did not receive radiotherapy.
On average, there is a 40% incidence of brain
abnormalities after 24 Gy in 12 fractions over 2.5
weeks combined with  intrathecal methotrexate,
although the incidence varies from study to study,
depending on the number of patients and length of
follow-up. At brain doses of 18-20 Gy combincd with
intrathecal methotrexate or after intrathecal plus
intravenous mecthotrexate, the average prevalence of
brain abnormalities detected is 10%-15%.

27. Magnetic resonance imaging appears to be morc
sensitive than computed tomography in demonstrating
treatment-related neurologic damage in irradiated
children. The types of changes observed by magnetic
resonance corrclate well with the type and severity of
the neurologic dysfunctions [A6, C4, K5, P6). Con-
stine et al. [C4] observed radiation-induced changes in
the white matter in 90% of the patients by magnetic
resonance imaging, and 68% of these changes were
not visible by computed tomography. Enlargement of
the sulci was demonstrated in 76% by magnetic reson-
ance imaging and in 52% by computed tomography.
Patients treated on a hyperfractionated schedule
(1.2 Gy per fraction) had less severe changes, despite
the fact that some received over 70 Gy.

28. Summary. The available clinical data on
deterministic radiation cffects on the brain in children
are based on small and often heterogenous groups of
paticnts with varying age at cxposure and varying
lengths of follow-up. Well-designed epidemiological
studies of latc effects are lacking, and it is therefore
not possible to draw any firm conclusions about the
radiation effects on the brain and the exact critical
dose levels for the appearance of various clinical
pathological entities. There is evidence that the
incidence of late brain cffects will increase as the
number of fractions is decreased and the fraction size
is increased. The most important effects in the brain
following radiotherapy to the central nervous system
are leukoencephalopathy, mineralizing microangio-
pathy, cortical atrophy and cercbral necrosis. Radio-
therapy involving the whole brain is more likely to
have more severe adverse effects in young children by

interfering with ncural development before maturation
of the brain is complete. Brain changes have been
demonstrated with computed tomography and mag-
nctic resonance imaging after 18 Gy of fractionated
radiothcrapy 1o the brain. Leukoencephalopathy has
been observed after >20 Gy in 1.8-2 Gy daily frac-
tions to the whole brain together with systemic
mcthotrexate and has rarely becn reported after 18-
24 Gy without methotrexate (Table 4). Leukoence-
phalopathy has been found in children who were given
a single dose of 9-10 Gy wholc-body irradiation, but
they had generally reccived cranial radiotherapy prior
1o the whole-body treatment. Mineralizing microangio-
pathy has rarely been reported following radiation
doses below 20 Gy in 1.8-2 Gy fractions in combina-
tion with methotrexate. Cortical atrophy has been
observed after 18 Gy in 1.8-2 Gy daily fractions com-
bined with intrathecal methotrexate. A whole-brain
dose of 50 Gy in 2 Gy fractions over 6 weeks is
generally considered to be a critical dose in adults for
radiation-induced necrosis. For children up to 3 years
old, the dose should be reduced by 33% and for child-
ren 3-5 years old the dose has to be reduced by 20%.

2. Neuropsychologic effects

29. Individuals vary in personality characteristics and
mental abilities, and tests have been designed to
mecasure such differences. Ability tests are among the
most widely used tools in psychology. They can be
divided into achievement tests (designed to measure
accomplished skills and indicatc what the person can
do at present) and aptitude tests (designed to predict
what the person can accomplish with training),
although the distinction between these two types of
tests is not clear-cut. The intclligence quotient (1Q) is
an index of mental development and expresses
intelligence as a ratio of mental age to chronological
age. Heredity plays a role in intelligence, and environ-
mental factors such as nutrition, intellectual stimula-
tion and the emotional climate of the home will
influence where within the reaction range detcrmined
by heredity a person’s 1Q will fall. Ability tests are,
despite their limitations, still the most objective method
available for assessing individual capabilities [A7].

30. Intelligence and academic achicvement testings
of long-term survivors of childhood cancer reveal a
high incidence of memory deficits, visual-spatial skill
impairment and attentional deficit disorders. Available
data identify radiotherapy to the central nervous
system and the synergism with intrathecal chemo-
therapy as primary ctiologic factors in the ncuro-
psychologic sequelae of survivors of childhood cancer
[G1, M8]. The brain is particularly sensitive to bio-
logic insults during periods of rapid growth and deve-
lopment, which after birth comprise the first four years
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when glial cells proliferate and myelination occurs.
Therefore the age at which the child receives cranial
irradiation is of importance, and the younger the age
of the child at the time of exposure the more scrious
the intellectual deficit will be. The effect of age at
which brain damage occurs depends heavily on the
type of psychological ability measured and the instru-
ments for that mcasurement as on well as the location,
extent and permancence of the damage. Multiple factors
may be involved in the causation of intellectual
deterioration, and the interpretation of 1Q may be
confounded by the type, location, extent and per-
manence of lesion, hydrocephalus, age of the child at
the time of diagnosis, the aggressivencss of the sur-
gery, radiotherapy and chemotherapy, lack of school
attendance, and by anxictics and fears expericnced by
the child at the time [D1, E3, M8]. Parental social
class or parental education level have in some studies
been found to be strong predictors of 1Q in the sur-
vivors of acute childhood lecukaemia [T7, W3]. This
emphasizes the importance of controlling for social
class differences.

31. Ncuropsychologic dysfunction with bebaviourial
or intellectual impairment may occur in up to 50% of
children with brain tumours [B6, B7, B8, D6, D7, D8,
D9, D10, D11, E2, H2, K6, L2, M9, M10, R6, S3,
S4]. These children have reccived high radiation doses
to the brain, and the direct cffects of tumour and/or
increased intracranial pressure may have contributed to
the development of the intellectual problems. Radio-
therapy is the most important factor for cognitive
sequelac in long-term survivors of pacdiatric brain
tumours who received brain doscs of 40 Gy or more
in 1.8-2 Gy daily fractions [D8, D9, E2, J2, K6, L4,
S3). In some studies a strong correlation has been
observed between 1Q and radiotherapy, and young
children bave generally shown the greatest IQ losses.

32. Radiotherapy to the central nervous system in
acute childhood Icukaemia (usually 24 Gy fractionated
over 2.5 weeks) has been associated with subsequent
adverse neuropsychologic cffects [C4, CS, C7, E3, E4,
ES, H3, I3, K5, L22, M2, M5, M6, M11, M12, O3,
017, P5, R7, R8, R9, S5, T4, T14]. The most
common finding is decrements in gencral intelligence.
Other documented effects include general memory
impairment, difficulties with short-term memory,
distractibility, decficits in abstract reasoning,
quantitative skills, visual-motor and visual-spatial
skills [C6, D9, E3, E4, J3, M4, M6, M11, M13).
Neuropsychological dysfunction has been reported in
up to 30% in children with acute leukacmia, although
the deficiencies have been mild, and the children have
usually functioned well within the wide normal range.
Somec studies suggest that adverse effects on intellect
are not noted until 2-5 years after treatment. Prophy-
lactic radiotherapy with 24 Gy is associated with

poorer intellectual  function than is intrathecal
chemotherapy (Figure IT), Mean overall intelligence
scores in irradiated children are, in general, 10-15
points lower than mean scores in non-irradiated child-
ren. Performance skills are usually more affected than
verbal skills, irradiated patients scoring an average of
15-25 points lower than the mean performance 1Q of
non-irradiated children [B2, B7]. The younger the
child is at the time of irradiation, the greater the
ncuropsychologic deficit [C7, H4, J3]. Children treated
with 24 Gy plus cytotoxic agents for acute leukacmia
gencrally display greater ncuropsychological dis-
abilities in a varicty of ncuropsychologic tests [B9,
CS, E3, ES5, LS, M11, M12, R8, RY|, although some
studics have failed to detect such deficits [H4, M8, S6,
V2]. Overall, data show that radiotherapy in con-
junction with mecthotrexate has a dcleterious effect on
later cognitive development. Intrathecal methotrexate
as the only prophylactic therapy does not appear to be
associated with any global or specific neuropsycho-
logic impairment [P5, T5]. There is some evidence
that chemotherapy combined with radiotherapy impairs
intcllectual functions to a greater extent in children
wilh acute leukacmia who are less than 5 years of age
than in older ones [E3, E4, ES, J3, M12).

33. Necuropsychologic late effects can also be seen
after doses to the brain of 18 Gy from fractionated
radiotherapy [M13, O1, 04, O17, R7, T4, T6]. Studies
by Tamaroff ct al. [T4, T6] suggest that a dose to the
brain of 18 Gy or 24 Gy in children with acute leu-
kaemia in combination with intrathecal methotrexate
may have similar delcterious sequelae for neuro-
psychologic functions. Paticnts receiving radiotherapy
had significantly lower mean full-scale IQ scores and
performance IQ scores than non-irradiated children.
Ochs ct al. [O1, O4, O17], on the other hand, did not
obscrve any significant difference in initial or final
full-scale IQ scores between long-term survivors of
acute leukaemia having received 18 Gy cranial frac-
tionated radiothcrapy plus intrathecal methotrexate and
those having received methotrexate only. However,
statistically significant decrcases in overall and verbal
1Q and arithmetic achicvement were found in both
groups. Thus, 18 Gy of cranial radiotherapy and intra-
thecal methotrexate may be associated with com-
parable decreases in neuropsychologic function.

34. A clear dose-response relationship for impaired
neuropsychologic functions has, however, not yet been
established. Ron et al. [R10, R30] studied a cohort of
10,842 Israeli children who were irradiated for tinea
capitis at a mcan age of 7 years, rcceiving a mean
brain dose of 1.5 Gy (range: 1.0-6.0 Gy), a control
group of ethuicity-, sex- and age-matched subjects
from the general population and another control group
of siblings. For a subgroup taking scholastic aptitude
tests between 1966 and 1970, the irradiated children
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achicved lower cxamination scores. For males born
between 1949 and 1955, irradiated subjects achicved
lower examination scores on 1Q and psychologic tests,
completed fewer school grades and had a slight excess
of mental hospital admissions. Males with multiple
irradiations had twice the mental hospital admission
rate of males with a single irradiation (34.0 versus
17.4 per 1,000); there was no such difference among
females. The standardized risk ratio for mental
hospital admissions was 1.0 for non-irradiated males,
1.1 for males having onc treatment, 2.4 for two
rcatments and 4.8 for 23 treatments (test for lincar
trend, p < 0.01). There were also changes in the
electrocncephalogram among the irradiated subjects
and significant differences between the irradiated and
control subjects in visual-evoke-response averages,
providing further evidence of impaired brain function
following the radiotherapy. Children irradiated at less
than six years had a relative risk of 1.7 (95% CI: 1.1-
2.8) for mental hospital admissions, whereas for older
children that relative risk did not differ significantly
from 1 [R10].

35. An indication of an cxcess of admissions to
mental institutions was also observed in a survey of
American children with tinca capitis after similar
radiation doses [O5, S7]. Shore et al. {S7] studicd
2,215 patients given radiotherapy for tinea capitis in
childhood. The brain received 1.5-1.8 Gy at the
surface and 0.7 Gy at the base. There was a 30%
excess of psychiatric disorders in the irradiated group
overall when controliing for race, sex, socio-cconomic
status, age at therapy and interval from treatment to
disease. Omran et al. [O5] made a psychometric and
psychiatric evaluation of 177 subjects treated 10-29
years earlier for ringworin of the scalp. Radiotherapy
was given to 109 subjects, and 68 received topical
medications. Average age at treatment was cight years
in both groups. The irradiated group manifestcd more
psychiatric problems and were judged more mal-
adjusted in the testings when controlling for educa-
tional level and family psychiatric disorders. However,
the psychiatrist’s overall rating of current psychiatric
status showed only a borderline difference between the
two groups.

36. The Israeli and Amcrican studies of children
irradiated for tinea capitis suggest that doses to the
brain of 1-2 Gy would be associated with late neuro-
psychologic effects. The dose given to these patients
is the lowest that has been reported to lead to func-
tional ncuropsychologic disturbances after radiotherapy
in childhood. However, it is difficult to identify
mechanisms that could explain these functional
changes after such relatively low radiation doscs.
Furthermore, the observations are not supported by
clinical follow-up of patients treated for childhood
tumours, and the possibility that confounding factors

are responsible for this obscrved association cannot be
ruled out. The trauma of baldness and of having had
trcatment for tinea capitis may have caused some of
the psychological problems. Also, atleast in the Israeli
cohort, parts of the brain received higher doscs than
the mean doses of 1-2 Gy.

37. Summary. The incidence and extent of ncuro-
psychologic dysfunction among children given radio-
therapy to the central nervous system are difficult to
define. A varicly of factors complicate the study of a
possiblc association between effect and dose, including
the underlying diseasc and associated clinical findings,
other trecatment modalities, the impact of illness on
body image and school attendance, and perhaps also
parental social class. Most studies contain a small
number of patients of varying ages, who received a
variety of trcatment modalities and had varying
follow-ups. Several studies, however, indicate that
radiotherapy incrcases the risk of adverse neuro-
psychologic cffects. Younger children, particularly
those less than five years of age at time of treatment,
are more secverely affected. Clinical follow-ups of
survivors of paediatric cancers have demonstrated a
decline in 1Q after doses to the brain of 18 Gy with
conventional fractionation. In general, performance
skills are more affected than verbal skills. It is
difficult to distinguish the impact of radiotherapy from
that of methotrexate. It is possible that intrathecal
methotrexate administered prior to radiotherapy in
children with acute leukaemia may be associated with
less intellectual impairment than its administration
during and after radiotberapy. Two epidemiological
studies of children irradiated for tinea capitis of the
scalp suggest adverse ncuropsychologic effects after
1-2 Gy to the brain, with parts of the brain having
received more than the mean doses in at least one of
the studies. It is likely that these observations can be
at least partially explained by confounding factors. The
available data on ncuropsychologic effects after radio-
therapy in childhood do not allow an analysis of the
possible effect of the fraction size on ncuropsycho-
logic functions, since mos! studies deal with con-
ventional fractionation schedules.

3. Neuroendocrine effects

38. Growth depends on a delicate interplay of endo-
crine and metabolic factors, and secretion of growth
bormone from the pituitary gland is necessary for
normal growth [S31, W4]. Growth hormone deficiency
is usually defined as an impaired response of serum
growth hormone to various provocative tests. The
commonly used tests include stimulation with arginine,
omithine, insulin-induced bhypoglycemia, L-dopa,
growth-hormone-relcasing  hormone or exercise.
Neuroendocrine abnormalities have been observed in
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children with tumours who reccived cranial radio-
therapy. The abnormalities primarily involve the
hypothalamus and/or the pituitary gland and range
from impaired growth hormone response o complete
panhypopituitarism [A8, A10, D8, D11, D12, D13,
06, P8, R11, S8, S9]. Radiation-induced damage to
the hypothalamic-pituitary axis is the dominant cause
of the observed abnormalities and the major site of
radiation-induced damage causing hypothalamic-
pituitary dysfunction appcars 1o be the hypothalamus,
aithough the pitvitary gland itself may also be
damaged. The most sensitive endocrinological target
is the cells producing the growth hormone releasing
hormone in the hypothalamus, and impaired growth
hormone secretion is the most commonly finding [S10,
S11]. Growth hormone is always the first and oficn
the only anterior pituitary hormone to be alfected by
radiation damage, and panhypopituitarism occurs only
afler doscs above 50 Gy. Radiotherapy appears 1o have
an almost immediate suppressive cilect on the hypo-
thalamic-pituitary axis [D25]. Younger patients sccm
to be at greater risk for ncurocndocrine damage [BS,
D9, 07, S12]. Chemotherapy may contribute to growth
impairment, but the cffect is usually temporary when
it is given alone. In this Section it is mainly the
cffccts on growth hormone production that are dis-
cussed; the clfects on thyroid-stimulating hormonc arc
discussed in Scction I1.B, and the cffects on gonado-
tropins, in Sections II.C and IL.D.

39. Cranial radiothcrapy and growth hormone
dcficiency are not the only causes of impaired growth
in cbildren treated for intracranial tumours. Other
possible contributing factors to the impaired growth of
these children include impaired spinal growth follow-
ing spinal irradiation (sec Scction 11.E), chemotherapy,
poor nutrition and tumour relapse. The different results
in various studies of growth hormone production in
children recciving similar radiation doses 10 the central
nervous system may be due to the use of different
mcthods for studying growth hormone and/or to varia-
tion in time intervals between cxposure and growth
hormone determination. After 24 Gy of cranial radio-
therapy, there are normal growth hormone responscs
1o arginine but not to insulin stimulation, higher doscs
arc associaled with abnormal growth bormone re-
sponscs to both [D14]. Since insulin-induced hypo-
glycemia is believed to affect receptors in the
hypothalamus and argininc causing them to stimulate
the pituitary gland, lower radiation doses affect the
bypothalamus and higher doscs also destroy pituicytes
involved in growth hormone sccretion [D1]. There is
a corrclation between the radiation dose to the
hypothalamic-pituitary axis and the growth bormone
responsc lo stimulation, but a dosc threshold below
which no pitvitary dysfunction follows has not yet
been defined [C10, S10]. Although children treated for
acule lcukacimia may have biochemical growth hor-

mone deficiency, they usually have a normal longitudi-
nal growth pattern. Children with brain tumours, on
the other hand, are more likely to have clinically
significant endocrine dysfunction because they receive
higher radiation doses. Growth hormone deficiency
becomes apparent within a few months after the com-
pletion of radiotherapy for brain tumours, and after
30 Gy or more to the hypothalamus or pituitary gland
using conventional fractionation, severe growth retar-
dation has been obscerved in more than 50% of the
survivors of childhood brain tumours [A9, C9, Di,
D9, 115, 06, O8, P8, R12, R23, $4, S10, S11, S13,
S14, S15, S16).

40. Absorbed doscs to the brain of 30 Gy or more
fractionated over several weeks result in significant
long-tern reduction in growth hormone sccretion and
impaired growth. Stunted growth has been most
frequently observed among children irradiated for
brain tumours at an age of 6-10 years, and it occurs in
about 50% of those who have received >30 Gy to the
hypothalamic-pituitary region fractionated over several
weeks [A9, All, D6, D9, O4, Q6, 08, S11]. After a
hypothalamic-pituitary dose of 37 Gy or more
delivered in 2 Gy fractions five limes per week, the
24-hour growth hormone profile is disturbed, with low
ovcrall secretion and few peaks of low amplitude but
with a discernable diurnal rhytbm [L6]. The normal
diurnal rhythm of growth hormone sccretion may be
blunted but is not completely lost. There is a prompt
risc in growth hormone after stimulation with growth-
hormone-rcicasing hormone, and this responsc
decreases with time after radiotherapy (Figure I11).
Paticnts with brain tumours who have reccived
radiation doses of 50 Gy or more exhibit the most
severe abnormalities, and multiple pituitary bormonal
deficiencies may occur [B10, P8, R8, S17, S18].

41. Clayton [C12] assessed growth hormone secre-
tion in 82 children who reccived cranial or cranio-
spinal radiotherapy with up to 48 Gy (cstimated by a
schedule of 16 [ractions over threc wecks) to the
hypothalamic-pituitary region. Stepwisc multiple
regression analysis showed that dose (p < 0.01) and
time from radiotherapy (p < 0.05), but not age at
therapy, bad a significant influence on growth hor-
monc response. Growth hormone deficiency developed
morc rapidly in those who received higher radiation
doses, Shalet et al. [S14] noted a significant inverse
corrclation between dose and growth hormone re-
sponsc in 56 children with brain tumours or acute leu-
kaemia and evaluated two years or more after radio-
therapy. Thirty-seven patients (66%) had impaired
growth hormone response, and all but one received
>29 Gy to the hypothalamic-pitvitary axis. Only five
patients who reccived such a dosc had normal growth
hormone response, and four of them were older than
13 years at the time of trecatment. In another study,



ANNEX I LATE DETERMINISTIC RADIATION EIFECTS IN CHILDREN 879

Shalet ct al. |S11] found normal growth hormone
response to hypoglycaemia in 14 children with brain
tumours prior 1o treatment, and growth hormone
dcficiency occurred after a brain.dosc of 25-29 Gy in
7 paticnts within two years of radiothcrapy. Of 13
children in whom growth could be assessed, 12 had
poor growth,

42. Cranial irradiation with 24 Gy in 12-16 fractions
over 2-2.5 wecks for acute leukacmia has also been
associaled wilh a measurable reduction in growth
hormone response, although growth remains relatively
unaffected at this dose {M14, M15, M16, M17, 09,
P2, §19, §20]. Others have claimed whole-brain irra-
diation to be an important cause of short stature in
survivors of childhood acute leukaemia [D15, K7, O7,
P8, W5]. Some data suggest that a significant number
of children less than 4 ycars of agc with acute
lymphoblastic leukacmia are short before the onset of
therapy [B11]). Some data suggest that the effect of
radiation on growth hormone secretion can be reduced
by decreasing the dose per fraction. Shalet ct al. [S19,
S21] studied growth hormone levels and growth in 17
leukaemic children who reccived 25 Gy in 10 fractions
over 2.5 weeks and in 9 children who received 24 Gy
in 20 fractions over 4 weeks. Of the 17 children who
received 25 Gy in 10 fractions, 14 had subnormal
growth hormone response to insulin, compared to 1 of
9 patients who received 24 Gy in 20 fractions (p <
0.002). Arginine stimulation test was carricd out in 16
children given 25 Gy and in 7 children recciving
24 Gy, and impaired response was seen in 6 and 1
patients, respectively. The greater impairment of
growth hormone response to insulin hypoglycaemia
following irradiation with 25 Gy in 10 fractions to the
hypothalamic-pituitary axis suggests that the hypo-
thalamus rather than the pituitary gland was the site of
damage. There was no difference in mcan standing
height standard deviation score between the two
irradiated groups, but they both differed significantly
in this respect from normal children.

43, Griffin and Wadsworth [G2] compared the
growth of 66 children with acute leukacmia to the
growth of normal children matched for age and sex by
calculation of the standard deviation score. All patients
bad cranial radiotherapy with 24-25 Gy in 15-20
fractions over 21-28 days, and 24 of them also had
spinal radiotherapy with 10-24 Gy in 5-20 fractions
over 7-28 days. The standard deviation scorc for
height [calculated as (X-x)/SD where X = mean of the
normal population; x = the measurement; SD = stan-
dard deviation] of the patients fell significantly in the
first year of treatment (Figure 1V). This was specifi-
cally related to craniospinal radiotherapy but not to
age or chemotherapy. Robison et al. [R13] studicd 187
children (mean age: 5 years) with acutc lcukaemia
who received cither cranial irradiation with a median

of 24 Gy (rangce: 14-28 Gy) in 1.2-2 Gy [ractions five
times a week plus intrathecal methotrexate: cranio-
spinal irradiation alonc (24 Gy); or craniospinal
irradiation plus abdominal irradiation (12 Gy). At
diagnosis no significant difference was obscrved in the
height distribution compared to expected population
standards. After treatment, an cxcess was observed in
the proportion of paticnts in the lower percentiles in
conjunction with a decrease in the proportion of
patients in the highest percentiles. The only factor
found to have a significant impact on attained height
percentile was radiotherapy.

44. Children with acute leukaemia have a high
frequency of biochemically abnormal growth hormone
response to stimuli, but growth hormone deficiency is
uncommon. Impaired response to stimuli, suggesting
abnormality in the hypothalamic-pituitary axis, does
not necessarily indicale absolute growih hormnone
deficiency. The presence of growth hormone abnor-
malities is not necessarily correlated with clinical
findings of short stature [O7, S19]. Most of the
adverse ccntral nervous system sequeclac in patients
with acutc leukaemia have been observed among those
who received 24 Gy of cranial radiation and intra-
thecal chemotherapy.

45. The dose required to prevent leukaemic
infiltration into the central nervous system can now be
safely lowered from 24 Gy to 18 Gy [N1]. Few data
cxist on the effect on growth of radiation doses below
24 Gy. In some studies, growth impairment has been
similar after 24 Gy and after 18 Gy [R13, S22, W5].
Others have observed that growth impairment in child-
ren with acute leukacmia has been less frequent and
gencrally milder below 24 Gy [B12, C11, C23, G2,
S19, V1, V2]. Cicognani ct al. [C23] found that
children who had reccived 18 Gy in 10 fractions had
complete growth recovery and normal growth hormone
responses 1o pharmacological tests. Children who had
reccived 24 Gy in 12 fractions showed significantly
lower standard deviation scores for height than at
diagnosis and had impaired growth hormone response.

46. After a single whole-body dose of 10 Gy, scvere
growth retardation appear in most children [D2, S23].
Many if not most of these children also reccived
cranial radiotherapy prior to thc whole-body irradia-
tion. The majorily of paediatric patients trealed with
whole-body irradiation have decreased growth rates on
longitudinal growth wvelocity curves, and growth
hormone levels have been subnormal in about one
third of the paticnts [D14, S24, S25]. Sanders [S24]
reporied subnormal levels of growth hormone in 87%
of children who received both cranial radiotherapy and
whole-body irradiation, compared to 42% of those
who received whole-body irradiation only. Deeg ct al.
{D2] observed normnal growth velocilty curves in
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transplant-treated children who did not reccive whole-
body irradiation, whercas irradiated children had
impaired growth and decreased growth velocity.
Growth hormonc levels were subnormal in about one
third of the irradiated patients.

47. Some data suggest that fractionation will reduce
the adverse effects of whole-body irradiation. Barrett
et al. [B13] reported growth hormone deficiency in 6
of 8 children afier a single whole-body dose of 10 Gy
and in 3 of 8 children who had a fractionatcd whole-
body dose of 12-14 Gy in 6 fractions given twice
daily for 3 days. Sanders ct al. [S23] evaluated growth
in 144 paticnts following marrow transplantation for
childhood leukacmia at a median age of 10 years. All
children had received multiagent chemotherapy, and
55 had received a median of 24 Gy (range: 18-29 Gy)
to the central nervous system, S of whom had also
reccived a median of 12 Gy to the spinc. A whole-
body dose of 9.2-10 Gy in a single exposure was
given to 79 paticnts, and 63 paticnts had a fractionated
regimen of 2.0-2.3 Gy per day for 6-7 days for cumu-
lative doses of 12-16 Gy. Growth hormone levels were
measured in 43 patients 1-8 years after transplant, and
growth hormone deficiency was present in 27 subjects
(63%). Of thesc, 21 paticnts had received pre-trans-
plant cranial irradiation. By three or morc years after
ransplant, boys who received single whole-body
cxposure were 8.0 * 2.3 cm shorter than boys who
reccived fractionated whole-body exposure (p < 0.03).
Among boys who had not received cranial irradiation,
thosc given single whole-body exposure were 15.2 *
3.2 cm shorter than those given fractionated whole-
body exposure (p < 0.04). Girls showed similar trends
that were not statistically significant.

48. Hiroshima survivors exposed to >1 Gy at ages
0-19 years were shorter and weighed lcss than the
ovcrall population. Those who were less than 6 years
old and who also received >1 Gy [B14] at the time of
the bombings were shorter still, on avcrage. The
analyses were based on the T65 dosimetry. Exposure
to high radiation doses markedly reduced mean height
for those who were very young at the time of the
bombings, but this effect diminished with increasing
age. Average height for those aged 0-5 years at the
time of the bombings was significantly smaller for the
>1.0 Gy dose group than for the groups 0 Gy (not in
city), 0-0.09 Gy and 0.10-0.99 Gy for both males and
females: smaller by 4.4 cm or more for males and by
2.5 cm or more for fcmales (Table S). For those aged
6-11 years at the time of the bombings, smallier
heights were again found for the >1 Gy dose group,
although 1o a lesser degree. For subjects aged 12-17
years at the time of the bombings, no apparent differ-
ences between the four dose groups were found. When
the high dose group was further divided into 1.00-
2.49 Gy and 22.50 Gy groups, the mean heights were

less for both males and females aged 0-5 years at the
time of the bombings in the 22.50 Gy group. The dif-
ference from the 1.00-2.49 Gy group was statistically
significant for males. Average heights of females aged
6-11 ycars at the time of the bombings and for males
and females aged 12-17 years at the time of the bomb-
ings werc approximately the same for the two dose
groups (Table 6). In Nagasaki, the effect of dose on
height was not statistically significant, although the
mecan height of Nagasaki females aged 0-5 years at the
time of the bombings was least for those who were
exposcd to >1 Gy (Table 5). Among males, those ex-
poscd to 0-0.09 Gy at ages 0-5 years at the time of the
bombings showed the smallest mean height. For both
the 6-11 yecar and 12-17 year groups, however, the
mean height for boys in the high dose exposure group
was the smallest. A rcanalysis based on the same T65
dosimetry was undertaken of the relationship betwecen
attained adult height and radiation dose of 628 sur-
vivors of the atomic bombings in Hiroshima and
Nagasaki aged less than 10 ycars at the time of the
bombings [14]. Average hcight tended to be lower as
exposure increased, cxcept among Nagasaki males
(Table 7). Two-way analysis of variance of height in
rclation to sex and dose by city showed that height
was significantly different by sex and total kerma in
Hiroshima. In Nagasaki, however, it was significantly
different by sex but not kerma total dose. Growth and
development of stature depends on nutrition, socio-
economic conditions, the quality and quantity of
radiation reccived and, possibly, other factors.
Contrary to the report by Belsky and Blot [B14], the
results of Ishimaru ct al. [I4] suggested that dimi-
nished stature was not significantly rclated to age at
the time of the bombings for individuals exposed
before the adolescent growth spurt, something which
was probably duc to the small sample size. The ob-
served difference between the two cilies may change
with new analyses based on the new DS86 dosimetry.

49. Children on the Marshall Islands exposed to
radioactive fallout in 1954 were also found to have a
significant reduction in height, which was probably
mainly due 1o radiatlion-induced hypothyroidism [R14,
§26] (see Scection I1.B).

50. Children with radiation-induced growth hormone
deficiency can now be treated with growth hormone,
although there are as yet no long-term studics of the
effects of such a therapy in a large number of children.
Some data suggest a significant growth response to
therapy in children who received cranial irradiation
alone, whercas the response in patients receiving cranio-
spinal irradiation has been less satisfactory [G3, S20].

51. Swmmary. lrradiation of the central nervous
system may produce damage to the hypothalamic-
pituitary axis, resulting most commonly in impaired
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growth hormone secretion. The hypothalamic cells
producing the growth-hormone-releasing hormone are
the most sensitive endocrinological target. Growth
hormone deficiency can be expected in approximately
75% of children treated for brain tumours, and a
growth velocity or height below the 10th percentile
can be expected in 70%. The growth hormone defi-
ciency is permancnt. Patients with acutc lcukacmia
have in general received lower doses to the central
nervous system but growth hormone secretion is still
affected. After 25-30 Gy, the growth hormone re-
sponsc to insulin-induced hypoglycacmia is impaired
within two years of irradiation. After 24 Gy in 12-16
fractions, there is also a measurable reduction in
growth hormone response to stimuli. Growth has been
less affected after 24 Gy than after higher radiation
doses in the brain, suggesting that the normal physio-
logic requirements of growth hormone secretion bave
been met. No effect on growth hormone secretion has
been observed below 18 Gy. A 10 Gy whole-body
dose in a single fraction results in severe growth
retardation in the majority of children, who generally
have been pretreated with chemotherapy and cranial
radiotherapy. Fractionation appears to be of import-
ance for the effect on growth hormone secretion and
growth, and increasing fraction size will result in a
higher proportion of patients with subnormal growth
hormone response. Growth impairment is seen more
often after a single-dose whole-body irradiation with
10 Gy than after a fractionated regimen of 12-16 Gy
in 2 Gy fractions over a week. It is not possible to
define the lowest dose capable of impairing growth
hormone secretion, since available data are obtained
from small studies with varying ages at exposure and
lengths of follow-up, as well as different methods for
assessing the growth hormone level. Such a dose
appears to be lower than 18 Gy from fractionated
exposure. Growth has been aflected in the survivors of
the atomic bombings in Japan at acute doses of >1
Gy, especially among children less than 6 years of
age. This effect may be due to a combination of brain
damage, damage to the spinc, nutritional factors etc.

B. THYROID GLAND

52. Hypothyroidism is the most common late deter-
ministic effect of the thyroid gland following exposure
to ionizing radiation. Thyroid nodularity is considered
to be a stochastic phenomenon and is therefore not
discussed in this Scction. Clinical damage to the pitui-
tary and thyroid glands is usually manifested several
years after exposure and is preceded by a subclinical
pbase [F4]. Direct damage to the thyroid gland by
radiation can causc primary hypothyroidism, whereas
damage to the hypothalamic-pituitary axis may pro-
duce secondary hypothyroidism. Primary bypo-
thyroidism has been demonstrated in 40%-90% of

patients with paediatric tumours given 15-70 Gy to the
thyroid gland and followed for up to six years [B10,
Cs, C13, D16, F4, G4, K8, 08, P9, S9, S23, S27,
S28]. The onsct of hypothyroidism may be several
months to ycars following the radiotherapy. Admini-
stration of oral thyroxine during radiotherapy does not
appear to prevent later thyroid hypoflunction [B15].
Radiotherapy alone and with chemotherapy have been
associated with similar high incidences of hypo-
thyroidism. Patients treated with chemotherapy only
have generally not had any significant thyroid hypo-
function, although transient thyroid dysfunction has
been reported [G4, GS, H7, L7, 827, §28, S29].

53. The incidence of ovent [low serum T4 and
elevated thyroid-stimulating hormone (TSH)] and com-
pensated (normal serum T4 and elevated TSH) hypo-
thyroidism varies with the radiation dose in the thyroid
gland, the length of follow-up and the way in which
the thyroid function was determined. Thyroid surgery,
iodine-containing contrast material and age of the
patient at the time of radiotherapy may contribute to
the development of hypothyroidism. The effect of age
at the time of radiotherapy on the development of
hypothyroidism is a matter of controversy. In one
study, 48% of patients with Hodgkin’s disease who
were younger than 20 years of age at the time of
treatment had elevated TSH levels compared to 33%
of older patients [G4]. Green ct al. [G5], observed that
7 of 15 children with Hodgkin’s discase and irradiated
at the age of less than 13 years developed hypo-
thyroidism, compared to 3 of 12 among those who had
been older than 13 years. In a study by Tarbell et al.
[T9] of patients irradiated for Hodgkin’s disease, the
15-year actuarial risk for hypothyroidism was 64%
among paticnts aged 16 years or less, as compared to
29% among those older than 16 years. Others have not
identified age as a contributory factor [D16, K8, N2,
§28, S29]. The possibility that the thyroid is more
sensitive in childhood is also supported by the high
incidence of increased TSH levels in children irra-
diated for Hodgkin’s discase [D16, S27).

54, Elevated TSH levels have been observed in
children who received radiotherapy for brain tumours
after 25-30 Gy to the hypothalamic-pituitary axis or
24 Gy to the thyroid gland [C26, D6, H6, 06, S15].
Various studies show that hypothyroidism is dose-
dependent. In a study by Glatsiein et al. [G4], no
patient had an clevated TSH level after 15 Gy to the
thyroid, as compared 1o 44% of the patients receiving
40 Gy or more. Kaplan ct al. [K8] found clevated
TSH levels in 15% of patients who received <30 Gy
and in 68% of those who received higher doses. Logi-
stic regression analysis showed that both higher
radiation dose (230 Gy) and lymphangiography in-
crcased the risk of having an elevated serum TSH
level. Constine et al. [C15] measurced thyroid function
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in 119 children irradiated for Hodgkin's discase.
Radiotherapy was delivered over 4-5 weeks: 24 child-
ren received a neck dosc of 26 Gy or less (mean:
22 Gy) and 95 received >26 Gy (mcean: 44 Gy). More
than 75% of the children receiving >26 Gy had cle-
vated TSH levels, compared to 17% of those treated
with lower doses. A weak correlation with age (p <
0.05) was found, and the doubling dose for the mican
peak TSH valuc was 11 Gy (Figure V).

55. Most of the experience in radiation-related late
cifects in the thyroid has been gained from the treat-
ment of Hodgkin’s discase. Compensated hypothyroid-
ism occurs in up to 75% of the treated children, and
uncompensated hypothyroidism has been observed in
lcss than 30% of the children [C14, D16, D17, F4, F5,
G4, G5, M18, S17, S27, S28, 529, T8). Palients irra-
diated for lymphomas or hecad and neck cancers have
gencrally received 24-60 Gy fractionated over several
weeks. In some studies lymphangiography prior to
radiotherapy has been shown to increasc the risk of
hypothyroidism [G4, G5, K8, S27, S28, S29]; in
others, it has not [C14, GS, N2, T8]. Lymphangio-
graphy may increase thyroid damage from subsequent
irradiation for the following reason: the iodine released
from the contrast material could inhibit thyroid
hormonc synthesis and sccretion within a few days,
thereby causing increased thyrotropin sccretion and
conscquent stimulation of thyroid cells at the time of
irradiation [K8]. An cxpanded extrathyroidal pool of
iodine may increasc susceptibility 1o hypothyroidism
in irradiated subjects,

56. Lower radiation doses may also increase the risk
of hypothyroidism. In children with acute lcukaemia
receiving cranial irradiation with 18 Gy, the thyroid
dose is 3%-8% of the cranial dose [R15]. Hypo-
thyroidism has been observed in up to 20% of long-
term survivors of childhood acute leukaemia after 18-
25 Gy of cranial or craniospinal radiotherapy with
conventional fractionation [N3, R16, R18, S12]; others
have failed to observe such an effect after cranial
doscs of 8.5-24 Gy in 2 Gy fractions [O7, V1]. Mcan
thyroid doses of 4-10 Gy in infancy or childhood from
fractionated radiotherapy for benign discasc has not
been associated with clinical hypothyroidism, although
follow-up lasted as long as 25 years [H8, R19]. In
contrast, hypothyroidism has been reported in 7 of 9
Russian children aflter radiotherapy for skin angioma
with thyroid doses of >1.1 Gy [T15].

57. Thyroid hypolunction can occur alter whole-
body irradiation. Children who received a regimen of
chemotherapy in preparation for a transplant have an
incidence of thyroid dysfunction that is not greater
than normally observed among non-transplant children
[S24, S25]. Radiotherapy appears to be the major, if
not the sole, causc of subscquent thyroid hypofunction

in these patients. In terms of its cffects on thyroid
hypofunction [T17], single-dosc radiotherapy has been
claimed to be cquivalent to a total radiation dose 4-5
times larger when it is delivered in conventional frac-
tions. Sanders ct al, [S23, S24] studied 142 patients
1-17 years old after bone marrow transplantation to
treat haematological malignancies. All patients had
received multiagent chemotherapy, 55 had been pre-
treated with 24 Gy fractionated cranial radiotherapy
and 12 had reccived 12 Gy spinal irradiation. Whole-
body irradiation was dclivered as a single dose of 9.2-
10 Gy (n = 79) or 2-2.2 Gy daily for 6-7 days to 12.0-
15.8 Gy (n = 63). Among children who received 10
Gy single whole-body exposure, 56% had compen-
sated hypothyroidism and 13% had overt hypothyroid-
ism, and the figures for children who received frac-
tionated whole-body irradiation were 21% and 3%, re-
spectively. These differences most likely reflect the
shorter obscrvation times after fractionated exposure
(median nine years versus [ive years). Longer follow-
up is nceded to determine whether there is any rcal
difference between the two types of whole-body expo-
sure. Katsanis et al. [K9] evaluated thyroid function in
80 paticnts after bone marrow transplantation for
aplastic anacmia or acule leukacmia. Median age at
the time of transplantation was 10 years (range: 2-21
years). Patients with aplastic anaemia received high-
dosc chemotherapy and total lymphoid irradiation with
a single dose of 7.5 Gy, and lcukacmia patients
reccived cither whole-body imadiation as a single
fraction of 7.5-8.5 Gy (n = 33) or fractionated whole-
body irradiation with 13.2 Gy (n = 20) in 1.7 Gy
fractions twice daily for [our days. Of 27 patients with
aplastic anacmia plus total lymphoid irradiation, 11
showed thyroid hypofunction, as compared with 9 of
53 patients with acute lcukacmia plus whole-body
irradiation. The five-year actuarial risk estimate of
hypothyroidism after total lymphoid irradiation was
42% (95% Cl: 23%-61%), which was significantly dif-
ferent from 10% after fractionated whole-body irradia-
tion (95% Cl: 0%-23%) (p < 0.05), but not diffcrent
from 21% after single-dosec whole-body irradiation
(95% ClI: 7%-35%).

58. The thyroid gland has the capacity to actively
concentrate jodine, and radioiodine can therefore
deliver considerable radiation doses to the gland, a fact
that has been and is still used in diagnostic and
therapeutic medical procedures lD]S, G6]. The most
commonly used radioiodine is 1311 which bas a half-
life of cight days. Most data on hypothyroidism alter
13y exposure emanate [rom studies on patients with
hyperthyroidism, and their expericnce may not be
dircctly transferable to a normal cuthyroid population.
In patients with hyperthyroidism, hypothyroidism is
common cven after surgery or trcatment with anti-
thyroid drugs [B17, H10]. The thyroid uptake of '3!]
is higher in hyperthyroid patients, but the tumover of
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the nuclide is more rapid. It may therefore be possible
to approximate the experience of hyperthyroid patients
1o that of cuthyroid subjects [M19, M20, N4J. In adult
h 1pcrlhyroid patients treated with a single dose of
1311 the cumulative probability of hypothyroidism is
related 1o the 3N activity administered per unit
thyroid weight [B16]. Holm ¢t al. [H9] obscrved an
annual hypothyroidism of 3% the first 24 years aller
131 therapy for hyperthyroidism. There are only very
limited data on the cffects of thyroid absorbed doscs
from ' of <25 Gy and the cffects in children.
NCRP Rcport No. 55 [N4] cited unpublished data
from Hamilton and Tompkins, who obscrved that 8 of
443 subjccts (2%) less than 16 years old and judged to
have normal thyroids became hypothyroid after dia-
gnostic BIT tests. The incidence of hypothyroidism
was 0% per ycar in 146 subjects who received <0.3
Gy in the thyroid, 0.15% per ycar in 146 subjects who
received 0.3-0.8 Gy and 0.23% per ycar in 151 sub-
jects after thyroid doses of >0.8 Gy. A linear modecl
with a threshold was postulated for hypothyroidism;
owing to the large functional capacity of the thyroid
gland, a large number of cells would have to be
affected to result in hypothyroidism. Hayek ct al.
[H11] observed hypothyroidism in 8 of 30 (26%)
paticnts between the ages of 8 and 18 ycars who
reccived 1311 therapy for byperthyroidism. The mean
amount of '3!1 administcred was 240 MBq, and the
mean follow-up was nine years. Freitas et al. {F6]
found a 92% prevalence of hypothyroidism in 51
patients aged 6-18 ycars after 131 therapy for
hyperthyroidism (mean 1311 activity, 520 MBq).

59. 1In 1954, following dctonation of a mcgatonne
nuclear device at Bikini, 250 inhabitants of the Ronge-
lap, Ailingnae and Utirik atolls of the Marshall Islands
were cxposed to radioactive fallout [C16, L8, R14].
This consisted of whole-body gamma-irradiation, beta-
irradiation of the skin from fallout deposited on the
skin, and internal absorption of radionuclides from the
ingestion of contaminated food and water. The most
serious internal exposure was that to the thyroid gland,
from radioiodines in the fallout. The estimated thyroid
dose varied from 0.3 to 3.4 Gy among thosc aged 18
years or more to 0.6-20 Gy among thosc lcss than 10
ycars of age. Many uncertainties were involved in the
dose calculations, and particularly in the thyroid
dosimetry. The most widespread late cffects of fallout
exposure among the Marshallese have been related to
radiation injury 1o the thyroid gland. The growth status
of children exposed to fallout radiation bas been
studied in 67 unexposed and 38 cxposcd children, 4
children exposed in utero, 39 children born 1o exposed
parents and 53 children born 10 unexposed parents
[S26]. Retardation in both statural growth and skelctal
maturation has been observed among exposed boys, as
compared with unexposed children. The retardation
was noled among boys who were under S years of age

when cxposed to the fallout, being most prominent
among those aged 12-18 months at the time of expo-
surc. No significant differences were noted in the
growth patterns between exposed and unexposed girls
and between children born to exposed or unexposed
parcnts.

60. The incidence of subclinical hypothyroidism was
31% among children less than 10 years of age at ex-
posurc aficr an estimaled thyroid dose of >2 Gy. No
casc of hypothyroidism occurred in this age group at
lower doscs (Table 8). Among subjects 10 years or
older, onc casc (1%) of hypothyroidism was observed
at an cstimated thyroid dose of <1 Gy, one casc (8%)
at 1.2 Gy and four cascs (9%) at doses higher than
2 Gy. Only two of the subjects exposed at less than 10
ycars of age bad clinical hypothyroidism. The inci-
dence of hypothyroidism began to increase approxi-
matcly one decade after exposure. A thorough re-eva-
luation of the absorbed dose in the thyroid was done
by Lessard et al. [L9]. The recalculated cumulative
cxternal doses of gamma rays were close to the initial
estimates, but doscs from internally deposited radio-
nuclides were much higher. Most of the thyroid dose
resulted from shon-lived radionuclides, The re-cvalua-
tion of the thyroid absorbed dose makes the observed
results compatible wilh those of other studies with
similar doses [R20].

61. Rallison et al. [R21, R22] observed two cases of
bypothyroidism in 1,378 children exposed to 3] fall-
out from nuclcar weapons tests, compared to four
cases in 3,801 non-irradiated control subjects. The
follow-up time was, on average, 16 years, and the
mean thyroid dose was estimated to be <0.5 Gy. The
difference in the incidence of hypothyroidism between
the two groups was not statistically significant.
Clinical examinations were performed in 1990, and
levels of frec T4 and thyroid stimulating hormone
were measured in children living in Russia, Belarus
and Ukraine at the time of the nuclear plant accident
in Chernobyl in 1986 and in children born in 1989
{18]). There was no cvidence that thyroid function had
becn affected in a way that could be detected cither
clinically or by laboratory testing at that time.

62. Thyroid disorders were studied 30 ycars after
exposure in 978 individuals under 20 ycars of age at
the time of the bombings in Hiroshima and Nagasaki
[M21, M22]. The estimated doses from the atomic
bomb fallout radiation werc based on T6S dosimetry.
There were 200 males and 277 females in the >1.0 Gy
cxposed group and 219 males and 282 females in the
unexposed (0 Gy) group. Of these, 128 were aged 0-9
years and 349 were 10-19 ycars at the time of the
bombings in the >1.0 Gy group; and 139 subjects were
aged 0-9 years and 362 were 10-19 years at the time
of the bombings in the unexposed group. There were
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no significant differences in mean serum TSH levels
or mcan serum thyroglobulin levels between the 0 Gy
(uncxposed) group and the >1 Gy (exposcd) group. In
a recent analysis [N7] of 2,774 subjects of the Naga-
saki Adult Health Study cohort, the prevalence of
hypothyroidism was 5% in cxposcd subjects and 2%
in controls. Inoue et al. [17] studied nearly 2,600
individuals from the samc cohort and observed hypo-
thyroidism in 3% of the subjects. The fitted relative
risk increased from 1 for those less than 5 years at the
time of the bombings to 3 for those 30 ycars at the
time of the bombings.

63. Summary. Thyroid dysfunction may result from
irradiation of the thyroid gland or the hypothalamic-
pituitary axis. A substantial proportion of patients
receiving radiotherapy for various paediatric tumours
have impaired thyroid function. The incidence of
hypothyroidism varies with the definition used and is
highest when clevated TSH levels are used to define
the impairment. Young children seem to be more sen-
sitive to radiation-induced hypothyroidism. Various
studies show that hypothyroidism is dose-dependent.
The prevalence of hypothyroidism is increased in
leukaemic children who have received cranial radio-
therapy of 18-24 Gy over 2-2.5 weeks. The thyroid
doses in these cases have been calculated to be 3%
8% of the brain dose, i.c. 1-2 Gy. However, the child-
ren also received associated chemotherapy, which may
affect the risk for hypothyroidism. No epidemiologic
study bas demonstrated hypothyroidism in children
after a thyroid dose from external irradiation <1 Gy.
There is limited evidence that dose rate may be of
importance and that the risk of hypothyroidism is
reduced when fraction size is reduced. There arc in-
sufficient data on the effects of 2] 1o determine a
possible threshold dose for the induction of hypo-
thyroidism.

C. OVARY

64. The ovary is a highly radiosensitive organ, and
single doses of 0.6-4 Gy have caused temporary steril-
ity in adults, with higher doses required to produce the
same effect when fractionated. Permanent sterility
results from 2.5-10 Gy in a single dose and from 6 Gy
wilh protracted exposure [F1, 11, U3]. The radiosensi-
tivity of the ovary depends on the degree of maturity,
and the threshold for permancnt sterility decreases
with age, although the age-related differences are hard
to estimate [A12, F1]. The fact that the ovary of a
young woman is more resistant is explained by the
reduction, over time, in the fixed pool of oocytes,
since these cells are not replaced. The radiation dose
required to destroy all the oocytes is therefore larger
in younger than in older women. Ovarian dysfunction
has been observed in more than 50% of adolescents

and young women after doses of 2.5-4.0 Gy. Recovery
has been age-related. After 4 Gy, permanent amen-
orthea and infertility have occurred in approximately
one third of younger women and in all women older
than 40 ycars of age [A12, H12).

65. The most common cause of ovarian dysfunction
in paticnts treated for pacdiatric tumours is direct
damage to the gonads by radiation and/or cytotoxic
agents. The observed ovarian effects have basically
been fibrosis and follicle destruction with elevated
levels of luteinizing hormone and follicle stimulating
hormone. Irradiation of the hypothalamic-pituitary area
can also result in gonadotropin deficiency or hyper-
prolactinacmia, which may impair subsequent repro-
ductive function [A13, R23]. Quiescent ovaries have
been found in children after radiotherapy with 20-
30 Gy to the abdomen over 21-30 days, cither alone
or combined with chemotherapy [H13). Chemotherapy
used for a short time has been reported to be without
effect on the small follicles, whereas prolonged
treatment destroys them [M23).

66. Pclvic or abdominal irradistion has been
associated with ovarian failure, resulting in elevated
levels of follicle-stimulating hormone, amenorrhea and
failure to develop sccondary sexual characteristics [G7,
09, S32, S33, W6]. In a study by Wallace et al. [W6),
ovarian failure occurred before 16 yecars of age in 19
paticnts irradiated in childhood for abdominal wmours
with 30 Gy in 16-26 fractions over 21-38 days. An
upper limit for the LDS0 of the human oocyte was
estimated at 4 Gy. Stillman ct al. [S33] observed signs
of ovarian failure in 12% of 182 long-lerm survivors
of childhood cancer. Of 25 patients (68%) with both
ovaries within the treatment fields (mean ovarian dose:
32 Gy), 17 showed ovarian failure, as compared with
5 of 35 patients (14%) whose ovaries were on the
border of the treatment ficld (mean: 2.9 Gy), none of
34 patients with one or both ovaries outside the treat-
ment field (mean: 0.5 Gy) and none of 88 patients
receiving no radiation to the ovaries, The likelihood of
ovarian failure in patients with both ovaries in the
ficld was 19.7 (95% CI: 5.3-72.8), higher than those
for other irradiated patients. Subsequent fertility has
been obscrved in prepubertal girls after pelvic doses of
10-30 Gy, despite follicular depletion and elevated
follicle-stimulating hormone levels [H13, L11, S32).

67. Homing et al. [H12] studied 103 women aged
13-38 years (median age: 19 years) with Hodgkin’s
discase treated by chemotherapy alone (n = 34), total-
lymphoid irradiation alone (n = 19) or irradiation plus
chemotherapy (n = 50). The pelvic dose was 30-
40 Gy, delivered with conventional fractionation.
Menses were present in 94% afier total-lymphoid irra-
diation alone, 85% after chemotherapy alone and in
48% after total-lymphoid irradiation plus chemo-
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therapy, of which 47%, 56% and 20%, respectively,
were regular. Chemotherapy was associated with the
highest and combination therapy with the lowest pro-
bability of regular menses. The probability of regular
menses decreased with age at treatment (Figure VI).
When age at treatment, interval after completion of
treatment, stage of disease, number of cycles of
chemotherapy and pelvic radiation dose were included
in a multivariate analysis to detcrmine factors pre-
dicting regular menses, only age was significant for
any of the three treatment modalitics.

68. Imadiation of the central nervous system and
chemotherapy can destroy gonadal function by causing
damage to the hypothalamus or direct damage to the
gonads themselves [B18]. Various hormonal effects
have becn observed after cranial or craniospinal radio-
therapy with 25-50 Gy fractionated over 3-4 wecks,
e.g. elevated, normal or reduced levels of gonad-
otropins, secondary amenorrhea and lack of pubental
progression [A13, B10, C17, L10, R23, 515]. Leiper
et al. [L12] observed early puberty in 10% of 233
children given cranial radiotherapy with 18-24 Gy in
10-15 fractions over 2-3 wecks for acute lcukaemia at
a mean age of 4 years. Three girls bad precocious
puberty, i.e. signs of sexual maturation occurring
before 8 years. Early onset of menarche after cranial
radiotherapy has also been observed by others [B19,
M15, Q1, R23, S15]. Others have reported normal
levels of gonadotropins and oestrogens after 24 Gy

cranial radiotherapy in 2 Gy fractions over 2.5 weeks
|Ds, 07, Vi}.

69. Hamre et al. [H14] assessed gonadal function in
163 children treated for acute leukacmia at an average
age of 6 years and who were randomized to receive 18
or 24 Gy to one of three ficlds: cranial, craniospinal or
craniospinal plus 12 Gy abdominal, including the
ovaries or testes. Gonadal evaluation 4 ycars later
showed elevated levels of follicle-stimulating hormone
and/or lutcinizing bormone in 36% of the patients.
There was an association between elevated gonado-
tropins and the radiotherapy ficld: 9% of patients who
had cranial ficlds had clevated levels, as compared to
49% for craniospinal ficlds and 93% for craniospinal
plus abdominal ficlds (p < 0.001). Girls receiving
24 Gy had a relative risk of 14 for elevated follicle-
stimulating bormone and 8.7 for clevated luteinizing
hormone compared with girls recciving 18 Gy. Cranio-
spinal plus abdominal radiotherapy was significantly
associated with abnormal gonadotropin levels and lack
of pubertal development.

70. Patients who receive only chemotherapy prior to
bone marrow transplantation have normal pubertal deve-
lopment and normal levels of gonadotropins and sex
hormones. The majority of children receiving 10 Gy
single whole-body cxposure experience a delayed onset

of puberty, and their gonadotropin levels reflect primary
gonadal failure. Nearly half of children receiving
fractionated whole-body irradiation have normal
pubertal dcvelopment and normal gonadotropin levels
{B13, D2, 524, §34]. Ovarian failure appcars to develop
in almost all females of postpubertal age afier whole-
body irradiation with 10-12 Gy. Normal gonadotropin
Ievels have been observed in the majority of girls who
were prepubertal at the time of transplantation,

71. Sanders et al, [S23] studied ovarian function in
142 children (52 girls) treated with bone marrow
ransplantation at the median age of 10 years. All
patients had received chemotherapy, and one third of
the patients also had received radiotherapy to the
central nervous system. Patients were given chemo-
therapy and whole-body irradiation, as a single dose of
9.2-10 Gy (n = 79) or as fractionated doses of 2-
2.3 Gy daily for 6-7 days to a cumulative dose of 12-
15.8 Gy (n = 63). Of 35 girls who were prepubertal at
transplant, 10 had dclayed development of secondary
scxual characteristics at evaluation 4 years later.
Gonadotropin and oestradiol levels were determined
for 11 of 16 girls older than 12 years of age, and 7
had elevated levels of follicle-stimulating hormone,
low levels of oestradiol and delayed onset of puberty.
Gonadal failure occurred in nearly all who were post-
pubertal at transplant, with amenorrhea and elevated
levels of luteinizing hormone and follicle-stimulating
hormone. [t was not possible to determine how many
of these endocrine abnormalities occurred as a result
of treatment administered prior to transplantation. No
information was provided on the effect of fractionation
on gonadal function.

72. Sarkar et al. [S35] studied fertility in 33 subjccts
after 131 therapy for thyroid cancer in childhood or
adolescence. They received a mean BI amount of
7,250 MBq, with a range of 2,960-25,560 MBq, and
the estimated cumulative gonadal dose ranged from
0.08 to 0.69 Gy. The incidence of infertility and mis-
carriage did not differ significantly from that in the
general population,

73. Summary. The effects of radiation on the ovary
arc age- and dose-dependent. The ovary of young
women is less sensitive to radiation-induced determi-
nistic cffects because of their higher number of
oocytes, although it is difficult to define the magnitude
of these differcnces. A variety of factors complicate
the study of a possible association between radiation
dosc and the effects on the ovary, including the under-
lying disease for which treatment was given. Unfortun-
ately, most studies have been performed on a limited
number of patients of varying ages at exposure, who
reccived a variety of treatment modalilies and had
varying lengths of follow-up. The available data there-
fore do not allow an analysis of the dose-effect
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patterns to define a critical dose for different gonadal
paramclers, nor can the impact of the fraction size be
dctermined, since most studics have used fractionation
schedules with about 2 Gy per day. An ovarian dose
of 20 Gy or morc causes microscopically cvident
damage and resulls in increased levels of gonado-
tropins and follicle-stimulating hormone. Amenorrhea
has been observed in morc than 10% of paticnts
cxposed in childhood with ovarian doses of 0.5 Gy an
average and in two thirds of girls who received 3 Gy,
on avcrage, to both ovarics. Infertility occurs in
approximatcly onc third of girls recciving 4 Gy, as
compared to alinost all women over 40 years of age.
The radiation dosc required to ablate ovarian function
scems 1o be around 20 Gy for girls, and the greater
number of oocytes explains the higher doses needed
for castration. Amenorrhea and the failure 1o develop
sccondary sexual characteristics have been documented
in prepubertal girls following 10 Gy of whole-body
irradiation, and ovarian failure has been seen in all
pubertal women, of whom 50% had mcnopausal
symptoms. Cranial radiothcrapy may disturb sexual
maturation by damaging the hypothalamus or the
pituitary gland. Evidence of hypogonadism and of
precocious puberty has been reported. Since chemo-
therapy may also cause ovarian dysfunction, the age of
the patient, the amount of chemotherapy and the
combined usc of radiothcrapy are all important factors
in assessing ovarian injury.

-D. TESTIS

74. The germ cells of the testis are the cells of the
male reproductive system that are the most sensitive to
cxposure o ionizing radiation. Thcir depletion results
in impaired fertility, the degree of which is dose-
dcpendent. In adults, few stem cells survive a dose of
3-5 Gy, and sterility may be permanent. The lowest
single acute dosc that will impair fertility in adults is
of the order of 0.15 Gy [R24]. Fractionated trcatment
may havc more cffect than single doses, c.g. 20 doses
of 0.25 Gy cach cause more rapid depletion and a
slower recovery than a single dose of 5 Gy [L13, U3].
Blot ct al. [B40] obscrved no clear evidence of steril-
ity in 14 mcn cxposed to the atomic bombings in
utero with maternal doses ranging from 1 Gy to more
than 6 Gy, nor among 66 mcn exposced to similar
doses before 15 years of age. Data suggest that frac-
tionated irradiation of 20 Gy is rcquired to produce an
incidence of more than 50% sterilization for norc than
five ycars [L14]. As littlc as 0.2 Gy can cause
germinal cpithelial damage with decrcased sperm
count and an elevated level of follicle-stimulating
hormone [R24). The damagcd cpithelium may recover
with time, which rclated 1o the total dose received. A
threshold dosc required to damage the germinal cpi-
thelium in childhood has not been established, and

doscs as low as 0.1 Gy have been reported to cause
temporary sterility, although >2 Gy and possibly about
6 Gy arc necded to produce permanent aspermia [I1,
U3]. Asscssments of the effects of conventionally
fractionated irradiation on testicular function indicate
that gonadal function is compromised at doses as low
as 0.5 Gy and that a cumnulative dose of 2 Gy results
in testicular dysfunction persisting at least three years
[S36, S37|. There arc no substantive studies of the
cffects of low-dose radiation on testicular function in
boys, and it is generally not possible to distinguish
between gonadal toxicity from chemotherapy and from
radiotherapy.

75. The ability of the Leydig cells to produce
testosterone appears to be appreciably reduced afier
testicular irradiation with high doses (24 Gy), resulting
in androgen deficiency, testicular atrophy and clinical
hypogonadism with clevated levels of follicle-stimulat-
ing hormonc in the majority of boys [B20, L15, S20,
S40). The prepubertal boy appears more sensitive 1o
radiation-induced Leydig cell damage than the adult
male after testicular radiotherapy with 27-30 Gy in 20-
28 fractions over 27-38 days [S38]. Normal Leydig
ccll function has been observed after tcsticular
irradiation for childhood leukacmia with 12-15 Gy in
2 Gy fractions, although high gonadotropin levels
suggest subclinical Leydig cell damage [C19]. Accord-
ing to Shalct [S20, S39], a fractionated testicular dosc
of <10 Gy in 20 fractions over 4 wecks does not
appcar to impair Leydig cell function in boys, whereas
24 Gy over 2.5-3 wecks causes Leydig cell failure.

76. The testicular genninal cpithelium is more
susceptible than Leydig cells to chemotherapy-induced
damage and appears lo be more sensitive to moderate
doscs of alkylating agents after puberty than before
[S36]. In contrast to that given o prepubertal boys,
chemotherapy given during puberty may result in injury
to both Leydig cclls and the seminiferous cpithelium
and may thus have profound cffects on both endocrine
function and germ ccll production [A13, C18]. The use
of alkylating agents has been associated with testicular
dysfunction that may be related to age and the total
dosc of the agent used. Recovery of spennatogenesis is
variable. Others have found that chemotherapy for
acule leukacmia may be compatible with normal
gonadal development [B21, B22].

77. Of 10 men who had radiotherapy for Wilms’
tumour in childhood with estimated testicular doses of
2.7-9.8 Gy, cight had oligo- or azoospermia and seven
had clevated follicle-stimulating hormonc levels [S39).
Only one man had evidence of Leydig cell dysfunc-
tion. Shalet ct al. [S39] also studicd a sccond group of
eight prcpubertal males who had received testicular
doses of 1-30 Gy. Despite these substantial doscs,
which are higher than those required to cause tubular
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in the postpubertal male, plasima testosterone and
gonadotropin levels were normal. Only one boy had an
clevated [ollicle-stimulating hormone level. The
radiation-induced damage to the germinal epithelium
thus resulted in raiscd levels of follicle-stimulating
hormone afier puberty but not before. In respect of
pelvicradiotherapy and/or chemotherapy for Hodgkin's
discase in childhood, Green et al, |G7] did not observe
any differcnce in gonadal function between nine boys
and male adolescents who received a gonadal dosc of
1 Gy and seven patients who received only chemo-
therapy. Six and five men, respectively, had clevated
levels of follicle-stimulating hormone up o eight years
after complcetion of treatment,

78. Abnormal puberty and gonadotropin deficiency
have been observed in about 10% of children irra-
diated to the hypothalamic-pituitary region with 25-
50 Gy over 3-4 wecks [L10, R23]. After cranial radio-
therapy for lcukacmia in childhood, varying results
have been observed. Quigley ct al. [Q1] found evi-
dence of germ-cell damage in 25 boys who received
chemotherapy and 24 Gy in 15 fractions over three
weceks. Germ-cell damage was confirmed by the ab-
sence of germ cells in testicular biopsy specimens and
by the small size of the testes in all boys. Boys
rcached puberty at a mean age of 12 years. Plasma sex
steroids were normal, but the level of luteinizing
hormone after stimulation with gonadotropin-releasing
hormone was clevated in pubertal children, suggesting
compensation for decreased gonadal function. Sklar et
al. [S41] evaluated testicular function in 60 long-term
survivors of childhood acute leukacmia who had been
randomized to cranial radiotherapy with 18 or 24 Gy
(n = 26), 18 or 24 Gy plus intrathecal mcthotrexate (n
= 23) or 24 Gy craniospinal radiotherapy plus 12 Gy
10 the abdomen including gonads (n = [1). Treatment
was delivered in 1.2-2 Gy daily fractions, and the
scattercd dose in the testes was 0.4-3.6 Gy after
craniospinal radiothcrapy. Primary germ-cell dys-
function on average five ycars after cessation of
therapy was significantly associated with type of
radiotherapy field: 55% after craniospinal plus
abdominal ficld, 17% after craniospinal and 0% aficr
cranial radiotherapy (p < 0.01). Leydig cell function
was unaffected in the majority of patients regardless of
type of radiotherapy. Leiper ct al. [L12] observed
carly puberty in five boys treated with 18-24 Gy in
10-15 fractions over 2-3 weeks. The mcan age for
onset of puberty in these children was 9 years, which
was greater than two standard deviations from the
mean. Precocious puberty, i.c. signs of sexual matura-
tion occurring before 9 years, has also been reported
[B19, L12]. Von Muchlendahl ¢t al. [V1] noted
normal levels of luteinizing hormone and follicle-
stimulating hormone in 17 boys after 8-18 Gy of
cranial radiotherapy. Jaffe et al. [J4] evaluated
reproductive function in 27 male long-lerm survivors

of childhood cancer treated during prepuberty and
puberty with a mean testicular dose of 1.9 Gy (range:
0-25 Gy). Sperm samples were obtained from 23 sub-
jects, and the 4 who refused had fathered healthy
children. Four paticnts were oligospermic and 14 were
azoospermic. The four sterile men had reccived at
least 1.4 Gy lo the testes without chemotherapy and as
low as 0.08 Gy in combination with alkylating agents.
Sterility was mainly associated with alkylating agents.

79. After chemotherapy and whole-body irradiation
with a single exposure of 10 Gy, dclayed pubertal
development occurred in one of 12 boys (he also
rcceived  testicular  irradiation); four were still
prepubcrtal at cvaluation and seven boys had normal
pubertal development [B13]. Four of the boys with
normal pubertal development had elevated levels of
follicle-stimulating hormone with normal luteinizing
hormone and testosterone. Another seven boys received
fractionated whole-body irradiation with 12-14 Gy in 6
fractions over three days, and five of them were still
prepubertal and two had achieved puberty, one after
lestosterone administration. Deeg ct al. [D2] observed
that 5 of 16 boys subjected to whole-body irradiation
developed secondary sex characteristics appropriate for
their age and 11 had delayed onset of puberty. Forty-
one male patients who were past puberty at the time of
transplantation developed primary gonadal failure and
azoospermia, Two had recovery of spermatogenesis
approximalely six ycars after transplantation, and one
of them had two normal children. Gonadal failure
thercfore appeared to be nearly universal after whole-
body irradiation with 10-12 Gy in patients of post-
pubertal age. Sanders et al. [S23] studied gonadal
function in 90 boys 1-17 years old who had bone
marrow transplantation after prior chemotherapy and
radiotherapy to the central nervous system (n = 55).
Whole-body irradiation was given as a single dose of
9.2-10 Gy or fractionated doses of 2-2.3 Gy daily for
6-7 days to a cumulative dose of 12-15.8 Gy. At
cvaluation on average four years later, 21 of the 63
boys who werc prepubertal at transplant had delayed
development of secondary sexual characteristics.
Gonadal failure occurred in nearly all who were
postpubertal at transplant.

80. Summary. The effects of radiation on the testis
arc age- and dose-dependent. Radiation appears to
have its greatest effect on the germ cells rather than
on Leydig cells. It is difficult to draw any certain
conclusions regarding the effcct of ionizing radiation
on the gonadal function in boys and malc adolescents.
The data have been obtained from studics based on
helerogeneous materials, with great variation in age at
cxposure and treatment modalities. Furthermore,
gonadal function has been assesscd in many different
ways. The threshold radiation dosc that will damage
the germinal epithelium in childhood cannot therefore
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be clearly defined at present, Testicular function may
be compromised at doses as low as 0.5 Gy. Leydig
cell function appears morc resistant 1o ionizing
radiation, and impaired function occurs after 10 Gy or
more. Testicular function is also impaired by chemo-
therapy and may also be abnormal prior to therapy for
malignancy that docs not involve the testis. Irradiation
to the prepubertal gonads may not always result in
irreversible damage. Whole-body iradiation has been
shown to produce primary gonadal failurc of various
degrees in the majority of boys receiving 10 Gy,
regardless of pubcrtal status. In most of these paticnts,
Leydig cell function appearcd adequate.

E. MUSCULOSKELETAL SYSTEM

81. Two processes of bone formation occur within
the human skeleton: membranous bone formation and
enchondral bone formation [P10]. Flat bones and the
cortices of long bones are formed by membranous
bone formation, in which there is no pre-existing
cartilage template, and ostcoid tissue is laid down
adjacent to existing collagen, cartilage or bone. In
enchondral bone formation, which is responsible for
longitudinal bone growth, new bone is formed at the
epipbysecal growth plate. Chondroblast proliferation is
responsible for widening of the cpiphysecal growth
plate and lengthening of the bone, and osteoid is
formed by osteoblasts. External irradiation affects, in
particular, dividing chondroblasts and small blood
vessels. Membraneous bone formation is disturbed 1o
a lesser extent than enchondral bone growth. Epi-
physeal irradiation causes arrest of chondrosis due to
direct effects on the chondrocytes and secondary
vascular effects. Radiotherapy also disrupts the normal
processes of resorption of bone at the cpiphysis.
Actinomycin D and adriamycin enhance the effects of
radiotherapy (E6]. Bone absorbs less radiation in the
megavoltage range than in the orthovoltage range, and
it has been believed that there is less growth dis-
turbance in bone after megavoltage therapy. However,
the major radiation changes occur in the chondroblasts
and the fine blood vessels of the physis. Since both
are materials of unit density, it is reasonable 1o expect
growth disturbances to be largely independent of
radiation voltage quality.

82. The first cvidence of growth disturbances
following x-ray treatment in patients under 20 years of
age was reported in 1929 by Hueck et al. [H15). In
adults, cartilage tolerates 40 Gy over 4 weeks or >70
Gy over 10-12 weeks, and bone tolerates 65 Gy over
6-8 weeks. Higher doses cause necrosis [C24). These
tissues are more sensilive in children, and some
growth retardation may occur after 1 Gy, depending
on the age at irradiation and the conditions of expo-
sure (11, T10]. The maximum growth depression has

been observed in children treated up to the age of 6
years and in young puberty [G9, P10, R25, R26).
Rocntgenographic changes of the bone in children less
than 1 ycar of age occur after conventionally fraction-
ated radiotherapy of >4 Gy, while a dose of >18 Gy
with similar fractionation is required to produce
significant changes in children 1-2 years of age and
>26 Gy is required in older children [NS, T10]. Other
skeletal changes occur in children at doses >20 Gy,
including scoliosis, kyphosis and slipped capital
femoral epiphysis.

83. Growth in children can be adversely affected by
dircct radiation damage to long bones and spine, mali-
nutrition, steroid therapy, cylotoxic drugs, the presence
of residual tumour and endocrine complications [B3,
B23, B24, B25, D17, G8, P11, P12, S20, S42, T10,
W7]). The cffects of radiotherapy on the skeleton are
related to the anatomical site, the target volume, the
radiation dose, the source and pattern of the radiation
used, the age of the patient and chemotherapy. These
effects may be scen in any bone but are most often
observed in the spinc alter (ractionated radiotherapy
with cumulative doses of 20 Gy or more [P13]). The
severity increases with increasing radiation dose and
with decreasing age at time of treatment. Mature bone
and cartilage may also be devitalized by ionizing
radiation without showing clinical consequences until
stressed by, [or example, infection or trauma. Predni-
sone and doxorubicin depress cartilage responsiveness
to somatomedin and also growth-hormone-stimulated
somatomedin production [P12]. It is difficult 1o
quantify the effects of jonizing radiation on growing
bones for several reasons:

(a) there is a Jack of large groups of patients of
various ages in whom the same epiphyseal carti-
lage has been irradiated with a range of doses;

(b) the tumour itsclf and other treatment modalities
can contribute to the growth disturbance;

(c) paticnts must be followed until growth is com-
pleted;

(d) often patients with growth disturbances have
deformities corrected surgically, making it
impossible to quantify the damage [G8].

84. Children less than 6 years old and at the time of
the adolescent growth spurt, i.e. during periods of
rapid bone growth, are especially sensitive to irradia-
tion of the vertebral column. Impaired growth bas
been observed after total doses of 25 Gy, and higher
doscs 1o the entire spine result in suppression of spinal
growth and decreased sitting height [D17, P10, P11,
S25). Probert et al. [P10] observed changes in both the
sitting and standing heights of 44 children treated with
megavoltage radiation, particularly among those
recciving >35 Gy in 2-2.5 Gy fractions, whereas only
slight changes were observed among those receiving
<25 Gy with similar fractionation (Figure VII). Shalet




ANNEX I: LATE DETERMINISTIC RADIATION EFFECTS IN CHILDREN 889

ct al. [S43] measurcd growth afler radiotherapy for
brain tumour in 37 children who had rcceived cranio-
spinal irradiation with 27-35 Gy to the vertebrac in
17-20 fractions over 3-4 weeks and in 42 children who
reccived cranial radiotherapy. The cranial dose was not
stated. All had complcted their growth at the time of
cvaluation, and at that time there were significant
differences between the two groups on standard devia-
tion scores for standing height and sitting height, but
not for leg length, The younger the child was at the
time of treatment the greater the subscquent skeletal
disproportion; the estimated cventual loss in height
was 9 cm when spinal irradiation was given at 1 year,
7 cm when given at S years, and 6 cm when given at
10 years.

85. Growith retardation has also been observed in
children injected with 224Ra for intended treatment of
tuberculosis of bone and soft tissue [M24, S44]. Spicss
et al. [S44] obtained the adult heights of 133 patients
injected as juveniles. Radium-224-induced growth
retardation was greatest in young children, who had
the greatest amount of potential growth after exposure.
The growth retardation increased with radiation dose,
and there was a 2% decrease in potential growth post-
irradiation per gray for average skelctal doses up to
20-25 Gy.

86. Functional and cosmetic disabilities involving
bone, teeth, muscie and other soft tissucs have been
reported to occur after radiotherapy in up to 38% of
survivors of paediatric cancers, in particular after
treatment for solid tumours {D19, L16, M2, M25,
S43). The clinically significant problems often involve
bone abnormalities, such as scoliosis, atropby or
hypoplasia, avascular necrosis and ostcoporosis. Sco-
liosis may occur following radiotherapy to segments of
the spinal column in patients with solid tumours [H16,
IS, 842, 545, W8]. Scoliosis has been most apparent
in children treated with orthovoltage radiation to ficlds
extending to the midline, resulting in asymmelric
radiation of the vertcbrae. The degree of scoliosis has
increased with dose and has becn mild after 20-32 Gy
and significant after higher doses [O10, P10, R27].
Vertebral abnormalities have been less pronounced
with high voltage radiotherapy and with radiation
fields encompassing the entirc vericbrae, and signi-
ficant scoliosis below 35 Gy is uncommon [H16, P10,
T11). The cases of scoliosis that occur at present are
usually not so severe that orthopaedic intervention is
required.

87. Slipped epiphyses can develop in patients who
have received radiothcrapy to the proximal femoral
epiphysis, combined with chemotherapy, in childbood
[B26, L17, R1, S46, W9, W10]. Silverman et al. [S46]
studied 50 patients under 15 years of age who had
radiotherapy that included the non-fused capital

femoral epiphyscal plate in the treatment ficld. Mean
dose to the cpiphyscal plates was 23 Gy (range: 1.5-
53 Gy), and 10% of the 83 plates at risk showed epi-
physcal slippage or other severe radiographical abnor-
malities. Children under the age of 4 years at the time
of irradiation were at higher risk (47%) than older
children (5%). No complications occurred below 25
Gy and no dose-response curve was obtained. A mcan
dilference of up to 12 cm in clinical length between
unirradiated and irradiated extremitics has been
observed after z6 Gy to the epiphyscal plates [G8].
Figure VIII shows the relationship between age at
irradiation, dose and shortening for 20 patients who
had epiphyscal plate irradiation. Damage increased
dramatically at doses up to 40 Gy but levelled off
beyond that. Shortening was strongly age-dependent,
amounting to 9-12 cm in several patients who were
less than 1 year old. When growth expected to remain
after irradiation was taken into account, age at irradia-
tion did not influence the final effect, and the radiation
dose was the most important factor. Radiation-induced
aseptic necrosis of the femoral heads have been
observed in children after doses of 30-40 Gy [L17].
Chemotherapy may be a contributing factor, since
aseplic oslconecrosis has been reported in children
after chemotherapy alone [P14]. Slipped proximal
humeral epiphysis has also been reported after slightly
higher radiation doses than those received by children
with slipped capital femoral epiphysis [E6]. That the
shoulder is not as stresscd as the hip may be the
rcason why slipped proximal humeral epiphysis is less
frequent than slipped femoral epiphysis.

88. Bony hypoplasia of the orbit with facial asym-
metry was reported in half of 50 children with orbital
rhabdomyosarcoma after 50-60 Gy in 5-6 wecks
{H17]. The degree of hypoplasia appeared to be higher
the younger the child was at the time of treatment.
Other common findings were asymmelry of the face
and/or neck and the presence of dental problems, both
of which occurred in 58% of the patients. Evidence of
muscle atrophy or fibrosis of the subcutaneous tissues
was evident in 40% of the patients in the head or face
and 33% in the neck. Hypoplasia of bones in treated
sites was documented in one third of the patients and
judged to be largely due to radiotherapy. Similar late
cffects have been observed by others [E7, G10].

89. Radiotherapy may also have adverse effects on
developing dentition, including root abnormalitics,
incomplete calcification, dclayed or arrested tooth
development and caries {B27, D19, H18, J6, M26].
These and other maxillofacial abnormalities, such as
trismus, abnormal occlusal relationships and facial
deformitics are morce severe in patients irradiated at an
carlier age and at higher doses. Jaffe et al. [J6]
observed dental and maxillofacial abnormalities in
82% of 45 long-term survivors of childhood cancer



890 UNSCEAR 1993 REPORT

after maxillofacial radiotherapy. Younger patients and
those treated with higher doses, i.c. rhabdomyosar-
coma patienls (median dosc: 55 Gy) as opposed to
Hodgkin's disecase and lcukaemia patients (median
dose: 35 Gy, p < 0.001) had more severe abnorma-
litics. In a study by Sonis ct al. [S47], abnormal dental
development occurred five or more years later in 94%
of 97 children with acute leukacmia treated before 10
years of age with intrathecal methotrexate alone (n =
19) or in combination with 18-24 Gy cranial radio-
therapy (n = 78). All children who received treatment
before 5 ycars of age and those who received radio-
therapy had the most scvere abnormalitics. Tooth
breakage due to tooth resorption has been common
among paticnls injected with 224Ra, especially those
injected as tecnagers [S48). The incidence of tooth
breakage increased significantly with dose. The tooth
fractures rcsembled those observed in radium dial
painters in the United States [R25). Children given a
single whole-body cxposure of 10 Gy for marrow
transplantation have developed similar disturbances in
dental development and facial growth similar to those
scen after 18-65 Gy fractionated radiotherapy to the
maxillofacial region for leukacmia or solid tumours
[D20, S25]. The most severe effects have been seen in
children irradiated when they were less than 6 years of
age.

90. Antbropomectric analyses were performed in 1990
on children living in Russia, Belarus and Ukraine at
the time of the nuclear plant accident in Chernobyl in
1986, and in children bom in 1989 [I8]. The main
conclusion from these studics was that therc were no
significant differences in height or weight between the
control and contaminated regions.

91. Summary. Growth in children can be adversely
affected by direct radiation damage and by malnutri-
tion, other treatment modalitics, the presence of
residual tumour, and endocrine late radiation effects.
Most clinical data arc based on smaill and hetero-
geneous groups of patients treated in different ways at
varying ages. The skcletal effects have also been
assessed in a varicty of ways, and it is not possible 10
give any estimates of late deterministic effects based
on large-scale epidemiologic data. Skeletal changes in
children generally occur at doses exceeding 20 Gy and
include scoliosis, kyphosis, slipped femoral cpiphyses,
hypoplasia, growth retardation, dental probiems etc.
Absolute shortening of the long bone depends on the
absorbed radiation dose and the age at the time of
irradiation. Exposure at ages less than 6 ycars and
during puberty appears to have the greatest effect on
growth retardation. However, other studies have
observed that when growth expected to occur after
irradiation was taken into account, the age at irradia-
tion did not influence the final eflect, and the radiation
dose was then the most important factor. Scoliosis and

kyphosis are common afler spinal or flank irradiation
following doses of >20 Gy. Slipped f{emoral capital
cpiphysis docs not occur below 20 Gy, and this late
cffect is more common in children under 4 years of
age at the time of irradiation. A dose exceeding 20 Gy
is required to arrest encondral bone formation, and
doscs of 10-20 Gy cause the partial arrest of bone
growth, There is little alteration in bone growth below
10 Gy of fractionated cxposure directly to the bone.
No radiation-related cffect on height has been
observed in children living in Russia, Belarus or
Ukraine at the time of the Chernobyl accident.

F. EYE

92. lonizing radiation, chemotherapy and cortico-
steroids have all been found to increase the risk of
cataract formation [C20, H19, 11, O11, P15, 549, U3].
Different components of the eye have diffcrent sensi-
tivity to ionizing radiation, and the lens is especially
sensitive when uniformly irradiated. There are differ-
ent forms of cataract, and radiation-induced cataract is
in its carly stages a characteristic lesion, which is
defined as a posterior subcapsular opacity. The thres-
bold dose for cataract in adults is about 2 Gy of x rays
from a single cxposure and 4-6 Gy when {ractionated
over 3-13 wecks [F1, M27]. Minimal stationary opaci-
ties have been obscrved after single doses of 1-2 Gy,
and with 5 Gy more scrious progressive cataracls
occur [U3]. The threshold dose for cataract formation
is increased by non-uniform irradiation {B28]. Higher
radialion doses yicld more progressive cataracts with
a greater loss of vision. The average latent period is
2 years but may be up to 35 years. The combination
of radiotherapy and chemotherapy enhances the risk
for cataract formation [F7]. Other late radiation effects
in the eye include retinopathy, optic neuropathy and
lacrimal gland atrophy. These types of injuries rarcly
occur below 45 Gy.

93. Decrcased vision due to cataract formation in the
treated eye is common in children treated for orbital
rhabdomyosarcoma afler doses to the tumour of 50-
60 Gy in 2 Gy fractions over 5-6 weeks [H17]. The
time to [irst reported evidence of cataract varied from
one to four years aflicr radiotherapy. Other reported
structural late effects include changes in the cornea or
retina, enophthalmos, and stenosis of the lacrimal duct.

94. Quist and Zachau-Christiansen [Q2] estimated
the minimum lenticular dose to produce cataract in
children 10 be 13.8 Gy from radium moulds; the maxi-
mum non-cataract dose for infants was 9.9 Gy and for
school-aged children, 11.4 Gy. Notter ct al. [Ng]
observed cataracts after considerably lower doses in
234 patients who had been imadiated wilh *2Ra-
containing applicators for skin hacmangioma between
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1920 and the mid-1950s. An ophthalmologic examina-
tion was conducted in 1961-1965. Of 468 cycs
cxamined, cataract was observed in 51 (11%). No
cataract was observed in the 246 eyes receiving
<2.5 Gy in the lens. The prevalence of cataract was
8% (100 cyes) after a lenticular dose of 2.5-3.5 Gy
and 54% (122 cycs) after higher doses.

95. Stefani etal. [S37, C25] reported on the develop-
ment of cataract in 899 patients receiving multiple
injections of 224Ra for the intended treatment of
tuberculosis or ankylosing spondylitis. Cataracts werc
found in 6% of the 218 juvenile patients and in 5% of
the 681 adult patients. In those with known injected
activitics, juveniles receiving >1 MBq kg™ of 224Ra
had a cataract incidence of 14% (11 of 80) comparcd
to 0.8% (1 of 131) receiving less than that amount.
The cataract incidence increased significantly with
dosage in both juveniles and adults.

96. The dose reccived by the lens in cranial radio- -

therapy for acute Jeukacmia is of importance for the
induction of cataract [K10}. The dose to the lens is
approximately 15%-30% of the midline dosc, depend-
ing on the type of treatment ficlds. Nesbit ct al. [N3]
found one case of posterior subcapsular cataracts in 50
survivors of childbood acute lcukacmia. In contrast,
Inati et al. [I3] observed a 50% incidence of cataract
formation in 69 children with acute lcukaemia given
24 Gy cranial radiotherapy in 13 fractions over 2.5
wecks, intrathccal methotrexate and high doses of
steroids. All cataracts were small and did not impair
vision. In another study of 34 long-tcrm survivors of
acute Jeukaemia, all 18 patients in the non-irradiated
group had normal resulls in cye examinations, while
4 of 16 of thosc receiving 24 Gy to the whole brain in
12 fractions over 2.5 weeks had ocular abnormalitics
[W11]. None of the ocular findings could, however, be
definitely atuributed to radiation, and all patients had
normal visual acuity.

97. Posterior subcapsular cataracts occur in the great
majority of paticnts after 10 Gy of single whole-body
exposure but in only about 20% after 12-15.8 Gy of
fractionated exposure [Al4, B13, C8, D21, L23, S24,
V7]. Among 105 patients given 10 Gy single-dose
whole-body irradiation, 80% devcloped cataracts by
six years compared to 19% of 76 patients given frac-
tionated whole-body irradiation (12-15 Gy in 2-5 Gy
fractions over 6-7 days) and 18% in patients who did
not reccive radiotherapy [D2]. This last figure indi-
cates that factors other than irradiation, c.g. steroids or
previous trealments may have contributed 1o the
development of cataracts. Nearly all cataracts
developed after a single exposure necd to be removed,
whereas a smaller fraction of those devcloped after
fractionated exposure require removal.

98. In a study conducted among subjects of the
Adult Health Study of Hiroshima and Nagasaki, a sig-
nificant excess risk for posterior subcapsular changes
was obscrved for all ages in the group receiving >3 Sv
in comparison with those in the control group among
residents in Hiroshima but not in Nagasaki [C21]. The
study was bascd on the T65 dosimetry and the exam-
ination was conducted on 2,385 persons. The relative
risk of cataract for persons in Hiroshima exposed to
>3 Sv was 4.8 in persons under age 15 years at the
time of the bombings, 2.3 in persons 15-24 years at
the time of the bombings and 1.4 in persons more than
25 years at the time of the bombings. The relative risk
for posterior subcapsular changes in Hiroshima for
persons under age 15 ycars at the time of the bomb-
ings was 2.8 in the 1-1.9 Sv group, 4.3 in the group
receiving 2-2.9 Sv and 5.3 in the group recciving >3
Sv. A comparison of relative risks in the different age
groups suggested a stronger cffect in Hiroshima for
persons under age 15 ycars at the time of the bomb-
ings. These results support the hypothesis that younger
individuals are more sensitive to radiation-induced
cataract than older individuals. A more recent assess-
ment of the dose-cffect relationship for cataract
induction bhas been made using the DS86 dosimetry
system [O15, O16]. This new study confirms the pre-
vious findings of a higher sensitivity in young persons.
The magnitude of log relative risks for cataracts in
persons aged 40, 50, 60 and 70 years at the time of
examination was 8.2, 6.4, 4.6 and 2.8-fold higher,
respectively, than in persons aged 80 years at the time
of examination. The best-fitting relationship for
posterior postcapsular changes suggested a linear-
quadratic dosc-response.

99. Summary. The available data on radiation-
induced cataract formation in adults suggest a sigmoid
dose-response relationship with an apparent threshold.
This threshold varies from 2 10 5 Gy afler x rays and
gamma rays given as single exposure and is about
10 Gy for doscs fractionated over a period of months,
Data on radiation-induced cataracts in children are
scarce and are based on small groups of patients
receiving different trcatment modalities. Cataracts have
been reported after 24 Gy cranial radiotherapy for
childhood leukacmia resulting in 5-7 Gy in the lens,
Cataracts have been observed alter 2.5 Gy or more in
the lens, and in one study the prevalence of cataract
was 8% (100 cyes) after a lenticular dose of 2.5-
3.5 Gy. Whole-body exposure of 10 Gy in childhood
has also becn associated with cataract formation in the
majority of cases, whereas [ractionated whole-body
irradiation with 12-15.8 Gy is associated with cataract
in about 20% of the patients. Cataracts were obscrved
in the survivors of the atomic bombings in Japan
exposed 1o >3 Gy, and the risk for cataract was higher
in persons less than age 15 years at the time of the
bombings than in persons older than that.
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G. CARDIOVASCULAR SYSTEM

100. lonizing radiation affects small and large vessels
within the treatment ficld, and changes may devclop
within months and up to two decades after radio-
therapy [K2]. The main changes that occur consist of
premature athcrosclerosis with vascular occlusion. The
hecart was formerly thought to be relatively resistant to
ionizing radiation. The increasing use of radiothcrapy
to the mediastinum, however, has been associated with
well-documented instances of cardiac abnormalities.
Late effects following radiotherapy have been reported
in both adults and children and usually occur as
cardiomyopathy, coronary artery discase, pericardial
cffusions or constrictive pericarditis [A15, B29, B30,
D17, G11, G12, K11, L1, P9, R28, T9]. Interstitial
myocardial fibrosis and coronary artery changes bave
been reported after 30 Gy, and pericardilis has been
reported after 15 Gy [B29, G12, K12, M28, M29]. In
children as well as in adults, a dose of 40 Gy to the
heart appears to be the critical dose for clinical
cardiomyopathy.

101. The incidence of post-irradiation pericarditis
increases with dose and fraction size [S50). In patients
irradiated for Hodgkin's disease, the frequency of
radiation-related pericarditis correlates  wilth the
pericardial dose [C22]). Carmel and Kaplan [C22]
found a 7% incidence of pericarditis after doses
<6 Gy, 12% after 6-15 Gy, 19% after 15-30 Gy and
50% after >30 Gy. Symptomatic pericarditis may first
appear as late as 45 ycars after therapy [B29, G13,
H20, K12, S51]. Kadota et al. [K12] evaluated cardio-
pulmonary function in 11 children who reccived radio-
therapy for Hodgkin’s disease with a mean dose of
36 Gy (range: 20-55 Gy) with conventional {ractiona-
tion. Mean age at radiotherapy was 11 ycars, and
evaluation was performed, on average, ninc years
later. Ten patients had no clinical evidence of
cardiopulmonary dysfunction, and one had constrictive
pericarditis. Four had thickened cardiac valves on
cchocardiography, without significant stcnosis or
insufficiency. Only three had normal cardiopulmonary
function, and the others had one or more abnormal
tests,

102. Mikinen et al. [M30] cvaluated cardiac scquelae
in 41 individuals who had received chest radiotherapy
or doxorubicin for childhood cancer at a median of 17
years carlier. Radiotherapy had been used in 21
patients, and in 13 of them irradiation was directed at
the heart with doses of 12-60 Gy in 8-30 fractions
over 12-47 days. Of the 41 patients, 20 (49%) showed
some abnormality in cardiac tests (e.g. abnormal ECG
or echocardiogram, reduced exercise capacity), and
cach additional year of follow-up was associated with
a 1.3-fold increase in pathologic cardiac findings. The
risk of an abnormal cardiac test result in the 13

patients who had received radiotherapy to the heart
was 12.8 times the risk for other patients (95% CI:
1.8-90.8). No dctailed analysis of the effect of radio-
therapy was presented.

103. The anthracyclines doxorubicin and daunomycin
are cardiotoxic and may cause clectrocardiographic
changes and congestive heart failure, There is a dose-
response relationship between the total dose of anthra-
cyclines and cardiomyopathy, and children appear 1o
be more susceptible to drug-induced cardiomyopathy
[P16, P17, S52, V3, V4]. Several studies have shown
that mediastinal irradiation enhances the myocardial
toxicity of anthracyclines [B31, G14, M31, P16, P18].
Gilladoga ct al. [G14] observed scvere cardiomyopathy
with congestive heart failure in 16% of 50 children
receiving adriamycin and in 3% of 60 children receiv-
ing daunomycin. Four of 8 children who also had inci-
dental cardiac irradiation prior to or during adriamycin
administration had severe cardiomyopathy. In contrast,
Von Hoff et al. [V5] observed a lower risk of cardio-
myopathy for children than for adulls at any given
cumulative doxorubicin dosage.

104. Summary. Radiation exposures cause occlusion
of both small and large blood vessels. Cardiac abnor-
malities have been observed particularly following
irradiation of the mediastinum. Patients may have
abnormal cardiac function without clinical evidence of
such dysfunction. Myocardial fibrosis has occurred
after 30 Gy. The few data available suggest that 40 Gy
with conventional fractionation can be considered as
a critical dose for clinical cardiomyopathy in both
children and adults. The anthracyclines are cardiotoxic
and enhance the effects of mediastinal irradiation.

H. LUNG

105. The lung is the most radiosensitive organ in the
thorax. The mechanism for respiratory damage in
young children may be different {rom that in adults or
in adolescents. Specific radiation effects in children can
include the impaired formation of new alveoli or
failures in the development of the thoracic skeleton and
thus a reduced size of the lung [B32, R17]. Interstitial
fibrosis of the lung, resulting in decreased total lung
capacily, vital capacity and diffusion, is a late effect
that has been observed in adults after doses of >30 Gy
and above [D22, H21, L1, L18, M18, M32, S54). The
effect in children appears to be similar for the same
dosc and fractionation schedules [D17, 853, T9, W12].
Children younger than 3 ycars at the time of treatment
may be at higher risk for lung dysfunction [M32]. The
effccts depend on the target volume and on the con-
current use of chemotherapy [W13]. Interstitial pneu-
monitis and pulmonary fibrosis have also been reported
after chemotherapy in children and adults [A16].
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106. Restrictive lung volume with total lung capacity
between 62% and 80% of normal capacily was re-
corded after treatment for Hodgkin's discase in S of
11 paticnts (mean age: 11 years) who received mantle
ficld radiothcrapy with 20-55 Gy [K12]. Six children
had reduced exercise tolerance, manifested by reduced
maximum oxygen uptake (<65% of predicled) and
cxercise duration (<75% of predicted). Miller et al.
[M32] observed reduced forced vital capacity and/or
total lung capacity in half of 29 children with child-
hood cancer. The incidence of pulmonary dysfunction
was high in both irradiated children and in individuals
who did not receive radiotherapy to the thorax.

107. After fractionated pulmonary radiotherapy for
Wilms’ tumour at age 2-4 years with a lung dose of
20 Gy, children may dcvelop dyspnoca and cvidence
of interstitial and pleural thickening on chest x-ray
cxamination up to 14 years after trcatment [W14].
Mcan total lung volumes may be reduced by approxi-
matcly 40% after such radiotherapy owing lo effects
on lung growth and on chest wall growth. Restrictive
lung changes after fractionated radiotherapy with 11-
14 Gy to the whole lung have been reported in other
studies of children with paediatric tumours {B32,L19].
Benoist et al. [B32] studicd the effects of whole-lung
irradiation on lung function in 48 children treated for
Wilms’ tumour with pulmonary metastases. The mean
age was 3 years, and all patients received fractionated
radiotherapy with 20 Gy bilateral pulmonary irradia-
tion over three weeks plus actinomycin D. Greatly
reduced sagittal and frontal thoracic diamecters were
obscrved in nearly all of the cases 3-4 years after
radiotherapy. Lung volumes and dynamic lung compli-
ance and functional residual capacity decreased with
time. Static pressure volume curves, blood gases and
carbon monoxide trans{er were normal, making it un-
likely that post-radiation pulmonary fibrosis was
involved.

108. Littman et al. [L19] cvalualed pulmonary
function in 33 patients treated for Wilms’ tumour and
followed for up to 20 years after diagnosis. All but
five children received at least one course of actino-
mycin D. Eighteen children who did not receive lung
irradiation had normal pulmonary function. Radio-
therapy was given to 10 children for pulmonary
metastases and to S5 children as prophylaxis with a
lung dose of 12-14 Gy and varying fractionations.
Paticnts treated for metastases had findings suggestive
of moderately reduced Jung volumes, whereas paticnts
recciving prophylactic treatment had essentially nonnal
lung volumes. Vital capacity and functional residual
capacity were significantly lower in the irradiated
group of patients than in the non-irradiated patients.
Residual volume was lower in the irradiated group as
was forced expiratory volume. The fact that patients
who were treated for metastatic disease had greater

abnormalities in pulimonary function than those irra-
diated for prophylaxis suggests that the presence of
metastatic nodules and additional lung treatment could
have aggravated the cffects.

109. Two studies did not obscrve any impaiment of
lung function in paticnts 15 yecars old or less after
whole lung irradiation with 20 Gy in 1.5-2 Gy frac-
tions five times per week [B39, Z1]. According to
Margolis et al. [M34], the maximum safe dose to the
whole lung for patients receiving actinomycin D is
15 Gy in 1.5 Gy fractions. However, doses lower than
that may affect pulmonary function. Wohl ct al, [W14]
reported that total lung capacity averaged 71% of the
expected valuc in six children treated with fractionated
and bilateral pulmonary irradiation for Wilms’ tumour
and evaluated more than scven ycars later. The expo-
sures at the midplane of the chest ranged from 8-
12 Gy declivered over an average of 11 days. The total
lung capacity for cight children receiving no radio-
therapy was 94% of the expected value. Springmeyer
et al. [S53] found restrictive ventilatory changes in 79
patients with haematologic malignancies or aplastic
anaemia one ycar or more after bone marrow trans-
plantation. There was a mean loss in total lung
capacity of 0.8 and in vital capacity of 0.5, but these
changes were not significantly associated with whole-
body irradiation.

110. Summary. The lung is a radiosensitive organ,
and radiotherapy during a period of lung growth and
chest wall growth primarily results in a reduction of
the subsequent size of both lungs and chest wall.
Respiratory damage in young children is more severe
than in adults at the same doses. The effects depend
on the target volume and concurrent use of chemo-
therapy. Interstitial fibrosis may occur 6-12 months
after absorbed doses to the lung of 30 Gy or more. A
lung dose of 15 Gy in 1.5 Gy fractions is generally
considered as the maximum safe dose in children
receiving radiotherapy to the whole lung and simultan-
cous treatment with actinomycin D. However, restric-
tive lung changes have been reported after doscs of
11 Gy or more in children treated for paediatric
tumours, and reduced total lung capacily has been
found after 8 Gy or morc to the whole lung with
similar fractionation.

I. BREAST

111. Breast development is readily inhibited by radio-
therapy in infancy, and scvere hypoplasia of breast
tissue has been reported in women having a history of
breast irradiation in childhood [D19, F8, F9, G15,
H22, K13, Ul1]. Breast hypoplasia or aplasia have
also been noted as sequelae after radiotherapy for
pacdiatric tumours in childhood [F8)]. The knowledge
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of dosc-effect palierns is scarce [11, 15]. Moss [M35]
stated that an exposurc giving a skin dose of 15-20 Gy
over cight days would impair breast devclopment.
According to Rubin ct al. [R2], a dosc exceeding
10 Gy to the prepubertal female breast of conven-
tionally (ractionated x-ray therapy may resull in the
absence of breast development in 1%-5% of the
paticnts.

112. Fiirst et al. [F9] studied the prevalence and
degree of breast hypoplasia in 129 women irradiated
in infancy or childhood for hacmangioma in the breast
region. The patients were treated in 1934-1943 at an
age of 4 ycars or less. Radiotherapy was mainly given
with applicators containing 226Ra, with flat applicators
or ncedles and/or tubes having been used. Mean ab-
sorbed dose to the breast anlage for the whole cohort
was 2.3 Gy (range: 0.01-18.3 Gy). Breast asymmetry
was cstimated by responses to a mail questionnaire to
all paticnts and by the clinical examination of 53
patients living in Stockholm county. Breast hypoplasia
on the treated side was reporied by 57% of the
paticnts and on the contralateral side by 8%. Among
women reporling a smaller breast on the untreated
side, the mcan dosc to the treated breast was 0.5 Gy
(range: 0.01-1.0 Gy). In 28 of the 53 clinically
cxamined patients, breast hypoplasia exceeding 10%
was found on the treated side, and five paticnts had
hypoplasia of morc than 10% on the contralateral side
(Figure IX). The frequency and the severily of im-
paircd breast development increased with the radiation
dosc. In this study, the possibility of a threshold dose
for radiation-induced breast hypoplasia could ncither
be established nor ruled out, and the results suggested
that the available risk estimates for breast hypoplasia
underestimale the effect [11, R2]. At lower doses, the
dosc-cffect relationship may be confounded by normal
variations in breast size. At higher doses and with
larger ficlds than were used in the Swedish study,
there may also be a radiation cffect on the chest wall
with subsequent growth impairment.

113. Summary. The sensitivity of breast tissuc in the
irradiated child is recognized, with low threshold doscs
for the occurrence of clinical cffects. One study has
reporicd that hypoplasia occurs in more than 50% of
children treated with radiotherapy at less than 4 years
of age with doscs 1o the breast of the order of 2 Gy.
Higher doses cause increased incidence and severity of
impaired breast development.

J. DIGESTIVE SYSTEM

114. Late radiation effects of the gastro-intestinal tract
develop months or years after exposure and include
fibrosis, stricture, intestinal perforation and fistula
formation {R1]. The liver appears to have a low thres-

hold for late injury, and in adulls veno-occlusive
discase has been observed after single doses of 10 Gy
or 18-30 Gy with conventional fractionation [F10].
The damage is due to changes that interfere with
mitosis in the irradiated hepatocytes and to vascular
changes [11]. Radiation-induced liver discase is
characterized structurally by progressive (ibrosis and
oblitcration of central vcins, possibly by injuring
preferentially the endothelial cells of central veins
|[F10, L20]. Veno-occlusive discase may also be
caused by antincoplastic drugs, and hepatic fibrosis
has been observed in children receiving chemotherapy
{M36, N6].

115. The risk for radiation-induced liver damage in-
creases when large volumes of the liver are irradiated
or when the liver is irradiated after resection. A larger
dosc can be tolerated if only part of the liver is ¢x-
posed [F1, 16, K14]. In children, Tefft et al. [T13]
noted liver abnormalitics after radiotherapy 1o the liver
with doses of 12-30 Gy. This could be related to the
greater sensitivity of the younger child, who generally
also received the lower doscs. Thomas ct al. [T11] ob-
served liver Nibrosis in 3 of 26 long-term survivors of
Wilins' tumour who had received at least 30 Gy to the
liver in 1.5-2 Gy fractions. Hepatic discasc, ranging
from abnormal liver enzymes and thrombocytopenia to
death, has also been reporied by others [S45, T12).

116. Hepatitis following irradiation and chemotherapy
al doses and volumes of irradiation ordinarily con-
sidered within the tolerance of hepatic function has
been reported [K15]. Fatal liver damage occurred in a
13-year-old boy who had received adriamycin before
and during radiotherapy of 24 Gy in 17 fractions over
28 days to the upper abdomen including the entire
liver. A 13-ycar-old girl had moderate clinical liver
changes following 25 Gy in 23 fractions over 32 days
with adriamycin administered before and during irra-
diation. In this case much of the right lobe was
shiclded during radiothcrapy. About 20 patients have
been reported to have developed liver discase after
fractionated radiotherapy with 12-40 Gy to the liver in
childhood together with chemotherapy [J7). Most
paticats were asymptomatic, and their condition was
discovered because of hepatomegaly or abnormalitics
shown in a routine liver scintigram. When hepatitis is
observed following radiation exposure, especially if
exposure is received in conjunction with chemo-
therapy, it is important o note that not only post-
irradiation cffects but also loxic and infectious
complications requiring appropriate therapeutic and
prophylactic measures will occur.

117. The small intestine has a high radiosensitivity
but is somewhat spared by its mobility. Thus, repeated
exposure of a particular segment is avoided. This is
not the casc for the rectum, which is fixed to adjacent
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tissues and conscquently experiences the effects of
radiation more frequently [H1). In adults, the risk of
small bowel complications depends on radiation dose,
volume of bowel irradiated and fractionation schedule.
Surgery increases the risk of developing radiation
cnteropathy. The manifestations of late radiation
cnleropathy arc considered to be duc mainly to vas-
cular and connective tissue damage. Mage ct al. [M37]
reported late gastro-intestinal effects in 17 children
recciving abdominal fractionated radiotherapy with 30-
55 Gy. Stenosis, submucous infiltrations and mesenter-
itis were observed 2-13 months after radiotherapy. No
dctails of the radiotherapeutic regimens were given,
The combined effects of radiation damage to the
mucous membranc and exacerbation of alrcady exist-
ing gastro-intestinal infections can cause perforation
and ulceration.

118. Donaldson et al. [D23] reviewed late radiation
cffects in the gastro-intestinal tract of 44 children
receiving whole abdominal radiotherapy for lym-
phoma, Wilms’ tumour or teratoma. Of 14 long-term
survivors, 5 developed severe radiation injury with
small bowcl obstruction within two months afier com-
pletion of radiotherapy. Their mean age at the lime of
therapy was 6 years, and the abdominal dose was 31
Gy (range: 10-40 Gy) delivered in 7-20 fractions over
11-39 days. Surgery contributed to the presence of
abdominal adhesions and fibrosis.

119. Summary. The risk of radiation-induced liver
damage increases with incrcasing volume of the liver
irradiated and after liver resection with regencrating
liver tissue. Some data suggest that children are more
sensitive 1o such late cffects than are adults. Liver
abnormalities have bcen obscrved after 12 Gy with
conventional fractionation and often in combination
with chemotherapy. Clinical radiation-induced hepatitis
has rarcly been reported at doses below 30 Gy in 0.9-
1.0 Gy fractions {ive times per weck. Casc-reports
have presented data on liver damage in children afler
24-25 Gy in 1.1-1.4 Gy fractions with concomitani usc
of anthracyclines. Radiation effects in the gastro-inte-
stinal tract include fibrosis, stricture, perforation and
formation of fistulac. There are hardly any data avail-
able on such cffects in children.

K. KIDNEY

120. The urinary sysiem shows a wide range in radio-
sensitivity, with the kidney being the most sensitive
organ, the bladder having an intermediate sensitivity
and the ureter being more resistant, although the full
length is seldom irradiated [U1). Late radiation
sequelac of the kidney are dircctly related 1o the total
dose 1o the tissuc and are characterized by tissuc
necrosis and fibrosis, which may occur a {ew months

to several years after exposure [F1, K16, L21, M38,
M39, Ul]. The critical dosc for the kidneys in adults
is usually sct at about 23 Gy over five wecks. Rubin
[R3] suggested the critical dose for 5% chronic
nephroscierosis to be 20 Gy with conventional frac-
tionation. Radiation nephritis results from lesions of
the tubules and microvasculature of the kidney. Radia-
tion injury to large and medium-sized arteries can also
result in stenosis or occlusion [M38). The severity of
radiation injury scems 1o be a function of the radiation
dosc and the size of the vessel. Larger doscs and
smaller vessels are more likely to end in total occlu-
sion, whereas larger vessels or smaller doses result in
stenosis or hypoplasia of the vessel. Children are more
susceplible to vascular injury, becausc of their small,
growing arterics and rclative sensitivity to a given
dose of radiation. Radiation injury to the renal artery
may produce a renovascular hypertension, which can
be distinguished from the more common radiation
nephritis.

121. Renal injury is more severe in children, and they
have limited tolerance for combined chemotherapy and
radiotherapy. A normal creatinine clearance and
glomerular filtration rale may be anticipated below a
fractionated dose of 15 Gy when actinomycin D is
used concurrently, but progressive renal insufficiency
occurs after doses of 20 Gy and more [J5]. However,
radiation nephritis has been reported 20 ycars after
14 Gy to the kidney in childhood [O12]. Reduced
creatinine cicarance has been found in 18% of 108
children who underwent nephrectomy for malignant
disease and received <12 Gy to the remaining kidney
and in 33% among those receiving 12-24 Gy [M33].
In another study, Levitt et al. [L24] observed that
children with Wilms’ tumour and less than 2 ycars old
who reccived chemotherapy with >12 Gy 1o the re-
maining kidney had a worsc renal prognosis than other
children. In children exposed in wtero in Hiroshima
and Nagasaki, urinary cxamination revealed transient
proteinuria, which was not found in adults [F11].

122. Radiotherapy for Wilms’ tumour has also been
associated with late cffects in the kidney [A17, K16,
M40, V6). McGill et al. [M40] reported post-irradia-
tion renovascular hypertension in a boy who received
chemotherapy and fractionated radiotherapy with
30 Gy 1o the abdomen at the age of 9 months and in
another boy 14 months of age who reccived 51 Gy o
the abdomen. Scevere hypertension developed 6-8 years
later. Koskimies [K16] reporied three paticnts aged
1-2 years with Wilms’ tumour who developed hyper-
tension more than 10 years after receiving >36 Gy
postoperatively to the tumour area. The hypertension
was considered 1o be of renal origin for three reasons:
the likelihood of renal damage was supported by gross
macroscopic changes in the ncartby organs; iwo
patients had proteinuria indicating renal damage; and
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other causcs known to cause secondary hypertension
had been excluded. In another study of 14 patients
with Wilms’ tumour cvaluated at a median of 17 years
later, four had elevated diastolic blood pressure and
two had mild proteinuria [B33]. That study provided
no data on the radiotherapy. Amcil ct al. {Al7]
reported nephritis four months after surgery in two
children aged 2 and S years who reccived actinomycin
D and vincristine followed by 15-20 Gy to the
remaining kidney fractionated over 2-3 wecks.

123. Radiation nephropathy is common after whole-
body irradiation for bone marrow transplantation [T3,
V8]. After 12-14 Gy in 6-8 fractions over 3-4 days,
the child may develop anacmia, haematuria and
clevated creatinine. This renal insufficiency is due
both to the radiotherapy and to the chemotherapeutic
regimens cmployed.

124. Summary. Latc cffects following irradiation of
the kidney include nephritis, tissue necrosis and
fibrosis, renal dysfunction and hypcrtension. Available
data do not indicate that children are more susceptible
to radiation-induced renal injury than adults. Radiation
nephritis has been reported after fractionated doses of
14 Gy, and decreased creatine clearance has occurred
after doses around 12 Gy. The scemingly higher
sensitivity among children can probably be explained
by the combination of radiotherapy and chemotherapy,
which can enhance the side-effects in the kidney [R3].

L. BONE MARROW

125. Few studies have been performed to determine
the long-term deterministic effects on bone marrow
function after exposure to ionizing radiation in child-
hood, and most available data refer to exposure in
adulthood. Rubin et al. [R29] studied the repopulation
and redistribution of bone marrow in 27 adults irra-
diated for Hodgkin's disease with 40-45 Gy of frac-
tionated radiotherapy to large segments of their bone
marrow (mantle and inverted ficlds). Bone marrow
scanning lcchnigucs using WmTc-sulphur colloid,
which parallcls Fe activity and can be used to reflect
haematopoictic activity, indicated that prolonged
suppression of bone marrow occurs immediatcly fol-
Jowing completion of radiotherapy and persists for 2-3
ycars. Partial to complete bone marrow regencration
after fractionated radiothcrapy with 40 Gy occurs in
85% of the cxposed bone marrow sites at two years.
Mechanisms of this recovery may include increased
hacmatopoicetic production in shiclded marrow sites,
expansion of bone marrow space and infield regenera-
tion of bone marrow. The study suggested that the
dose-response data for bone marrow suppression
following localized and segmental cxposure need to be
revised upwards for fractionated radiotherapy. At the

40 Gy level there was evidence of prolonged suppres-
sion of bone marrow activity starting in the immediate
post-irradiation period and continuing for one year.
Regencration of bone marrow activity and expansion
of bone marrow occurred after onc year following the
40 Gy trcatment and continued to improve with time
from the first to the third post-irradiation year.
Baisogolov and Shiskin [B36, B37, B38] obscrved
bone marrow hypoplasia in 8% of examined bone
marrow from cexposed parts in 200 patients irradiated
for Hodgkin’s discase, and in 89% the marrow was
aplastic.

126. Magnetic resonance imaging can detect radiation-
induced marrow changes. There are at least two
distinct types of latc marrow patterns [S57): homeo-
gencous fatty replacement and another pattern possibly
representing hacmatopoietic marrow surrounding the
central marrow fat. These changes have been observed
in the lumbar vertebral bone marrow of adults after
15-50 Gy delivered over 3-6 wecks. No similar studies
have been performed in pacdiatric patients.

127. No evidence exists of a late radiation effect of
primary disturbancc of haematopoiesis in the absence
of malignant discase in the populations of Hiroshima
and Nagasaki [F12]. There is no evidence for radia-
tion-induced disturbance of granulocyte function, but
the age-related accelerated decline in the immunologi-
cal functions of T-lymphocytes and age-related altera-
tion in the number of certain subsets of circulating T-
and B-lymphocytes appear to be radiation-related.

128. The Chemobyl accident does not appear to have
caused statistically significant effects on the major
haematological parameiers of children living in Russia,
Belarus or Ukraine at the time of the accident, or who
were born later [A18, I8, K17, K18, L25, L29, V9].
There were no differences between control and conta-
minated settlements. From the calculated and mea-
sured radiation dose levels, no changes should have
been expected as a direct result of radiation exposure.

129. In children having an intact thymus, immune
function recovers more rapidly and does not necessari-
ly have permanent cffects. Blomgren et al. [B34)] ana-
lysed peripberal lymphocyte populations and serum
immunoglobulin levels in 10 long-term survivors of
Wilms’ tumour (age: 0.5-6 yecars) and 6 long-term
survivors of non-Hodgkin lymphoma (age: 3-13
years). All received chemotherapy, and the tumour
dosc was 7-32 Gy and 2-21 Gy, respectively. Lympho-
cyte counts, as well as frequencics of E, EA and EAC
rosctte-forming cells, did not differ from those of
healthy controls. Serum levels of immunoglobin E
were somewhat lower in patients treated for lym-
phoma, but for other immunoglobulins there was no
difference between patients and controls, The treat-
ment did not have any long-lasting effects on the lym-
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phatic system. In comparison, adults receiving radio-
therapy for breast cancer developed T-cell lympho-
penia that persisted for a decade. Studies on more than
900 children from contaminated arcas in Russia and
Ukraine have not demonstrated any radiation-related
cffcct on T-cells [L26, L27, L28].

130. Summary. Studics of bone marrow suppression,
recovery, latc marrow changes and effects on the
immunc system pertain only to adults, Too few data
exist on the cffects of ionizing radiation on bone
marrow and on immune function to detcrmine or even
suggest critical levels for clinical effects to appear.

CONCLUSIONS

131. Deterministic cffects of ionizing radiation in
humans depend on the dose and can be expected to
have thresholds below which the radiation effects are
too small to impair function of the irradiated tissue or
organ. In children, tissues are actively growing, and a
radiation-induced deterministic damage in a tissue or
organ will often be more severe than in adults. Ex-
amples of such deterministic scquelae include effects
on growth and development, hormonal deficiencies,
organ dysfunctions and cffects on intellectual and
cognitive functions,

132. Well-designed epidemiological studies of late
deterministic effects are generally lacking, and it is
therefore not possible to draw any firm conclusions
about the exact critical dose levels at which various
late deterministic effects appear. Most data concerning
such cffects are obtained from the clinical follow-up
of groups of patients treated for paediatric tumours,
These groups generally comprise small numbers of
patients of different ages and who were followed for
different lengths of time. The trecatment modalitics
have usually included surgery, radiotherapy and
chemotherapy, and it is not always possible to single
out the effect of radiation alone. A variety of factors
complicate the study of a possible association between
effect and dose, including the underlying disease and
associated clinical findings, other treatment modalities,
the impact of illness on body image and lack of school
attendance.

133. The mcthods for assessing a given deterministic
effect vary greatly, and this makes comparisons be-
tween different studies difficult. Based on the available
findings, some general conclusions can be drawn.
Children appear to be more sensitive to radiation than
adults, and, in general, younger children are more sen-
sitive than older children. Radiation doses indicated in
this Annex are usually given with fractionation over a
period of scveral weeks. The deterministic effects
following radiation exposures in childhood are sum-
marized in Table 9.

134. Brain. Leukocncephalopathy, microangiopathy
and cortical atrophy have been reported after cumula-
tive brain doses of 18 Gy or more given in 1.8-2 Gy

fractions or after 10 Gy given as a single whole-body
exposure. Necrosis occurs after considerably higher
doses, and a whole-brain dose of 54 Gy in 2 Gy frac-
tions over six weeks is gencrally considered to be a
critical dose for radiation-induced necrosis in children
older than 5 years. For children 3-5 years old the dose
should be reduced by about 20%, and for children less
than 3 years old the dose should be reduced by about
30%. Brain doses of 18 Gy or more of fractionated
radiotherapy have been associated with ncuropsycho-
logic effects and decline in IQ.

135. Endocrine system. The most important endo-
crine effects of radiation exposure arc impaired
sccretions of growth hormone, thyroid-stimulating
hormone, gonadotropins, thyroid hormones and ocstro-
gens/testosterone. Impaired growth has been obscerved
after fractionated radiotherapy to the brain with
cumulative doscs of more than 24 Gy and after >1 Gy
in a single exposure among the survivors of the atomic
bombings in Japan, whereas impaired growth hormone
sccretion has been observed in patients after 18 Gy of
fractionated radiotherapy. Hypothyroidism has been
reported in leukaemic children receiving thyroid doses
of 1-2 Gy over 2-2.5 weeks from cranial radiotherapy
and chemotherapy. In subjects under 20 ycars at the
time of the bombings in Hiroshima and Nagasaki,
those exposed to greater than 1 Gy bad a significantly
higher incidence of thyroid disorders than those in the
unexposed control group. No study has so far demon-
strated hypothyroidism in children after a thyroid dose
<1 Gy. There are insufficient data on the effects of
B (o dctermine a possible threshold dose for the
induction of hypothyroidism.

136. Gonads. The cffects of radiation on the testis
and ovary are age- and dosc-dependent. The radiation
dose required to ablate ovarian function scems to be
around 20 Gy for girls; because of the greater number
of oocytes in young girls, higher doses arc tolerated
before castration. Infertility occurs in approximately
one third of girls receiving 4 Gy and in almost all
women over 40 years of age. Ovarian failurc has been
documented in prepubental girls following 10 Gy of
whole-body irradiation and occurs in all pubental girls.
Amenorrhea has been observed in two thirds of girls
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who have received 3 Gy on average to both ovarics
and in morc than 10% of paticnts exposed in child-
hood with ovarian doses of 0.5 Gy on average. lon-
izing radiation appears to have its greatest cffect on
the germ cells in the testes rather than on the Leydig
cells. Testicular function may bc compromised at
doses as low as 0.5 Gy. Leydig ccll function appears
morc resistant to ionizing radiation, and impaired func-
tion occurs only after 10 Gy or morc. Whole-body
irradiation has becn shown to produce primary gonadal
failure of various degrees in the majority of boys
receiving 10 Gy, regardless of pubertal status. In most
of these patients, Leydig cell function appeared
adcquate.

137. Skeleton. Skcletal changes generally occur at
doses >20 Gy from fractionated radiotherapy and in-
clude scoliosis, kyphosis, slipped femoral epiphyscs,
hypoplasia, growth retardation and dental problems. A
dose exceeding 20 Gy is required to arrest encondral
bone formation, and doses of 10-20 Gy cause partial
arrest of bone growth. There is little alteration in bone
growth below 10 Gy of fractionated exposure,

138. Eye. Dala on cataracts from radiation cxposure
in childbood arc scarce. Cataracts have been obscrved
after a lenticular dose of 2 Gy. Whole-body exposurc
of 10 Gy in childhood has been associated with cata-
ract formation.

139. Cardiovascular system. The few data available
on cardiovascular cffects suggest that 40 Gy can be
considered as a threshold for clinical cardiomyopathy
in children. A considcrable proportion of patients have
abnormal cardiac function without clinical evidence of
such dysfunction, and the critical dosc for cardio-
vascular cffects is thercforc probably lower than
40 Gy. The anthracyclines arc cardiotoxic and enhance
the effects of mediastinal irradiation.

140. Lung. The lung is a radioscnsilive organ, and a
lung dose of 15 Gy in 1.5 Gy fractions has generally
been considered as the maximuin safe dose in children

receiving radiotherapy to the whole lung and simultan-
cous trcatment with actinomycin D. However, restrict-
ive lung changes have been reported after doses of
11 Gy or more in children treated for pacdiatric
tumours, and reduced total lung capacity has been
found after 8 Gy or more to the whole lung with simi-
lar fraction size.

141. Breast. Breast hypoplasia has been reported in
more than 50% of children less than 4 ycars of age
receiving breast irradiation with doses of about 2 Gy.
Higher doses cause increased frequency and severity
of impaired breast development.

142. Liver and gastro-intestinal (ract.  Clinical
radiation-induced hcpatitis has rarely been reported at
doses below 30 Gy at 0.9-1.0 Gy fractions in five
fractions per week. However, casc-reports have pre-
sented data on sometimes fatal radiation-induced liver
damagc in children after fractionaled radiotherapy with
24-25 Gy in 1.1-1.4 Gy fractions with concomitant use
of anthracyclines. Non-fatal liver discasc has been
reported after of 12 Gy or more in children who also
received chemotherapy. Radiation effects in the gastro-
intestinal tract include fibrosis, stricture, perforation
and formation of fistulac. There are hardly any data
available on such cffects in children.

143. Kidney. Latc cffects following irradiation of the
kidney include nephritis, tissue necrosis and fibrosis,
renal dysfunction and hypertension. The threshold dose
for effects in children has been estimated to be 16-
18 Gy of fractionated radiotherapy to the entire kidney
in combination with chemotherapy, but it may be even
lower since radiation nephritis has been reported after
fractionated doses of 14 Gy and reduced creatinc
clearance after 12 Gy.

144. Bone marrow. There arc insufficicnt data on the
cffects of ionizing radiation on bone marrow and on
immune function in children to dectermine or even
suggest critical dose levels for the appearance of
clinical deterministic cffects.
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Table 1

Estimates of doses for 1%-5% and 25%-50% incidences of clinfeally detrimental deterministic effeets in adults

al five years aller rudiation exposure °

11, R2)
Approximate dose (Gy)
Treatment .
Organ field Injury at five years Effect in 19%-5% Effect in 25%-50%
of patients of patients
Bone martow Whole Hypoplasia 2 s
Ovary Whole Permanent sterility 2:3 6-12
Testis Whole Permanent sterility 515 20
Lens Whale Cataract s 12
Kidney Whdle Nephrosclerosis 3 2
Liver Whale Liver failure 35 45
Lung lobe Pncumonitis, fitecsis 40 60
Heant Whole Pericarditis, pancarditis 40 >100
Thyroid Whole Hypothyraidism 45 150
Pituitary Whole lypopituitarism 45 200-300
Brain Whole Necrosis 50 >60
Spinal cord 5em® Necrosis S0 >60
Breast Whale Atrophy, necrosis >50 >100
Skin 100 cm? U'lctt, severe fibrosis S5 20
Eye Whoic Panophthalmitis 55 100
Ocsophagus 75 em® Ulcer, stricture 60 s
Bladder Whole Ulcer, contractwe 60 80
Bone 10 cm’ Necrosis, fracture 60 150
Ureter 5-10 cm Stricture s 100
Muscle Whale Atrophy >100

Basod on responscs of patients conventionally treated with fractionated therapeutic x- of gamma-irradiation.

Table 2

Estimates of doses for 19%-5% and 25%-50% Incidences of clinically detrimental deterministic efTects

in children at five years after radiation exposure ¢

(11, R2)
Approximate dase (Gy)
Organ Treatment Injury ai five vears
L3 field un y Effect in 19-5% Effect in 25%-50%
of patients of patients

Breast 5 cm? No development 10 15
Cartilage Asrested growth 10 30

Bone 10 em?® Arrested groamh 20 30

Muscle Hypoplasia 2030 40-50

Based on responses of pstients conventionally treated with fractionated therapeutic x- or gsmma-irradiation.
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Table 3
Elfects on the braln in children treated for acute leukaemia detected by compuled tomography scans

Treaiment Number of Abnormalities
patients
Radiotherap Tvpe of brain abnormalities detected Ref.
dose to the briin Chemo:haapy Number Per cent pe ol 7

(Gy)

24 T 23 13 56 Intracerebral califications, cortical atrophy [B6}
24 IT 19 11 56 Intracerebral califications, cortical atrophy [P5)
2 T 24 13 54 Intracerebral califications, cortical atrophy [R5)
24 T 32 17 53 Intracercbral califications, contical atrophy [P7)
24 T n 35 49 Intracerebral califications, cortical atrophy [C14)
24 T 14 6 43 Intracerebral califications, cortical atrophy [E1]
24 T 25 10 40 Intracercbral califications [MS]
24 T 30 12 40 Contical atrophy [BS]
24 T 45 n 24 Intracercbral califications, conical atrophy [S55)
24 IT 19 3 16 Cortical atrophy {03)
24 T a4 s 11 Intracerebral califications [013)
20 T 27 1 4 Cortical atrophy [D24]
18 T 55 s 9 White matier hypodensity, cortical atrophy [02]

0 V4T 12 3 25 Cortical atrophy {E1]

0 V+IT 43 8 19 Cortical atrophy [014]

0 V+IT 3 1 4 Cortical strophy [PS}

IT = intrathecal methotrexate and 1T + §V = intrathecal and intravenous methotrexate.

Table 4
Effects on the brain of radiotherapy to the centrul nervous system in children

Effect CNS therapy Comments Ref.
Leukocncephal opathy >20 Gy in 1.5-2.0 Gy fractions Young children moxe sensitive [M6, P3,

plus systemic methotrexate R4}

10 Gy whole-body irradiation

Mineralizing microangiopathy >15 Gy in 1.5-2.0 Gy fractions Young children more sensitive [B4, DS]
Cortical atrophy >18 Gy in 1.5-2.0 Gy fractions Severest atrophy in young children [C3, D3,
and intrathecal methotrexate D5, K2j
Cerebral necrosis >54 Gy in 1.8 Gy fractions [B35, K2}
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Table §

Average adult helghts of individuals exposed in the lower dose groups in Hiroshima and Nagasakl and
under 18 years old at the time of bombing

[B14]
Age af time Average adult height (cm) in dose group
Sex of bombing
(years) 0 Gy 0-0.09 Gy 0.10-0.99 Gy > 1.00 Gy
Ilirnshimn
Malc 0-5 166.4 ¢ 166.1 ° 1659 ° 161.5
6-11 1623 164.2 166.3 162.2
12-17 164.3 163.6 164.3 163.4
Fernale 0-5 153.3°% 1536 ° 15296 150.4
6-11 1525 1536 ¢ 1536 ° 150.5
1217 1521 1523 152.2 1519
Nagasaki
Male 0-5 166.2 166.2 166.2
6-11 164.0 164.1 162.7
12-17 163.2 1639 161.8
Female 0-5 1528 1529 150.8
6-11 152.4 151.3 151.5
12-17 151.8 151.6 151.2

Significantly different (p < 0.01) compared with the aversge of group exposed to > 1.00 Gy.
b Significanily different (p < 0.05) compared with the average of group exposed 1o > 1.00 Gy.

Table 6

Average adult heights of children exposed in the higher dose group in Hiroshima and
under 18 years old at the time of bombing

[B14)
Age at time Average adult height (cm) ©
Sex of bombing

(years) In dose group 1.0-2.49 Gy In dose group > 2.5 Gy

Male 0-5 164.2 (12) 159.8 (18)

6-11 162.7 (13) 161.5 (10)

12-17 163.2 (43) 163.5 (46)

Female 0-5 151.8 (11) 149.8 (23)

6-11 150.4 (17) 150.5 (11)

12-17 1521 (58) 151.7 (59)

&

Number of individuals in parentheses.
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Fuble 7

[14]

Average height of individuals followed in the Adult Health Study and under age 10 years at the time of bombing

Dase range Average adult height (cm) = standard deviation *
Sex
(Gy) Miroshima Nagasaki
Male < 0.0 164.9 = 6.02 (52) 163.3 = 572 (53)
0.01-099 166.4 = 6.18 (91) 164.4 = 5.43 (31)
1.00-2.99 164.4 = 5.55 (20) 165.1 = 5.04 (31)
3.00-6.00 161.0 = 5.1B (20) 164.3 = 6.64 (18)
Totat 164.9 = 6.11 (148) 164.1 = 5.61 (128)
%% statistical test ® 1.04 (p > 0.05) 1.90 (p > 0.05)
Female < 0.01 153.0 = 5.54 (74) 1528 = 4.8]1 (53)
0.01-0.99 153.6 = 5.84 (91) 1521 = 4.25(38)
1.00-2.99 151.1 = 5.34(25) 151.5 = 5.26 (32)
3.00-6.00 149.9 = 6.90 (20) 149.8 = 5.33 (19)

Total

152.7 = 5.87 (210)

1519 = 4.89 (142)

x: statistical test

200 (p > 0.05)

2,00 {p > 0.05)

Number of individuals in parenthescs,

Homogencity test of variance for [our dose groups; df = 3.

Table 8
Thyroid hypoflunction in individuuls exposed to fullout radiation in the Marshall Islunds
[C16)
Age Incidence of thyroid hypofunction for various estimated dases to the thyroid
al expasure
(vears) 0 Gy < 1.00 Gy 1.00-2.00 Gy x 2.00 Gy
<10 17229 (0.4%) 0764 (0%) . 929 (31%)
=10 1371 (0.3%) 11100 (1%} 1712 (8%) 4145 ( 9%)
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Table 9

Estimates of lowest radiation doses associnted with Iate deterministic effects from exposure in childhood to

lonizing radiation, usually In the form of fractionated radiotherupy

Organ Fffect Daose (Gy)
Teatis Germ cell depletion 0.5
Leydig cell dysfunction 10
Ovary Amenomnthea >05
Infenility 4
Ablation 20
Thyroid gland Hypothyraidism >1
Brain Cognitive functions 8
Histopathologic changes 18, (10 %)
Neuroendocrine effects >18,(>1°)
Breast Hypoplasia 2
Eye Cataract 2
Lung Fibrosis 8-11
Liver Fibrosis 12
Kidney Reduced creatinine clearance 12
Skeieton Skeletal chanpes 10
Cardiovascular system Cardiomyopathy 40
Bonc marrow Hypofunction Insufficient data available

Single whole-body exposure,
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(inlralhccar (intravenous
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Radiotherapy

(cranial irradiation)

Figure I.
Approximate incidence rates of clinical leukoencephalopathy in patients treated by
cranial irradiation, chemotherapy or combination therapies.
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Figure II.

1Q score distribution in children treated for acute lymphocytic leukaemia
by cranial radiotherapy (RT), intrathecal methotrexate (IT) or intruvenous methotrexate (1V).
[B2]
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Figure IIL.
Maximum growth hormone response lo growth-hormone-releasing hormone
in children trested for brain tumours by radiotherapy.
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Figure 1V,

Mean standard deviation score of height in children treated for malignunt disease by radiotherupy
to various sites. Results for those receiving cranlal and cruniospinal treatment
were significantly lower (p < 0.001) at 1-4 years than al the time of initial treatment
(G2]
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THYROID-STIMULATING HORMONE LEVEL (mU ")
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Figure V,

Thyroid-stimulating hormone levels in 116 patients aged 16 years or less
treated for Hodgkin's disease by radiotherupy.
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Figure V1,
Probabliity of regulsr menses in women treated for Hodgkin's discase
by total lymph [rradiation (TLI) and/or chemotherapy.
[H12})
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STANDARD DEVIATION FROM MEAN

STANDARD DEVIATION FROM MEAN

Deviation from mean standing and sitling heights in children treated by rudiotherapy

—‘ <25 Gy
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Figure VII.

with <25 Gy or >35 Gy.
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Figure VIII,
Dosc-effect relutionship for bone shortening in children treated by radiotherapy
that included cpiphysial plate irradiation.
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Figure IX.

Difference in breast volume in 83 women treated in childhood for hacmangioma

by radiotherapy of the breast region.
(¥9]
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