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Abstract

Since the early years of follow-up of the Japanese atomic-bomb survivors, it
has been apparent that childhood leukaemia has a particular sensitivity to
induction by ionising radiation, the excess relative risk (ERR) being expressed
as a temporal wave with time since exposure. This pattern has been
generally confirmed by studies of children treated with radiotherapy. Case-
control studies of childhood leukaemia and antenatal exposure to diagnostic
X-rays, a recent large cohort study of leukaemia following CT examinations of
young people, and a recent large case-control study of natural background y-
radiation and childhood leukaemia have found evidence of raised risks
following low-level exposure. These findings indicate that an ERR/Sv for
childhood leukaemia of ~50, which may be derived from risk models based
upon the Japanese atomic-bomb survivors, is broadly applicable to low dose

or low dose-rate exposure circumstances.
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1. Introduction

It is apparent from epidemiological studies of groups of people exposed to
moderate and high doses of ionising radiation that childhood leukaemia is
especially sensitive to induction by radiation [1-3]. This has prompted interest
in the degree of risk of childhood leukaemia resulting from low doses of
radiation received either in utero or in the early years of postnatal life from, for
example, medical exposure for diagnostic purposes or the intake of
radionuclides from radioactive contamination of the environment [4]. Recently,
the attention paid to this subject has increased, in part because of reports of
elevated rates of leukaemia incidence among children living near certain
nuclear installations [5], but also because of the rising frequency of modern
methods of medical radiography, such as paediatric computed tomography
(CT), that tend to deliver higher doses to patients than previous radiographic
techniques [6]. In this paper the epidemiological evidence relating to the risk
of childhood leukaemia consequent to exposure to ionising radiation will be

reviewed.

2. The Japanese atomic-bomb survivors

2.1 The Life Span Study (LSS)

2.1.1 Background Leukaemia was the first malignant disease recognised to
be in excess among the Japanese survivors of the atomic-bomb explosions
over Hiroshima and Nagasaki in August 1945, when in 1948 the number of
cases of leukaemia among the survivors was sufficiently raised to be noticed
by alert clinicians [7]. This was one reason behind the establishment, through

the Japanese national census of October 1950, of a cohort of Japanese
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atomic-bomb survivors for epidemiological study, the Life-Span Study (LSS),
the follow-up of which still continues today, some 65 years after the atomic

bombings [8].

The LSS found a large relative risk of childhood leukaemia (conventionally,
leukaemia diagnosed before the age of 15 years), with 10 cases observed
after October 1950 among the survivors exposed after birth (i.e. those
subjects in the LSS with an age at exposure 0-9 years, and an age at
diagnosis 5-14 years) [9] while only about 1.6 cases would be expected on
the basis of Japanese national leukaemia rates for the 1950s (Linda Walsh,
personal communication). There is little doubt that a pronounced excess
relative risk of childhood leukaemia must have existed before the LSS
commenced, but the absence of systematic recording of leukaemia among
the survivors does not permit a definitive conclusion to be drawn as to the

magnitude of this excess risk, or when it started.

The LSS consists of ~93 500 survivors, ~86 500 of whom have been assigned
estimates of the radiation doses received as a consequence of the bombings,
and of these ~49 000 were non-trivially exposed to radiation (i.e. they
received an assessed dose of 25 mSv); the LSS includes almost all of the
survivors who were closest to the detonations [8,10]. The LSS is a study of
members of the general public of both sexes and all ages who were not
selected for exposure for a particular reason (e.g. a medical condition) — the
cohort members just happened to be in the wrong place at the wrong time.

Considerable effort has been expended on ensuring that the data generated
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by the LSS are as complete and accurate as possible, including the
assessment of organ doses received by each survivor in the cohort, the latest
doses being those in the Dosimetry System 2002 (DS02), which has replaced
the previous Dosimetry System 1986 (DS86) database [8]. A wide range of
doses was received by the survivors: around two-thirds of the non-trivially
exposed survivors received doses less than 100 mSv (i.e. low doses)
whereas just over 2000 individuals received doses exceeding 1 Sv (i.e. high

doses).

Mortality among the LSS cohort is determined through the Japanese koseki
family registration system and death certificate information. Cancer incidence
data are collected through two specialist cancer registries based in Hiroshima
and Nagasaki, from 1950 (for haematopoietic and lymphatic cancers) and
1958 (for all other cancers, i.e. malignant solid tumours). The collection,
collation and initial analysis of data relating to the Japanese atomic-bomb
survivors is the responsibility of the Radiation Effects Research Foundation
(RERF), a joint Japanese/US organisation, and since nearly one-half of
survivors were still alive at the last analysis of mortality in the LSS database
[8], studies continue today with much of the evidence on the lifetime risk of

those exposed at a young age still to be obtained.

The most recent study of mortality in the LSS for the period 1950-2003 [8]
includes an analysis of leukaemia using DS02 red bone marrow (RBM) doses
— the RBM dose is understood to be the relevant dose in respect of the

induction of leukaemia — and shows a clear and pronounced dose-related
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excess risk of leukaemia [8,10]. For deaths at all ages and both sexes, the
excess relative risk (ERR, the proportional increase over background) at 1 Gy
RBM absorbed dose over the entire study period of more than half a century
was 3.1 (95% confidence interval (Cl): 1.8, 4.3), a highly statistically
significant increase [8]. The dose-response for the RBM dose range 0-2 Sv
exhibits upwards curvature in the upper part of this dose range so that the
best fit to the data is a linear-quadratic dose-response model, with downward
curvature occurring at higher doses (i.e. >2 Sv) as a result of the increasing
influence of the competing effect of sterilisation of those cells that had the
potential to be leukaemogenically transformed [8,10]. The leukaemia
mortality data are more unstable statistically in the 0-0.5 Sv dose range, due
to fluctuations inevitably generated by small numbers of any excess cases in
this dose range, but the linear-quadratic dose-response fitted to data in the O-
2 Sv range still provides a reasonable description in the low dose region,
where the dose-response is essentially linear [8,10]. Nonetheless, the excess
risk of leukaemia at low RBM doses as determined by the LSS data is
uncertain — the ERR at 0.1 Gy is estimated to be 0.15 (95% CI: -0.01, 0.31)
[8], i.e. of borderline statistical significance — and the data are compatible with
the absence of an excess leukaemia risk following low doses (<0.1 Gy). From
the best fitting model to the leukaemia mortality data for all ages, about half of
the ~200 leukaemia deaths during 1950-2000 among the survivors who were
non-trivially exposed are attributable to irradiation during the bombings [8].
The most recent analysis of leukaemia incidence for the period 1950-1987
used RBM doses from the previous DS86 dosimetry system and found, for

cases at all ages and both sexes over the entire study period, an ERR at 1 Sv
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RBM dose of 4.8 (90% CI: 3.6, 6.4) [11]. An update of leukaemia incidence
among the Japanese atomic-bomb survivors (using DS02 RBM doses) is

expected soon.

2.1.2 Childhood leukaemia following postnatal exposure Richardson et al
[12] examined the leukaemia mortality data for the Japanese atomic-bomb
survivors during 1950-2000 using the DS02 RBM doses, and their results
demonstrated the marked variation of ERR with age at exposure, the risk
being notably higher at younger ages at exposure. Further, the ERR fell away
with increasing time since exposure, particularly for those exposed in
childhood. (These general features of radiation-induced leukaemia risk
among the Japanese atomic-bomb survivors had been established for some
time — see, for example, the BEIR V Report [13].) So, for those irradiated
during the atomic bombings as children, the ERR of leukaemia was manifest
as a temporal “wave”: for an individual aged 10 years at the time of the
bombing, the ERR at 1 Gy RBM dose peaks at ~65 some 7 years after
exposure and then attenuates with time since exposure such that at 25 years
after the bombings the ERR was still raised but at a level (approximately
twofold) comparable with the ERR experienced by those exposed as adults
this long after exposure — for those 230 years of age at the time of bombing
the ERR is essentially flat with time since exposure, illustrating the marked
variation of the expression of leukaemia ERR with age at exposure [12]

(Figure 1).
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However, Walsh and Kaiser [14] urged caution in developing complex models,
such as that developed by Richardson et al [12] from the LSS leukaemia
mortality data, without taking into account various sources of uncertainty,
including modelling uncertainty, and noted that the parameters in the
leukaemia risk model derived by Richardson et al need to be viewed with this
in mind — for example, the exact shape of the temporal “wave” of excess
leukaemia risk following exposure in childhood (Figure 1) is not well
established by the LSS data [14]. Indeed, it will be seen from Figure 1 that
high ERRs (>100 a few years after the receipt of a dose of 1 Gy) are predicted
for those exposed as young children, and these values must be treated with
some circumspection. Nonetheless, there is no doubt that a markedly raised
relative risk of childhood leukaemia was experienced by the Japanese atomic-
bomb survivors after October 1950: the observed number of 10 cases
compares with the approximately 1.6 cases that might be expected in the
absence of exposure based on Japanese national rates for the relevant period,
although the details of the distribution of this risk with age at exposure and

time since exposure is rather uncertain.

2.2 Childhood leukaemia following intrauterine exposure

Given the large relative risk of childhood leukaemia among the Japanese
atomic-bomb survivors who were irradiated after birth, a matter that has
attracted some comment is the absence of cases of childhood leukaemia
among the survivors who were exposed in utero [15]. (The Japanese
survivors irradiated in utero are a separate cohort from the LSS, which

consists of survivors exposed after birth.) However, only about 800
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individuals received a dose of 210 mGy while in utero (the average dose was
~0.25 Gy), so only around 0.2 case of childhood leukaemia would be
expected in the absence of exposure on the basis of mid-20™ century
Japanese national rates (the mid-P upper 95% confidence limit on the
observed to expected case ratio being 15), and there is also the possibility
that cases of childhood leukaemia incident during the 1940s, before
systematic collection of data began in 1950, may have gone unrecorded or
have been overlooked (e.g. because the involvement of leukaemia in an
infectious disease death had not been recognised in the difficult years

following the end of the war) [9].

Of some interest in this respect is the study of Ohtaki et al. [16] of stable
chromosome translocations in peripheral blood lymphocytes sampled from
331 survivors who were exposed in utero (150 of whom received a dose =5
mSv) and 13 mothers. Surprisingly, although the stable chromosome
translocation frequency for the group of mothers was consistent with the
upwardly curving dose-response that had previously been found among those
survivors irradiated as adults [17], the translocation frequency for those
irradiated in utero was unrelated to the dose received, apart from a small, but
statistically significant, increase in the 5-100 mSv dose range. Ohtaki et al.
[16] interpreted their findings as being indicative of two subpopulations of
lymphoid precursor cells present in utero: one, relatively small in number, is
sensitive to the induction of translocations and cell-killing, the latter effect
becoming increasingly dominant for doses above 50 mSv, while the other

subpopulation is largely insensitive to biological damage manifest as
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chromosome aberrations. If childhood leukaemia was to arise from radiation-
induced damage in the first subpopulation of cells then their particular
sensitivity to cell-killing by acute doses exceeding 50 mSv could be a
significant contributory factor in the absence of cases of childhood leukaemia

among those survivors who received moderate and high doses in utero.

The findings of Ohtaki et al. [16] beg the question as to whether the effect
they observed for chromosome aberrations in blood cells taken from those
exposed in utero persists after birth, and if so, at what level and for how long —
for example, no case of leukaemia has been observed among Japanese
survivors exposed during the first nine months of postnatal life [18], although
as with those exposed in utero, the number expected in the absence of
irradiation is small. If cell-killing at moderate doses suppresses the risk of
leukaemia to a material extent after exposure not just in utero but also in the
first few years after birth, then it is possible that leukaemia risk estimates
derived directly from the experience of only those Japanese atomic-bomb
survivors irradiated in the early years of postnatal life could underestimate the
level of risk posed by low-level radiation shortly after birth (as would appear to

be the case for exposure in utero).

2.3 Limitations of the Japanese survivor data

Although the studies of the Japanese atomic-bomb survivors are impressive
in the detailed information on radiation risks that they provide, they cannot
generate direct information on all aspects of radiation-induced risks. The

bomb survivors received briefly delivered doses of mainly external y-radiation,
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and some of the (obviously retrospective) dose estimates remain uncertain.
The exposed population was malnourished at the end of a long war, and to
enter the LSS the survivors had to have lived until October 1950 in conditions
that were far from ideal (especially if they had suffered tissue reactions from
the receipt of high radiation doses), which raises the possibility of bias due to
the “healthy survivor effect” — potentially, those entering the epidemiological
studies were stronger individuals not representative of the general population
in terms of radiation-induced cancer risks. Further, data for the period before
October 1950 were not collected systematically, and this is especially
important for leukaemia, since it is clear that excess cases were occurring in
the late-1940s — hence, for example, the Japanese atomic-bomb survivor data
cannot, by themselves, determine the minimum latent period for leukaemia,
although the data are compatible with the value of two years that is usually

assumed for this period [1-3].

There is also the matter of how the findings derived from a Japanese
population exposed in 1945, with its particular range of background cancer
risks (e.g. a relatively high risk of stomach cancer but a relatively low risk of
female breast cancer), should be applied to another population, say, from
present-day Western Europe, with a different range of background cancer
risks (e.g. a relatively low risk of stomach cancer but a relatively high risk of
female breast cancer) — is the excess relative risk (ERR, the proportional
increase in risk compared to the background absolute risk in the absence of
exposure) or the excess absolute risk (EAR, the additional risk above the

background risk) or some mixture of the two to be transferred between
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populations, including to the present-day Japanese population with a different
set of background cancer risks? The incidence of childhood leukaemia during
the 1950s was materially lower in Japan than in Great Britain or the USA (or
in modern-day Japan) [9], so how the radiation-induced excess risk of
childhood leukaemia in the Japanese atomic-bomb survivors relates to that in

other populations is a pertinent question [9], which is discussed further below.

3. Groups exposed for medical purposes

Those aspects of radiation risk that cannot be addressed directly by studies of
the Japanese atomic-bomb survivors illustrate the importance of having
results from other exposed populations to complement the risk estimates
derived from the Japanese survivors. Medical practice provides a number of
opportunities to study groups exposed to radiation for therapeutic or

diagnostic purposes [1-3,19].

3.1 Therapeutic exposure

Most of the epidemiological investigations of groups of patients who have
received radiotherapy, as a treatment for either a benign or a malignant
condition, have confirmed the high relative risk of childhood leukaemia
following irradiation in the early years of life that is apparent from the
Japanese atomic-bomb survivors [2]. These studies broadly indicate that the
risk of childhood leukaemia increases a few years after irradiation, supporting
the short minimum latent period for radiation-induced leukaemia that has been
inferred from the experience of the Japanese atomic-bomb survivors.

Radiotherapy frequently involves a number of exposures separated in time, so
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the effect of these fractionated doses may be compared with the single brief

dose received by the Japanese survivors.

3.1.1 Thymus irradiation A statistically significant excess risk of childhood
leukaemia was found in a cohort study of nearly 3000 infants from New York
State who were irradiated with X-rays for supposed enlargement of the
thymus, 96% of whom were <1 year of age at treatment [20]: 7 cases of
leukaemia were observed among this cohort before 15 years of age against
an expected number of 1.1 cases based on the experience of unexposed
siblings, a highly statistically significant excess [21]. Analyses based upon
assessed RBM doses have yet to be conducted, so leukaemia risk
coefficients derived from these data are not available, although a large

ERR/Gy RBM dose for childhood leukaemia seems clear.

3.1.2 Scalp irradiation Children whose heads were irradiated to treat tinea
capitis (ringworm of the scalp) exhibited a subsequent excess risk of
leukaemia that commenced a few years after exposure in both an Israeli
cohort of almost 11 000 children (mean age at treatment, 7.1 years) [22] and
a smaller cohort of just over 2000 children from New York City (mean age at
treatment, 7.8 years) [23]. In the larger group of Israeli children, with an
assessed individual RBM dose of 0.3 Gy averaged over the whole body, the
ERR/Gy for leukaemia at all ages over the entire period of follow-up (an
average of 26 years) was 4.4 (95% CI: 0.7, 8.7) [2]; the ERR of leukaemia
was highest (and statistically significant) within ten years of exposure and for

those <10 years of age at exposure [22]. Shore [23] reported a standardised
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incidence ratio of 3.2 (95% CI: 1.5, 6.1) for leukaemia at all ages in the group
of exposed children from New York, an excess that was apparent in the early
years of follow-up [24], and he noted that the RBM dose was ~4 Gy on

average to the ~10% of the RBM in the skull [23].

3.1.3 Treatment for childhood cancer The increasingly successful treatment
of childhood cancers has led to studies of the subsequent health of survivors,
and particularly of the effects of therapy, including radiotherapy, upon the risk
of second primary cancers, including leukaemia. The interpretation of the
results of such studies is not, however, straightforward because of, inter alia,
frequent co-treatment with powerful chemotherapeutic drugs and the
possibility that the occurrence of certain cancers (e.g. hereditary
retinoblastoma) inherently increases the risk of a second primary cancer.
Further, the effect upon cancer risk of the killing of normal cells by therapeutic
doses of radiation has to be considered [25], and also that different
radiotherapy treatment regimes may have led to different temporal
distributions of RBM doses being received by different groups of patients
[26,27], so that the risk associated with radiotherapy cannot be assumed to be
the same for these groups. The leukaemogenic risk from chemotherapy,
especially of acute myeloid leukaemia, is considerably greater than that from
radiotherapy, and this may have masked any radiation effect if treatment also
included chemotherapy [26-29]. Further, studies of cancer patients usually
only consider those who have survived a certain length of time after treatment,
and these periods can be as long as five years for some study groups, which

can lead to early therapy-induced cases that occurred before the start of
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follow-up being omitted from studies. In consequence, the circumstances of
radiotherapeutic treatment of childhood cancers produce difficulties of
interpretation as far as the estimation of leukaemogenic risk is concerned.
Nonetheless, it is clear that the risk of leukaemia is raised following
radiotherapy for the treatment of childhood cancer, and Tukenova et al. [29]
have inferred that the consequent risk of leukaemia is usually greatest at
about 5 to 9 years after radiotherapy. Hawkins et al. [26] demonstrated,
having controlled for exposure to chemotherapeutic drugs, a statistically
significant radiation dose-response for leukaemia at all ages following
treatment for childhood cancer, from which Little [30] has derived an average
ERR at 1 Gy of 0.24 (95% CI: 0.01, 1.28), i.e. much less than the equivalent
ERR estimate that may be derived from the Japanese atomic-bomb survivors
(calculated to be 16.05 (95% CI: 7.22, 37.63) at 1 Gy [30]), which Little has

attributed to cell killing by therapeutic doses of radiation.

3.1.4 Irradiation for skin haemangioma The evidence from studies of
groups receiving radiotherapy is not, however, entirely consistent, and a
raised risk of childhood leukaemia has not been clearly detected among those
exposed to radiation in infancy for the treatment of skin haemangioma,
although risk estimates derived from the Japanese atomic-bomb survivors

suggest that an excess risk should be apparent [31].

In Sweden, a study has been conducted of a cohort of ~12 000 infants treated

(88% while less than 1 year of age) with °Ra applicators or needles in

Goteborg [32]. The mean RBM dose was not presented by Lindberg et al.
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[32], but would appear to be ~100 mGy from the results of the estimation of
doses to other tissues. A statistically non-significant excess of leukaemia at
all ages of 1.54 was found, based upon 13 cases, but no specific results for
childhood leukaemia were reported and the authors warned that follow-up
during the first ten years after treatment was limited [32]. In France, a cohort
of ~5000 infants treated (82% while aged <1 year) with radiation at Villejuif
has been studied. The mean dose to the RBM was calculated to be 37 mGy
and, overall, 1 leukaemia death was observed (in childhood) against 2.3

expected [33].

The most detailed study of leukaemia following radiotherapy for skin
haemangioma was of a cohort of around 14 500 infants treated (all at an age
less than 18 months; mean age at treatment, 6 months) with radiation, mainly
from #°Ra applicators or needles/tubes, in Stockholm [31]. The mean
weighted dose to the RBM was calculated to be 130 mGy, although the local
RBM dose per treatment was 2.6 Gy, the highest doses being received by
RBM in the skull. Eleven deaths from leukaemia in childhood were observed
in the cohort (all <10 years of age at death), against 9.8 expected in the
absence of exposure, a small, statistically non-significant excess [31]. Lundell
and Holm [31] calculated that, based on the experience of the Japanese
atomic-bomb survivors, 21 radiation-induced leukaemia deaths at all ages
would be predicted in the cohort, which when added to the expected number
of deaths from Swedish national rates of 17, would give a total of 38 deaths
as compared to the 20 leukaemia deaths at all ages observed in the cohort.

Indeed, based upon an ERR of 4.78, derived from a mean weighted RBM

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

dose of 130 mGy input to the leukaemia risk model presented in the BEIR V
Report [13], a rough estimate of 47 radiation-induced childhood leukaemia
deaths would be predicted in the cohort, indicating the large discrepancy
between the predicted and observed excesses. However, somewhat
paradoxically, a (statistically non-significant) positive trend of childhood
leukaemia risk with weighted RBM dose across three dose categories was
reported by Lundell and Holm [31], the 5 deaths observed in the >100 mGy
highest dose category comparing with 1.57 deaths expected on the basis of
the <10 mGy reference category, a statistically significant excess; for the >100
MGy dose category the ERR at 1 Gy was estimated to be 5.1 (95% CI: 0.1,
15) [31]. Itis unclear how this (limited) evidence for an apparent dose-
response for childhood leukaemia risk might be compatible with the small
difference between the observed number of childhood leukaemia deaths and
the number expected from Swedish national rates, given the relatively large
number of radiation-induced cases predicted by leukaemia risk models

derived from the experience of the Japanese atomic-bomb survivors.

The absence of a detectable excess of childhood leukaemia mortality among
infants from Stockholm irradiated to treat skin haemangioma is of some
interest because these infants were first treated at a mean age of six months.
As noted above, Ohtaki et al. [16] reported the absence of a dose-response,
above ~100 mSy, for chromosome translocations in the peripheral blood
lymphocytes of Japanese atomic-bomb survivors irradiated in utero, and
suggested that this may be related to the killing of particularly sensitive cells in

the RBM by moderate doses. Should such an effect persist for some time
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after birth, the predicted number of cases of leukaemia among infants
receiving moderate RBM doses could be overestimated by risk models based
upon older ages at exposure. However, the Japanese atomic-bomb survivors
were exposed briefly to radiation whereas infants exposed in the treatment of
skin haemangioma experienced protracted exposure that would be expected
to be less effective at cell killing [1], although unlike the RBM doses received
during the atomic-bombings, those received during radiotherapy were highly
heterogeneous. It may be that a complex combination of the killing of RBM
cells by high localised doses received during radiotherapy and the
hypersensitivity to sterilisation of a particular subpopulation of these cells by
irradiation in infancy could explain the results of the skin haemangioma
studies; but such an explanation should also be capable of explaining the
results of the other studies of the radiation treatment of benign conditions in
the early years of postnatal life, in particular the findings of the cohort study of
those irradiated in infancy for thymus enlargement. This has yet to be fully
investigated, but the heterogeneity of the RBM dose together with the
hypersensitivity to cell killing of the cells in which leukaemia originates may be
found to play an important role in the explanation of these findings of

irradiation in infancy, as it would appear to do for irradiation in utero.

3.1.5 Limitations of radiotherapy studies Groups of children who have been
treated with radiotherapy provide valuable information on the radiation-
induced risk of childhood leukaemia, but there are a number of cautionary
points that need to be borne in mind. Radiation is used to treat disease, and

the presence of disease may affect the consequent radiation-induced risk of
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cancer, so that generalisation to a healthy population is not straightforward.
Further, as noted above, radiotherapy requires high doses designed to kill
abnormal cells and these doses are frequently highly localised. This means
that tissues in the vicinity of the target cells may also experience doses that
are sufficient to kill substantial numbers of normal cells, leading to a reduction
in the cancer risk per unit dose in these tissues when compared with that
resulting from low or moderate doses, as a consequence of the competing
effect of cell killing, and this may be a particularly important issue for the
magnitude of the leukaemogenic risk arising from therapeutic doses received
in utero or soon after birth. Also, tissue-specific doses to regions of the body
away from the target of radiotherapy (largely due to radiation scattering) are
difficult to calculate and accurate dose estimates are often lacking in medical
studies so that the resulting risk coefficients can be unreliable. Substantial
effort is presently being devoted to the reconstruction of doses in several
epidemiological studies of medical exposures, using modern radiation

transport modelling techniques [34].

3.2 Diagnostic exposure

3.2.1 Postnatal exposure The low doses generally received from radiation
exposures of patients for medical diagnostic purposes offer the opportunity to
directly examine the risks arising from low-level exposure. Unfortunately,
there has been an absence of a sufficient understanding of the size of the
studies required to provide adequate statistical power to detect the predicted
excess risk of childhood leukaemia. An ERR of 0.5 for a RBM dose of 10

mSyv received in infancy — the rough level of excess risk implied by the
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experience of the Japanese atomic-bomb survivors — gives only a 50%
increase in the risk of childhood leukaemia above the background absolute
risk (which is a risk of about 1 in 1800 live births in developed countries [35]),
so that even assuming a 10% prevalence of exposure in the infant population
requires around 1000 cases in an unmatched case-control study (with the
number of controls equal to the number of cases) to give a power of 80% of
detecting the risk at a two-sided significance level of 0.05. Few studies of
childhood leukaemia and diagnostic exposure have achieved this level of
power, and with the decrease of doses received during medical radiography in
recent decades (at least, until the arrival of CT scans — see below) even larger

studies would be needed to achieve adequate power.

Unfortunately, until recently, there are, taken as a whole, disappointing
deficiencies in the studies of postnatal diagnostic exposure to radiation that
render a reliable interpretation of findings problematic. Studies have used
different periods to exclude exposures occurring close to the time of diagnosis,
have not always age-matched controls, suffer from the potential for recall bias
where exposure is based upon interview data rather than medical records,
and have used different types of radiographic procedures that could include
different RBM doses [36]. Overall, it is not possible to draw firm conclusions
from these studies — they offer some weak support for a small risk at around
the level predicted by standard risk models (see, for example, the recent
studies of Rajaraman et al. [37] and Bartley et al [38]), but they do not provide
any reasonable basis for rejecting the notion of an absence of risk at low

doses [36].
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A recent matched case-control study of exposures from diagnostic
radiography (mainly chest radiography) in early infancy, which was based
upon medical records and avoided a number of other defects that have
afflicted earlier studies, found a RR of childhood leukaemia (excluding cases
occurring within two years of exposure) of 1.35 (95% CI: 0.81, 2.27) [37], but
the very low doses of <1 mSv received during chest radiography limit the
conclusions that may be drawn from this study. Similarly, a large cohort study
of childhood cancer following diagnostic exposure in a hospital in Munich
based upon doses reconstructed from medical records found a childhood
leukaemia standardised incidence ratio of 1.08 (95% CI: 0.74, 1.52), based on
an observed number of 33 cases [39,40]; but the assessed doses were

extremely low (median dose, 7 uSv).

Follow-up of around 4000 children exposed to radiation (at a mean age of just
less than 4 years) from diagnostic cardiac catheterisation in Toronto detected
3 cases of leukaemia against 1.9 expected at all ages over the entire period of
follow-up [41]. However, it is of note that all three cases were aged <10 years
at diagnosis. In a smaller study of nearly 700 children who underwent cardiac
catheterisation in Israel (at a mean age of about 9 years), no case of
childhood leukaemia was found, although only a very small number of cases

would be expected in the absence of exposure [42].

With the advent of a relatively high population prevalence of CT scans,

including paediatric CT scans that typically deliver effective doses of several
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millisieverts, an opportunity currently exists to directly assess the risks
resulting from these low-level exposures, based upon records of exposure.
Several large studies are underway around the world to investigate the
magnitude of the cancer risk that may arise from the low doses received from
CT scans and these studies may be able to shed light on the risk of childhood

leukaemia following low-level exposure.

Recently, the first results were published from an historical cohort study of
>175 000 patients without previous cancer diagnoses who were examined
with CT in Great Britain during 1985-2002 when <21 years of age [43]. Data
on CT scans were obtained from the records kept by participating hospitals.
Cancers incident during 1985-2008 were identified from a central registry, and
the initial analyses assessed the radiation-induced risks of leukaemia and
brain tumours (malignant and benign), the latter being included mainly
because of the dose received by the brain during a head CT scan —head CT
scans made up almost % of the greater than a quarter of a million CT scans
included in the study. Doses based on specific scan information were not
uniformly available and so estimates were derived using data from scanner
surveys carried out in 1989 and 2003; doses to the RBM and brain per CT
scan were reconstructed taking into account procedure, age, year of scan and
other factors relevant to exposure. Follow-up excluded the initial 2 years after
the first CT scan for leukaemia, and the initial 5 years for brain tumours, to
reduce the influence of scans being conducted because of an undiagnosed
cancer. Although age at diagnosis could be as old as 44 years, >50% of the 1

720 984 person-years of follow-up for leukaemia, and nearly % of cases, were
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for attained ages <20 years. The mean RBM and brain doses for the cohort
were 12.4 mGy and 44.6 mGy, respectively, and included in the study were
74 cases of leukaemia and 135 cases of brain tumours. Significant positive
trends with tissue dose were found: the ERR/mGy was 0.036 (95% CI. 0.005,
0.120) for leukaemia (Figure 2) and 0.023 (95% CI: 0.010, 0.049) for brain
tumours [43]. Although there may be residual doubts over whether an initial
head CT scan might have been conducted because of early signs of a brain
tumour that was only diagnosed several years later (even though extending
the excluded period of follow-up for brain tumours from 5 to 10 years did not
materially affect the association) and that this may have contributed towards
the association, it is difficult to envisage how such an explanation could be
viable for leukaemia [44]. The ERR coefficient for leukaemia is compatible
with that derived from the LSS, and it is of interest that although when
grouped by estimated RBM dose the only significantly raised relative risk (RR
=3.2;95% CI: 1.5, 6.9, with the <5 mGy dose group as the reference
category) is for the 230 mGy category (mean dose, 51.13 mGy), higher doses
will, in general, have been composed of a number of temporally separated
scans, each delivering several milligray of X-rays to the RBM, suggesting that
doses of ~10 mGy from specific CT scans are sufficient to increase the risk of
leukaemia. Hopefully, further details of the findings of this study will be made

available soon.

3.2.2 Antenatal exposure Of some interest, given the low doses involved

(~10 mGy), are the studies of childhood cancer in relation to prior abdominal

diagnostic X-ray examinations of the pregnant mother. The first, and largest,
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of the case-control studies was the Oxford Survey of Childhood Cancers
(OSCC), which started in Great Britain in the early-1950s, and continued until
1981 (eventually including >15 000 case-control pairs), and found a highly
significant statistical association between the risk of mortality from childhood
leukaemia and from other cancers in childhood and an antenatal X-ray
examination of the maternal abdomen. The initial report of the statistical
association, in 1956 [45], was greeted with some scepticism — because, inter
alia, of concerns about the influence of recall bias, the early findings being
based upon maternal recall of X-ray examinations during pregnancy (which
was later checked against medical records [21]) — but the association has now
been confirmed by many case-control studies carried out around the world
(including studies based upon medical records of antenatal exposure, such as
that conducted in north-eastern USA [46]) and the association is now
accepted as real, although some remain sceptical of a causal interpretation

[15].

The most recent result from the OSCC for childhood leukaemia as a separate
disease entity was published in 1975 when a RR of 1.47 (95% CI: 1.33, 1.67)
was reported [47]. Appropriately combining in a meta-analysis the results of
case-control studies other than those produced by the OSCC gives a
childhood leukaemia RR of 1.28 (95% CI: 1.16, 1.40) [36], and the inclusion of
data from two recent case-control studies [38,48] in the meta-analysis of other
studies does not affect the overall ERR estimate. So, the association
between childhood leukaemia and an antenatal X-ray examination found both

by the OSCC and by all other case-control studies combined is highly
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statistically significant — the lower ERR found by the combined other studies
may be due, among other things, to later case-control studies examining
periods when the fetal doses received during obstetric radiography were lower
than in earlier years. When the results of more recent case-control studies
(those published during 1990-2006) are appropriately combined, a leukaemia
RR of 1.16 (95% CI: 1.00, 1.36) is obtained [49], and the inclusion of the later
case-control studies of Bartley et al [38] and Bailey et al [48] in this meta-
analysis of studies published from 1990 onwards produces a RR of childhood
leukaemia associated with maternal X-ray exposure during pregnancy of 1.17
(95% CI: 1.01, 1.35) — lower than when results from studies published before
1990 are included, but still raised to a (borderline) statistically significant

extent.

Considerable debate has surrounded the interpretation of the statistical
association between leukaemia and other cancers in childhood and antenatal
diagnostic radiography [9,15,21]. Many of the objections to a cause-and-
effect explanation have now been met [21,36]. For example, cohort studies of
antenatal exposure to diagnostic X-rays have not found a raised risk of
childhood leukaemia, but the only such cohort study with sufficient statistical
power to seriously challenge the findings of the OSCC was that of Court
Brown et al. [50] and one of the authors of this study (Richard Doll) later
guestioned the accuracy of the linkage between the mothers and their
children in this study, and felt that the findings of the study could not be relied
upon [21,51]. A recent cohort study in Ontario based on record-linkage of

around 5500 mothers exposed to diagnostic radiation during pregnancy and
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their exposed offspring identified 4 cases of childhood cancer against 5.5
expected from unexposed children born in Ontario (O/E = 4/5.5 = 0.72; 95%
Cl: 0.23, 1.75) [52] — further details of the cases (e.g. cancer type or
diagnostic procedure) could not be reported because of patient confidentiality
considerations. Of interest in this study is that almost three-quarters of the
antenatal examinations were CT scans, about a quarter of which were of the
pelvis, abdomen or spine; but in the absence of detailed dosimetry the
interpretation of this study is problematic, and the very small number of cases
almost certainly means that the results are compatible with the findings of

earlier case-control studies.

However, the finding that the relative risk of childhood leukaemia and that of
all the other typical cancers of childhood are raised to a similar extent, unlike
the pattern of risk when exposure occurs after birth, is an outstanding issue
that requires a satisfactory resolution [15,21]. Nonetheless, the two cases of
cancer other than leukaemia incident before the age of 15 years among the
Japanese atomic-bomb survivors irradiated in utero — a fatal hepatoblastoma
and a non-fatal Wilms’ tumour — compare with, at most, 0.28 case expected
from contemporaneous Japanese national rates, and represent a statistically
significant excess — O/E = 2/0.28 = 7.14 (95% ClI: 1.20, 23.60) [9]. This
finding offers support to the idea that intrauterine exposure increases the risk
of the common childhood cancers, but with the exception of leukaemia (and
thyroid cancer, which is rare in childhood), that this sensitivity to induction by
radiation becomes much less (or is absent) after birth. One explanation could

be that the cells of origin of the typical cancers of childhood other than
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leukaemia remain sensitive throughout gestation, but “switch off” at birth, a
suggestion that has important general implications for the aetiology of the

common childhood cancers [21].

To obtain a risk estimate (excess risk per unit dose) from the case-control
studies of medical diagnostic exposure, estimates of fetal doses are required.
The only study for which a reliable estimate of fetal dose is available (the
Adrian Committee’s estimate of 6.1 mGy for 1958 [53,54]) and which is large
enough to give an acceptably precise risk estimate, is the OSCC, and an ERR
coefficient of 0.051 (95% ClI: 0.028, 0.076) mGy* at fetal doses of ~10 mGy
for all childhood cancers combined is obtained [9]. Since the results of the
OSCC indicate that similar values of RR exist for both childhood leukaemia
and other common childhood cancers [47], this ERR coefficient is taken be
applicable to childhood leukaemia. Applying this ERR coefficient to the
baseline incidence rate of childhood leukaemia in Great Britain during the
period when the OSCC was conducted of about 600 cases per million live
births gives an excess absolute risk (EAR) coefficient of 3 (95% CI: 2, 5) x 10
> mGy™ [9]. However, the uncertainties surrounding these risk estimates are
considerable, and there are reasons to believe that the data obtained from the
later years of the OSCC could be less reliable so that these estimates may
overestimate the risk by perhaps a factor of four if the observed increase in
the relative risk associated with an antenatal X-ray examination for births in
the early-1970s is an artefact [9], although this is a tentative proposition since
the appreciable uncertainty associated with the magnitude of fetal doses

received during antenatal radiography extends into the 1970s [55].
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These ERR and EAR coefficients obtained from the OSCC may be compared
with those derived from the Japanese atomic-bomb survivors (see Section
2.1.3 above). An ERR coefficient for childhood leukaemia may be derived
from those survivors exposed in utero as 0 (95% CI: 0, 50) Gy, and although
the absence of cases among these Japanese survivors is noteworthy, the
95% confidence interval of (0, 50) Gy for the ERR coefficient is not
incompatible with that derived from the OSCC data, (28, 76) Gy [9], and as
discussed above, there may well be other reasons for the absence of
leukaemia cases among the survivors irradiated in utero. When this ERR
coefficient is applied to the background absolute rate of childhood leukaemia
mortality in Japan for the mid-20" century of 270 deaths per million live births
(which at this time was effectively equivalent to the incidence rate, and is
<50% of the incidence rate in Great Britain when the Oxford Survey was
conducted), an upper 95% confidence limit for the EAR coefficient of 0.014
Gy is obtained [9], which is not statistically compatible with the equivalent
EAR coefficient obtained from the OSCC of 0.03 (95% CI: 0.02, 0.05) Gy™.
This statistical incompatibility of the EAR coefficients contrasts with the
compatibility of the ERR coefficients, illustrating the importance of the
assumptions made about the transfer of the risk (whether ERR or EAR, or
some combination of the two) between populations when the background rate
differs to a material extent — in other words, how much (if at all) does radiation
interact with those factors that determine the risk of childhood leukaemia in
the absence of exposure to radiation. This evidence offers support, albeit

weak, to the idea that transfer of the ERR is more relevant than transfer of the
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EAR for childhood leukaemia [56,57]; but if there is a biological basis to the
absence of childhood leukaemia among the Japanese survivors irradiated in
utero [16] then comparisons with the Oxford Survey findings for, in general,

much lower levels of exposure could be spurious.

In this respect, it is of interest that the ERR coefficient of 51 (95% CI. 28, 76)
Gy (at ~10 mGy) for childhood leukaemia implied by the OSCC is compatible
with that found in the Japanese LSS (of survivors exposed after birth) of, for
example, 34.4 (95% Cl: 7.1, 414) Sv** RBM dose using leukaemia incidence
data [9]. A tentative inference may be drawn from this evidence that exposure
of the fetus to low doses (<0.1 Gy) produces an ERR of childhood leukaemia
per unit RBM dose that does not differ greatly from that applying to moderate
doses (0.1-1.0 Gy) received in the early years of postnatal life, although the
many caveats involved in reaching such a conclusion must be borne in mind.
The recent cohort study of CT scans of young people found an ERR/Gy RBM
dose for leukaemia of 36 (95% CI: 5,120) [43], so this compatibility would
appear to extend to exposure to low doses in childhood. However, the
contrast with the common cancers of childhood other than leukaemia is
noteworthy in that the ERR/Sv for these other childhood cancers following low
dose exposure of the fetus is similar to that for leukaemia, but there is little
evidence that exposure after birth increases the risk of these typical childhood
cancers to any material extent (with the exception of thyroid cancer, which is
not a typical childhood cancer), although there is substantial evidence that

childhood exposures increase the risk of solid cancers in adult life [1-3,8,
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10,11], and evidence that exposure in utero also increases the risk of these

adult cancers [58].

4. Occupational exposure

4.1 Intrauterine exposure

Clearly, it is most unusual for children to be directly exposed to radiation in the
workplace. However, studies have been conducted of cancer among the
children of mothers who were occupationally exposed to radiation during
pregnancy [59,60]. There is some, rather weak, evidence from these studies
[59,60] of a possible influence of the doses received in utero upon the risk of
childhood cancer, which is somewhat stronger for cancers other than
leukaemia, but the average intrauterine doses in these studies are very low at

<1 mGy, so these findings should not be over-interpreted.

The results of a study of offspring of women who were employed at the Mayak
nuclear complex in Russia while pregnant have recently been published [61].
Among the 3226 exposed offspring (mean dose received in utero, 54.5 mGy),
4 childhood cancer deaths were identified, 2 from leukaemia, which generated
a borderline statistically significant ERR for childhood cancer of 0.05 (95% CI:
-0.0001, 1.334) per mGy [61]. The similarity of this ERR coefficient to that
found using OSCC data is notable, although the small number of deaths upon

which this estimate is based leads to a wide confidence interval.

4.2 Preconceptional exposure
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A statistical association between the risk of childhood leukaemia and the
recorded dose of external radiation received by men while working at the
Sellafield nuclear installation in Cumbria, England, before the conception of
their children suggested a major heritable genetic link between radiation
exposure of the testes of fathers and leukaemia in their offspring [62]. The
authors of this case-control study proposed that the association could explain
statistically a notable “cluster” of childhood leukaemia cases in the village of
Seascale, adjacent to Sellafield, that was reported in 1983. However, the
association was based upon just four cases of childhood leukaemia (and a
similarly small number of controls) with cumulative paternal preconceptional
doses in excess of 100 mSyv, and the association had not been found by
previous epidemiological studies, notably by studies of cancer in the offspring
of the Japanese atomic-bomb survivors [63]. Nonetheless, the association
received considerable attention, and a large programme of research was
initiated. One important finding of an early follow-on study was that although
the original association was driven by three cases of childhood leukaemia
born to mothers resident in Seascale, only 7% of Cumbrian births with fathers
who had received a preconceptional dose as a Sellafield employee were to
mothers resident in the village, and these Seascale births tended to be
associated with lower occupational doses, which was a very unusual

distribution if a causal interpretation of the association was to be correct [64].

After substantial investigation, very little support for a cause-and-effect

interpretation of the original statistical association between childhood

leukaemia and paternal preconceptional irradiation has been found. Table 1
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shows the results of the principal epidemiological studies of paternal
preconceptional exposure to radiation and childhood leukaemia that have
been reported since the original study of Gardner et al [62], and demonstrates
that these studies have not confirmed the statistical association — the
hypothesis of a substantial link between childhood leukaemia and paternal

preconceptional irradiation has now been effectively abandoned [72,73].

5. Environmental exposure

5.1 Natural sources

Recently developed risk models for leukaemia suggest that ubiquitous natural
background radiation in Great Britain, where the average annual equivalent
dose to the RBM of children from this source is ~1.3 mSv, may account for
around 15% of cases of childhood leukaemia, although the uncertainties
associated with this estimate are considerable [56,57,74]. Epidemiological
studies have been unable, in general, to detect the influence of natural
background radiation upon the risk of childhood leukaemia, but this may well
be due to a lack of statistical power resulting from small RBM doses and
insufficient geographical variation in exposure. Little et al. [75] have
demonstrated that a case-control study covering all of Great Britain would
require at least 8000 cases of childhood leukaemia to have adequate
statistical power (~80%) of detecting the predicted influence of natural
sources of exposure to external y-radiation and inhaled radon upon childhood
leukaemia risk; most of the RBM equivalent dose, and therefore most of the
childhood leukaemia risk, is from external sources of y-rays rather than radon.

Record-based case-control studies of this size in Great Britain are feasible
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(see below) through use of the National Registry of Childhood Tumours
(NRCT), although for the large numbers of cases and controls included in
these studies individual doses have to be estimated from a database of
available measurements rather than specific measurements in the homes of
study subjects, and the geographical resolution of y-ray dose-rate

measurements is rather limited at present.

A nationwide record-based case-control study of childhood cancer in
Denmark reported a statistically significant association between childhood
acute lymphoblastic leukaemia (ALL) and residential exposure to radon [76];
the study included 860 cases of ALL diagnosed during 1968-1994. The
authors suggested that, on the basis of this association, 9% of Danish
childhood ALL cases could be attributable to radon; but while not explicitly
reported, the 95% confidence interval for this attributable proportion can be
calculated from data presented in the paper to be (1%, 21%), a lower 95%
confidence limit that is unlikely to be incompatible with what would be
predicted by conventional risk assessments. However, the study is
considerably underpowered [75], implying that the nominally significant
association is likely to be due to chance. The findings would need to be
confirmed by a study of sufficient size using independent data before any
reliable conclusion can be drawn about a radical underestimation of the risk of
childhood leukaemia from exposure to radon and its decay products by
conventional models. This Danish study did not consider exposure to external

y-radiation, but would have had insufficient power to do so effectively.
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An illuminating contrast between the association found by this Danish study
[76] and that found by the UK Childhood Cancer Study (UKCCS, an interview-
based nationwide case-control study of childhood cancer diagnosed in Great
Britain during the early-1990s) [77] may be made: whereas the Danish study
found a significantly positive trend of childhood ALL risk and domestic radon
exposure the UKCCS found a significantly negative trend (based upon 805
cases with measurements conducted in the home). However, in addition to
lacking sufficient power to investigate this putative association, the UKCCS
suffered from a low level of participation in this part of the study, which was
related to socio-economic status and may well have introduced bias that could
explain this unusual result. Lack of power and participation bias could also be
major contributors to the absence of an association between childhood

leukaemia and external y-radiation reported by the UKCCS [75].

The Danish case-control study [76] used predicted residential radon
concentrations calculated from a model based on a previous measurement
programme and a number of explanatory variables such as house type and
geology. These model predictions of radon concentrations in homes avoid
the bias potentially associated with limited participation in a measurement
programme conducted as an integral part of a case-control study, which has
been a major problem in some studies (such as the UKCCS [77], see above);
but given the variation in domestic radon concentrations, the model estimates
inevitably introduce uncertainties that require further investigation in relation to
their influence upon risk estimates. However, the case-control study

approach using individually assessed doses and measures of background
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factors that could influence the risk of childhood leukaemia (and therefore
potentially confound associations) avoids the shortcomings of geographical
correlation studies using group-averaged doses and incidence rates, which
often lead to difficulties in the interpretation of the findings of such studies,
such as has apparently occurred in the geographical correlation study of

residential exposure to radon and lung cancer [78].

Harley and Robbins [79] have suggested that the results of the Danish study
might be explained by the dose received from inhaled radon and its decay
products by circulating lymphocytes while present in the tracheobronchial
epithelium. However, while the dose to individual lymphocytes in the
tracheobronchial epithelium can be substantial and higher than the average
dose to the RBM, circulating lymphocytes spend only a limited time within the
tracheobronchial epithelium and the average dose received by the whole
population of lymphocytes is likely to be of most relevance to the consequent
risk of childhood ALL. Further, the dose received by haematopoietic stem
cells within the RBM is conventionally understood to be the most pertinent
with respect to the risk of radiation-induced childhood acute leukaemia, and
radon delivers a relatively small component of the dose from natural
background radiation to these cells. That the effect of radon exposure upon
the risk of childhood leukaemia can be detected by a study of this size seems
rather unlikely, and the positive association should not be over-interpreted,;
very large case-control studies involving tens of thousands of cases would be
required to satisfactorily investigate the issue of the influence of radon upon

the risk of childhood leukaemia [75].
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Recently, the initial findings of a nationwide record-based case-control study
of childhood leukaemia and other cancers in Great Britain during 1980-2006
and exposure to natural sources of y-radiation and radon have been published
[80]. The study included 27 447 cases from the NCRT and 36 793 matched
controls, of which 9058 cases were of leukaemia matched with 11 912
controls. Cumulative exposures to radiation were based upon estimates for
the mother’s residential address at the child’s birth, using a predictive map
based on a large database of residential measurements of radon, and the
average of measurements taken in the county district (intermediately sized
administrative areas) of residence for y-rays. Owing to geographical matching
of cases and controls, only 52% of potentially available cases contributed to
the y-ray analysis (which compares with >95% for the radon analysis),
although the power to detect the predicted excess risk of childhood leukaemia
from y-ray exposure was still ~50%. For childhood leukaemia, an ERR of 0.12
(95% CI: 0.03, 0.22) per mSv of cumulative RBM dose from y-radiation was
found (Figure 3), whereas for radon the ERR was 0.03 (95% CI: -0.04, 0.11)
per mSv. For childhood cancers other leukaemia, no significant associations
with exposure from either y-rays (Figure 3) or radon were found. The result
for childhood leukaemia and radon suggests that the proportion of childhood
leukaemia incidence attributable to radon (if not zero) is at the lower end of
the confidence interval reported from the much smaller Danish case-control
study. Although work is in hand to improve the estimates of individual doses
from y-rays, it is of interest that the initial results of this study conform to what

might be anticipated from prior evidence: a detectable association between
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childhood leukaemia and cumulative y-ray exposure, but not for cumulative
radon exposure, and no discernible association with either exposure for other
childhood cancers. Further, the childhood leukaemia and y-ray RBM dose
association is at a level compatible with the predictions of conventional
models [80]. The initial findings of this study suggest that the childhood
leukaemia risk estimates derived from data for the Japanese atomic-bomb
survivors are broadly applicable to the very low dose-rates received from

naturally occurring background y-radiation.

5.2 Radioactive contamination

Reports of excesses of childhood leukaemia incidence near certain nuclear
installations have led to suggestions that, since conventional risk
assessments have found that assessed radiation doses from radioactive
discharges are far too low to account for the excess cases, the risk of
childhood leukaemia resulting from the intake of man-made radionuclides has
been grossly underestimated (by a factor in excess of 100, in most instances
greatly in excess of 100) [81-83]. There is little doubt that “clusters” of cases
of childhood leukaemia have occurred in the vicinity of the Sellafield and
Dounreay nuclear establishments in the UK, and of the Krimmel nuclear
power station in Germany [5], but in the absence of a detailed understanding
of how the major causes of childhood leukaemia may influence temporal and
geographical patterns of incidence the accurate interpretation of these
findings is problematical. So, for example, there is evidence for a general
heterogeneity in the geographical distribution of childhood leukaemia

incidence in Great Britain, which points to a non-uniform distribution of major
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risk factors in the population of children [84], and the most extreme recorded
cluster of childhood leukaemia has been reported from Fallon in Nevada, far
from any nuclear facility [85]. Nevertheless, the possibility of a serious
underestimation of the risk from “internal emitters” has been examined in

some detail [86].

Atmospheric nuclear weapons testing in the late-1950s and early-1960s led to
ubiquitous exposure to the radioactive debris of these explosions [87,88] and
to the intake of a range of radionuclides very similar to that released from
nuclear reactors and spent nuclear fuel reprocessing plants, providing the
possibility of an investigation of the influence of weapons testing fallout upon
childhood leukaemia incidence around the world to examine the suggestion of
a serious underestimation of the risk of childhood leukaemia from internally
deposited anthropogenic radioactive material. Such a study is not, however,
straightforward because large-scale accurate and complete registration of
childhood leukaemia in the early-1960s and before was not commonplace,
and the use of childhood leukaemia mortality data is not an acceptable
alternative since treatment, and hence survival, was becoming increasingly
successful after 1960. Nonetheless, the childhood leukaemia incidence data
from eleven large-scale registries from three continents has been collated and
examined by Wakeford et al. [89] who found no evidence that the marked
peak of intake of man-made radionuclides present in nuclear weapons testing
fallout has detectably influenced the subsequent risk of childhood leukaemia
substantially beyond the predictions of conventional leukaemia risk models,

providing strong evidence against the suggestion that the risk arising from the
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intake of anthropogenic radionuclides can account for the reports of raised

levels of childhood leukaemia near some nuclear installations.

It would be wrong to infer from this, however, that nuclear weapons testing
fallout has not increased the risk of childhood leukaemia to the extent
expected from standard models, and Darby et al [90] found that childhood
leukaemia incidence in the Nordic countries during the period following the
highest fallout from test explosions was slightly, and marginally significantly,
higher than in adjacent periods. The small observed increase was compatible
with that predicted by the BEIR V Committee leukaemia risk model [13].
Stevens et al [91] conducted a case-control study of leukaemia deaths in
South-West Utah and found a significantly raised relative risk of acute
leukaemia mortality among young people who had received the highest
assessed doses (>6 mGy) from radioactive fallout from nuclear weapons
explosions at the Nevada Test Site in the neighbouring state. Their results
were compatible with the prediction of the number of radiation-induced
leukaemia deaths based upon reconstructed doses and the risk models of the
BEIR V Report [13]. Excesses of childhood leukaemia incidence have been
reported from the area around the Semipalatinsk Nuclear Test Site in present-
day Kazakhstan [92], and there is an indication from the preliminary findings
of a nested case-control study of leukaemia at all ages in settlements
downwind of the Site of a raised relative risk at high estimated doses (>2 Sv)
[93]; but as yet, no detailed investigation of childhood leukaemia in relation to
the doses assessed to have been received as a result of nuclear explosions

has been carried out.
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Studies of childhood leukaemia and exposure to radioactive contamination
resulting from large-scale releases from nuclear facilities have provided mixed
findings. Following the Chernobyl nuclear reactor accident in 1986
investigations have failed to find unequivocal evidence for a raised risk of
childhood leukaemia [94]. A detailed case-control study of 421 cases of acute
leukaemia among those in utero or <6 years of age at the time of the accident
and diagnosed before the end of 2000 while resident in heavily contaminated
areas of the former USSR was conducted by Davis et al [95]. The mean RBM
dose assessed to have been received by the affected children was around 10
MGy, so this study has limited power. While age at diagnosis could be as old
as 19 years, the median age at diagnosis was 7 years. Davis et al [95] found
a statistically significant positive dose-response in Ukraine, but not in Belarus
or Russia [95]; for all three countries combined, the ERR was 0.032 (95% CI:
0.009, 0.084) per mGy, which is not incompatible with what would be
expected from recent risk models. However, Davis et al [95] noted “a
disproportionate number of controls from less heavily contaminated [districts]”
of Ukraine, and a similar case-control study in Ukraine [96] obtained a dose-
response, an ERR of 0.018 (95% CI: 0.002, 0.081) per mGy, that while
significantly positive, had a slope that was substantially lower than that
previously found for Ukraine by Davis et al [95], an ERR of 0.079 (95% CI:
0.022, 0.213) per mGy, raising serious questions about the reliability of the
data used in these studies, in particular the representativeness of the controls

selected in Ukraine [97]. Childhood leukaemia incidence in Europe outside
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the former USSR does not appear to have been perceptibly influenced by
contamination from the Chernobyl accident [98-101], which was at a much
lower level than that in the most affected areas in the former USSR [94],
although the Europe-wide study (ECLIS) only considered cases diagnosed
before 1992 (i.e. during the 5% years following the accident) [98], a rather

short post-accident period.

Studies of leukaemia in the riverside communities of the Techa River, which
was heavily contaminated by early releases of highly radioactive liquid effluent
from the Mayak nuclear complex in the Southern Urals of Russia, have found
significantly raised risks related to the level of exposure [102,103]. The most
recent study [103] produced an ERR/Gy for leukaemia at all ages of 4.9 (95%
Cl: 1.6, 14.3), the mean RBM dose among about 30 000 cohort members
being 0.3 Gy. Childhood leukaemia has not been considered separately in
detail, but it would appear that only a few cases of leukaemia have occurred
among exposed young persons [103]. However, the reconstruction of RBM
doses for this study is complex, and RBM dose estimates are currently
undergoing revision [104], but the contribution of ®Sr to the dose makes this

study of particular interest.

Finally, in the early-1980s ®°Co-contaminated steel was inadvertently used in
the construction of buildings in Taiwan, which led to the increased exposure to
y-radiation of >10 000 people. Hwang et al [105] examined cancer incidence
in a cohort of ~6000 individuals assessed to have been exposed to an

average cumulative dose of ~50 mGy. They found a statistically significant
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association between the risk of leukaemia (excluding chronic lymphocytic
leukaemia) at all ages and the reconstructed cumulative dose, but no details

were given of childhood leukaemia specifically.

6. Conclusions

There is a broad consistency of results from the epidemiological study of
childhood leukaemia following the receipt of moderate-to-high doses of
ionising radiation: after a short latent period of around two years, the excess
relative risk per unit RBM dose rises to a high level for a few years before
gradually attenuating to a low level two decades or so after exposure — the
radiation-related excess relative risk is expressed predominantly as a “wave”
with time since exposure. The evidence from case-control studies of
antenatal medical exposure to diagnostic X-rays, suggests that the excess
relative risk resulting from low dose exposure is compatible with the
predictions of radiation-induced leukaemia risk models based upon the
experience of the Japanese atomic-bomb survivors exposed after birth to
moderate-to-high doses at a high dose-rate, although the uncertainties
inherent in such a comparison are considerable. Studies of stable
chromosome aberrations in Japanese atomic-bomb survivors exposed in
utero indicate that the cells of origin for leukaemia in childhood could be
hypersensitive to cell-killing. This effect has to be borne in mind when the
childhood leukaemia risk estimates obtained from exposure in utero to low
doses are compared with those derived from intrauterine exposure to
moderate-to-high doses, since the latter could be reduced by such an effect;

the effect might possibly persist for some time after birth, and this needs to be
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the subject of further research. The recently reported findings from large
studies of the influence of paediatric CT scans and of natural background
radiation upon childhood leukaemia risk provide further evidence that low-
level exposure to radiation increases the risk of childhood leukaemia, to a
degree that is consistent with the predictions of models based upon data from
studies of moderate-to-high doses received after birth at a high dose-rate. It
would appear from the collective evidence that the assumptions made about
the radiation-induced risk of childhood leukaemia for the purposes of

radiological protection are broadly correct.

Acknowledgements

The author wishes to acknowledge the many fruitful discussions held with

many people over the years that have contributed to this review, and to the

anonymous reviewers for valuable suggestions.

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

References

1. International Commission on Radiological Protection 2007 The 2007
Recommendations of the International Commission on Radiological
Protection. ICRP Publication 103. Ann ICRP 37(2-4) 1-332

2. United Nations Scientific Committee on the Effects of Atomic Radiation.
2008 UNSCEAR 2006 Report to the General Assembly with Scientific
Annexes. Effects of lonizing Radiation. Volume | Report and Annexes A
and B. (New York: United Nations).

3. Committee to Assess Health Risks from Exposure to Low Levels of
lonizing Radiation 2006 Health Risks from Exposure to Low Levels of
lonizing Radiation. BEIR VII Phase 2. ((Washington, D.C.: The National
Academies Press)

4. Wakeford R, Little MP, Kendall GM. 2010 Risk of childhood leukemia after
low-level exposure to ionizing radiation Expert Rev Hematol 3 251-4.

5. Laurier D, Jacob S, Bernier M O, Leuraud K, Metz C, Samson E, Laloi P.
Epidemiological studies of leukaemia in children and young adults around
nuclear facilities: a critical review. Radiat Prot Dosim 2008; 132: 182-190.

6. Linet MS, Slovis TL, Miller DL, Kleinerman R, Lee C, Rajaraman P,
Berrington de Gonzalez A. 2012 Cancer risks associated with external
radiation from diagnostic imaging procedures. CA Cancer J Clin 62 75-100

7. Folley JH, Borges W, Yamawaki T. Incidence of leukemia in survivors of
the atomic bomb in Hiroshima and Nagasaki, Japan. Am J Med 1952; 13:
311-21.

8. Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, Sakata R,
Sugiyama H, Kodama K. 2012 Studies of the mortality of atomic bomb
survivors, report 14, 1950-2003: an overview of cancer and noncancer
diseases. Radiat Res 177 229-43.

9. Wakeford R, Little MP. Risk coefficients for childhood cancer after
intrauterine irradiation: a review. Int J Radiat Biol 2003; 79: 293-309.

10.Preston DL, Pierce DA, Shimizu Y, Cullings HM, Fujita S, Funamoto S et
al.. 2004 Effect of recent changes in atomic bomb survivor dosimetry on
cancer mortality risk estimates. Radiat Res 162 377-389.

11.Preston DL, Kusumi S, Tomonaga M, Izumi S, Ron E, Kuramoto A,
Kamada N, Dohy H, Matsuo T, Matsuo T, et al. 1994 Cancer incidence in
atomic bomb survivors. Part lll. Leukemia, lymphoma and multiple
myeloma, 1950-1987. Radiat Res 137(2 Suppl) S68-97.

12.Richardson D, Sugiyama H, Nishi N, Sakata R, Shimizu Y, Grant EJ, Soda
M, Hsu WL, Suyama A, Kodama K, Kasagi F 2009 lonizing radiation and

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/12985588?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=4
http://www.ncbi.nlm.nih.gov/pubmed/12985588?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=4
http://www.ncbi.nlm.nih.gov/pubmed/19708786?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2

Journal of Radiological Protection (in press, but not yet public)

leukemia mortality among Japanese Atomic Bomb Survivors, 1950-2000.
Radiat Res 172 368-382.

13.Committee on the Biological Effects of lonizing Radiations 1990 Health
Effects of Exposure to Low Levels of lonizing Radiation. BEIR V.
(Washington, D.C.: National Academy Press)

14.Walsh L, Kaiser JC. 2011 Multi-model inference of adult and childhood
leukaemia excess relative risks based on the Japanese A-bomb survivors
mortality data (1950-2000). Radiat Environ Biophys 50 21-35.

15.Boice JD Jr, Miller RW. 1999 Childhood and adult cancer after intrauterine
exposure to ionizing radiation. Teratology 59 227-233.

16.0Ohtaki K, Kodama Y, Nakano M, Itoh M, Awa AA, Cologne J, Nakamura N.
2004 Human fetuses do not register chromosome damage inflicted by
radiation exposure in lymphoid precursor cells except for a small but
significant effect at low doses. Radiat Res 161 373-379.

17.Kodama Y, Pawel D, Nakamura N, Preston D, Honda T, Itoh M, Nakano M,
Ohtaki K, Funamoto S, Awa AA. 2001 Stable chromosome aberrations in
atomic bomb survivors: results from 25 years of investigation. Radiat Res.
156 337-46.

18.Delongchamp RR, Mabuchi K, Yoshimoto Y, Preston DL. 1997 Cancer
mortality among atomic bomb survivors exposed in utero or as young
children, October 1950-May 1992. Radiat Res. 147 385-95.

19.Ron E 2003 Cancer risks from medical radiation. Health Phys 85 47-509.

20.PiferJW, Toyooka ET, Murray RW, Ames WR, Hempelmann LH 1963
Neoplasms in children treated with X rays for thymic enlargement. I.
neoplasms and mortality. J Natl Cancer Inst 31 1333-56.

21.Doll R, Wakeford R. Risk of childhood cancer from fetal irradiation. Br J
Radiol 1997; 70: 130-139.

22.Ron E, Modan B, Boice JD Jr. 1988 Mortality after radiotherapy for
ringworm of the scalp. Am J Epidemiol 127 713-25.

23.Shore RE, Moseson M, Harley N, Pasternack BS. 2003 Tumors and other
diseases following childhood x-ray treatment for ringworm of the scalp
(Tinea capitis). Health Phys 85 404-8.

24.Shore RE, Albert RE, Pasternack BS. 1976 Follow-up study of patients
treated by X-ray epilation for Tinea capitis; resurvey of post-treatment
illness and mortality experience. Arch Environ Health 31 21-8.

25.Little MP. 2001 Cancer after exposure to radiation in the course of
treatment for benign and malignant disease. Lancet Oncol 2 212-20.

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/19708786?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2

Journal of Radiological Protection (in press, but not yet public)

26.Hawkins MM, Wilson LM, Stovall MA, Marsden HB, Potok MH, Kingston
JE, Chessells JM. 1992 Epipodophyllotoxins, alkylating agents, and
radiation and risk of secondary leukaemia after childhood cancer. BMJ 304
951-8.

27.Travis LB, Ng AK, Allan JM, Pui CH, Kennedy AR, Xu XG, Purdy JA,
Applegate K, Yahalom J, Constine LS, Gilbert ES, Boice JD Jr. 2012
Second Malignant Neoplasms and Cardiovascular Disease Following
Radiotherapy. J Natl Cancer Inst 104 357-370

28.Tucker MA, Meadows AT, Boice JD Jr, Stovall M, Oberlin O, Stone BJ,
Birch J, Voite PA, Hoover RN, Fraumeni JF Jr. 1987 Leukemia after
therapy with alkylating agents for childhood cancer. J Natl Cancer Inst 78
459-64.

29.Tukenova M, Guibout C, Hawkins M, Quiniou E, Mousannif A,
Pacquement H, Winter D, Bridier A, Lefkopoulos D, Oberlin O, Diallo I, de
Vathaire F. 2011 Radiation therapy and late mortality from second
sarcoma, carcinoma, and hematological malignancies after a solid cancer
in childhood. Int J Radiat Oncol Biol Phys 80 339-46.

30. Little MP. 2001 Comparison of the risks of cancer incidence and mortality
following radiation therapy for benign and malignant disease with the
cancer risks observed in the Japanese A-bomb survivors. Int J Radiat Biol
77 431-64.

31.Lundell M, Holm LE 1996 Mortality from leukemia after irradiation in
infancy for skin hemangioma. Radiat Res 145 595-601.

32.Lindberg S, Karlsson P, Arvidsson B, Holmberg E, Lundberg LM, Wallgren
A. 1995 Cancer incidence after radiotherapy for skin haemangioma during
infancy. Acta Oncol 34 735-40.

33.Dondon MG, de Vathaire F, Shamsaldin A, Doyon F, Diallo I, Ligot L,
Paoletti C, Labbé M, Abbas M, Chavaudra J, Avril MF, Fragu P, Eschwege
F. 2004 Cancer mortality after radiotherapy for a skin hemangioma during
childhood. Radiother Oncol 72 87-93.

34.Stovall M, Weathers R, Kasper C, Smith SA, Travis L, Ron E, Kleinerman
R. 2006 Dose reconstruction for therapeutic and diagnostic radiation
exposures: use in epidemiological studies. Radiat Res 166 141-57.

35. Stiller C 2007 Childhood Cancer in Britain. Incidence, Survival, Mortality.
(Oxford: Oxford University Press).

36.Wakeford R. Childhood leukaemia following medical diagnostic exposure

to ionizing radiation in utero or after birth. Radiat Prot Dosim 2008; 132:
166-74.

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/18922822?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=9
http://www.ncbi.nlm.nih.gov/pubmed/18922822?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=9

Journal of Radiological Protection (in press, but not yet public)

37.Rajaraman P, Simpson J, Neta G, Berrington de Gonzalez A, Ansell P,
Linet MS, Ron E, Roman E. 2011 Early life exposure to diagnostic
radiation and ultrasound scans and risk of childhood cancer: case-control
study. BMJ 342 d472.

38.Bartley K, Metayer C, Selvin S, Ducore J, Buffler P. 2010 Diagnostic X-
rays and risk of childhood leukaemia. Int J Epidemiol 39 1628-37.

39.Hammer GP, Seidenbusch MC, Schneider K, Regulla DF, Zeeb H, Spix C,
Blettner M. 2009 A cohort study of childhood cancer incidence after
postnatal diagnostic X-ray exposure. Radiat Res 171 504-12.

40.Hammer GP, Seidenbusch MC, Regulla DF, Spix C, Zeeb H, Schneider K,
Blettner M. 2011 Childhood cancer risk from conventional radiographic
examinations for selected referral criteria: results from a large cohort study.
AJR Am J Roentgenol 197 217-23.

41.McLaughlin JR, Kreiger N, Sloan MP, Benson LN, Hilditch S, Clarke EA.
1993 An historical cohort study of cardiac catheterization during childhood
and the risk of cancer. Int J Epidemiol 22 584-91.

42.Modan B, Keinan L, Blumstein T, Sadetzki S. 2000 Cancer following
cardiac catheterization in childhood. Int J Epidemiol 29 424-8.

43. Pearce MS, Salotti JA, Little MP, McHugh K, Lee C, Kim KP, Howe NL,
Ronckers CM, Rajaraman P, Craft AW, Parker L, Berrington de Gonzélez
A. 2012 Radiation exposure from CT scans in childhood and subsequent
risk of leukaemia and brain tumours: a retrospective cohort study. Lancet
(in press).

44. Ahmed BA, Connolly BL, Shroff P, Chong AL, Gordon C, Grant R,
Greenberg ML, Thomas KE. 2010 Cumulative effective doses from
radiologic procedures for pediatric oncology patients. Pediatrics 126 e851-
8.

45. Stewart A, Webb J, Giles D, Hewitt D 1956 Malignant disease in childhood
and diagnostic irradiation in utero. Lancet 271 447.

46.MacMahon B 1962 Prenatal x-ray exposure and childhood cancer. J Natl
Cancer Inst 28 1173-91.

47.Bithell JF, Stewart AM. 1975 Pre-natal irradiation and childhood
malignancy: a review of British data from the Oxford Survey. Br J Cancer
31 271-287.

48.Bailey HD, Armstrong BK, de Klerk NH, Fritschi L, Attia J, Lockwood L,
Milne E; Aus-ALL Consortium. 2010 Exposure to diagnostic radiological
procedures and the risk of childhood acute lymphoblastic leukemia Cancer
Epidemiol Biomarkers Prev. 19 2897-909.

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

49.Wakeford R 2009 On pre- or postnatal diagnostic X-rays as a risk factor
for childhood leukaemia. Radiat Environ Biophys 48 237-9

50. Court Brown WM, Doll R, Hill RB. 1960 Incidence of leukaemia after
exposure to diagnostic radiation in utero. Br Med J ii 1539-1545.

51.United Nations Scientific Committee on the Effects of Atomic Radiation.
1994 UNSCEAR 1994 Report to the General Assembly with Scientific
Annexes. (New York: United Nations).

52.Ray JG, Schull MJ, Urquia ML, You JJ, Guttmann A, Vermeulen MJ. 2010
Major radiodiagnostic imaging in pregnancy and the risk of childhood
malignancy: a population-based cohort study in Ontario. PLoS Med
7(9):€1000337.

53.Mole RH. 1990 Childhood cancer after prenatal exposure to diagnostic X-
ray examinations in Britain. Br J Cancer 62 152-68.

54.Mole RH 1990 Fetal dosimetry by UNSCEAR and risk coefficients for
childhood cancer following diagnostic radiology in pregnancy J. Radiol.
Prot. 10 199-203

55. British Institute of Radiology 1976 Appendix 1: Radiation exposure to the
public from medical radiography. In: Royal Commission on Environmental
Pollution (Chairman: Sir Brian Flowers) Sixth Report. Nuclear Power and
the Environment. (Cmnd. 6618) (London: Her Majesty’s Stationery Office),
pp. 207-213.

56.Wakeford R, Kendall GM and Little MP. 2009 The proportion of childhood
leukaemia incidence in Great Britain that may be caused by natural
background ionizing radiation. Leukemia 23 770-776.

57.Little MP, Wakeford R, Kendall GM. 2009 Updated estimates of the
proportion of childhood leukaemia incidence in Great Britain that may be
caused by natural background ionising radiation. J Radiol Prot 29 467-482.

58.Preston DL, Cullings H, Suyama A, Funamoto S, Nishi N, Soda M,
Mabuchi K, Kodama K, Kasagi F, Shore RE. 2008 Solid cancer incidence
in atomic bomb survivors exposed in utero or as young children. J Natl
Cancer Inst. 100 428-36.

59.Johnson KJ, Alexander BH, Doody MM, Sigurdson AJ, Linet MS, Spector
LG, Hoffbeck W, Simon SL, Weinstock RM, Ross JA. 2008 Childhood
cancer in the offspring born in 1921-1984 to US radiologic technologists.
Br J Cancer 99 545-50.

60.Bunch KJ, Muirhead CR, Draper GJ, Hunter N, Kendall GM, O'Hagan JA,

Phillipson MA, Vincent TJ, Zhang W. 2009 Cancer in the offspring of
female radiation workers: a record linkage study. Br J Cancer 100 213-8.

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

61.Schonfeld SJ, Tsareva YV, Preston DL, Okatenko PV, Gilbert ES, Ron E,
Sokolnikov ME, Koshurnikova NA. 2012 Cancer Mortality Following In
Utero Exposure Among Offspring of Female Mayak Worker Cohort
Members Radiat Res. (in press)

62. Gardner MJ, Snee MP, Hall AJ, Powell CA, Downes S, Terrell JD. 1990
Results of case-control study of leukaemia and lymphoma among young
people near Sellafield nuclear plant in West Cumbria. BMJ 300 423-429.

63.Yoshimoto Y, Neel JV, Schull WJ, Kato H, Soda M, Eto R, Mabuchi K.
1990 Malignant tumors during the first 2 decades of life in the offspring of
atomic bomb survivors. Am J Hum Genet. 46 1041-52.

64.Parker L, Craft AW, Smith J, Dickinson H, Wakeford R, Binks K,
McElvenny D, Scott L, Slovak A. 1993 Geographical distribution of
preconceptional radiation doses to fathers employed at the Sellafield
nuclear installation, West Cumbria. BMJ 307 966-71.

65.Dickinson HO, Parker L. 2002 Leukaemia and non-Hodgkin's lymphoma in
children of male Sellafield radiation workers. Int J Cancer 99 437-44.

66. Wakeford R 2002 Cancer in offspring after paternal preconceptional
irradiation J Radiol Prot 22 191-194

67.Dickinson HO, Hodgson JT, Parker L. 2003 Comparison of Health and
Safety Executive and Cumbrian birth cohort studies of risk of
leukaemia/non-Hodgkin's lymphoma in relation to paternal preconceptional
irradiation. J Radiol Prot. 23 385-403.

68.M P Little, R Wakeford, M W Charles and M Andersson 1996 A
comparison of the risks of leukaemia and non-Hodgkin's lymphoma in the
first generation offspring of the Danish Thorotrast patients with those
observed in other studies of parental pre-conception irradiation J. Radiol.
Prot. 16 25-36

69.Draper GJ, Little MP, Sorahan T, Kinlen LJ, Bunch KJ, Conquest AJ,
Kendall GM, Kneale GW, Lancashire RJ, Muirhead CR, O'Connor CM,
Vincent TJ. 1997 Cancer in the offspring of radiation workers: a record
linkage study. BMJ 315 1181-8.

70.Sever L E, Gilbert E S, Tucker K, Greaves J A, Greaves C, Buchanan J
1997 Epidemiologic evaluation of childhood leukemia and paternal
exposure to ionizing radiation. CDC Cooperative Agreement
U50/CCU012545-01. (Seattle, WA: Battelle Memorial Institute)

71.Wakeford R 2000 Study of childhood cancer and paternal preconceptional
irradiation at USA nuclear facilities J Radiol Prot 20 331-332

72. Committee on Medical Aspects of Radiation in the Environment
(COMARE) 2002 Seventh Report. Parents Occupationally Exposed to

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/2107892?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2
http://www.ncbi.nlm.nih.gov/pubmed/2107892?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2

Journal of Radiological Protection (in press, but not yet public)

Radiation Prior to the Conception of Their Children. A Review of the
Evidence Concerning the Incidence of Cancer in Their Children. (Chilton:
National Radiological Protection Board)

73. Wakeford R 2003 Childhood leukaemia and radiation exposure of fathers
— the end of the road, perhaps? J Radiol Prot 23 359-362.

74.Kendall G, Little MP, Wakeford R 2011 Numbers and proportions of
leukemias in young people and adults induced by radiation of natural
origin. Leuk Res. 35 1039-43.

75. Little MP, Wakeford R, Lubin JH, Kendall GM. 2010 The statistical power
of epidemiological studies analyzing the relationship between exposure to
ionizing radiation and cancer, with special reference to childhood leukemia
and natural background radiation. Radiat Res. 174 387-402.

76. Raaschou-Nielsen O, Andersen CE, Andersen HP, Gravesen P, Lind M,
Schiiz J, Ulbak K 2008 Domestic radon and childhood cancer in Denmark.
Epidemiology 19 536-543.

77. UK Childhood Cancer Study Investigators 2002 The United Kingdom
Childhood Cancer Study of exposure to domestic sources of ionising
radiation: 1: radon gas. Br J Cancer 86 1721-1726.

78.Puskin JS 2003 Smoking as a confounder in ecologic correlations of
cancer mortality rates with average county radon levels. Health Phys. 84
526-32.

79. Harley NH, Robbins ES 2009 Radon and leukemia in the Danish study:
another source of dose. Health Phys 97 343-347.

80.Kendall GM, Little MP, Wakeford R, Bunch KJ, Miles JC, Vincent TJ,
Meara JR, Murphy MF. 2012 A record-based case-control study of natural
background radiation and the incidence of childhood leukaemia and other
cancers in Great Britain during 1980-2006 Leukemia doi:
10.1038/leu.2012.151.

81.Stather JW, Dionian J, Brown J, Fell TP, Muirhead CR. 1988 The risk of
leukemia in Seascale from radiation exposure. Health Phys. 55 471-81.

82. Wheldon TE 1989 The assessment of risk of radiation-induced childhood
leukaemia in the vicinity of nuclear installations. J R Statist Soc A 152 327-
39.

83. Committee on Medical Aspects of Radiation in the Environment
(COMARE) 2011 Fourteenth Report. Further Consideration of the
Incidence of Childhood Leukaemia Around Nuclear Power Plants in Great
Britain. (Chilton: Health Protection Agency)

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/18552587?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=3
http://www.ncbi.nlm.nih.gov/pubmed/12087456?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=3
http://www.ncbi.nlm.nih.gov/pubmed/12087456?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=3
http://www.ncbi.nlm.nih.gov/pubmed/12087456?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=3
http://www.ncbi.nlm.nih.gov/pubmed/19741363?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1
http://www.ncbi.nlm.nih.gov/pubmed/19741363?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1

Journal of Radiological Protection (in press, but not yet public)

84. Committee on Medical Aspects of Radiation in the Environment
(COMARE) 2006 Eleventh Report. The Distribution of Childhood
Leukaemia and Other Childhood Cancers in Great Britain 1969-1993.
(Chilton: Health Protection Agency)

85. Steinmaus C, Lu M, Todd RL, Smith AH 2004 Probability estimates for the
unique childhood leukemia cluster in Fallon, Nevada, and risks near other
U.S. Military aviation facilities. Environ Health Perspect. 112 766-71.

86. Committee Examining Radiation Risks of Internal Emitters (CERRIE) 2004
Report of the Committee Examining Radiation Risks of Internal Emitters
(CERRIE). (Chilton: National Radiological Protection Board)

87.Warneke T, Croudace | W, Warwick P E, Taylor R N 2002 A new ground-
level fallout record of uranium and plutonium isotopes for northern
temperate latitudes. Earth Planet Sci Lett 203 1047-1057

88.United Nations Scientific Committee on the Effects of Atomic Radiation
2000 UNSCEAR 2000 report to the General Assembly, with scientific
annexes. Volume I: Sources. (New York: United Nations).

89.Wakeford R, Darby SC, Murphy MFG 2010 Temporal trends in childhood
leukaemia incidence following exposure to radioactive fallout from
atmospheric nuclear weapons testing. Radiat Environ Biophys 49 213-227.

90.Darby SC, Olsen JH, Doll R, Thakrar B, Brown PD, Storm HH, Barlow L,
Langmark F, Teppo L, Tulinius H. 1992 Trends in childhood leukaemia in
the Nordic countries in relation to fallout from atmospheric nuclear
weapons testing BMJ. 304 1005-9.

91. Stevens W, Thomas DC, Lyon JL, Till JE, Kerber RA, Simon SL, Lloyd RD,
Elghany NA, Preston-Martin S. 1990 Leukemia in Utah and radioactive
fallout from the Nevada test site. A case-control study. JAMA. 264 585-591.

92.Zaridze DG, Li N, Men T, Duffy SW. 1994 Childhood cancer incidence in
relation to distance from the former nuclear testing site in Semipalatinsk,
Kazakhstan. Int J Cancer 59 471-475.

93. Abylkassimova Z, Gusev B, Grosche B, Bauer S, Kreuzer M, Trott K. 2000
Nested case-control study of leukemia among a cohort of persons
exposed to ionizing radiation from nuclear weapon tests in kazakhstan
(1949-1963). Ann Epidemiol. 10 479.

94.United Nations Scientific Committee on the Effects of Atomic Radiation.
2011 UNSCEAR 2008 Report to the General Assembly with Scientific
Annexes. Volume lI: Effects. Annex D: Health Effects due to Radiation
from the Chernobyl Accident. (New York: United Nations).

95. International Consortium for Research on the Health Effects of Radiation
Writing Committee and Study Team, Davis S, Day RW, Kopecky KJ,

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

Mahoney MC, McCarthy PL, Michalek AM, Moysich KB, Onstad LE,
Stepanenko VF, Voillequé PG, Chegerova T, Falkner K, Kulikov S,
Maslova E, Ostapenko V, Rivkind N, Shevchuk V, Tsyb AF. 2006
Childhood leukaemia in Belarus, Russia, and Ukraine following the
Chernobyl power station accident: results from an international
collaborative population-based case-control study. Int J Epidemiol 35 386-
396.

96. Noshchenko AG, Bondar OY, Drozdova VD. 2010 Radiation-induced
leukemia among children aged 0-5 years at the time of the Chernobyl
accident. Int J Cancer 127 412-426.

97. Moysich KB, McCarthy P, Hall P 2011 25 years after Chernobyl: lessons
for Japan? Lancet Oncol. 12 416-8.

98.Parkin DM, Clayton D, Black RJ, Masuyer E, Friedl HP, lvanov E,
Sinnaeve J, Tzvetansky CG, Geryk E, Storm HH, Rahu M, Pukkala E,
Bernard JL, Carli PM, L'Huilluier MC, Ménégoz F, Schaffer P, Schraub S,
Kaatsch P, Michaelis J, Apjok E, Schuler D, Crosignani P, Magnani C,
Bennett BG, et al. 1996 Childhood leukaemia in Europe after Chernobyl: 5
year follow-up. Br J Cancer 73 1006-12.

99. Auvinen A, Hakama M, Arvela H, Hakulinen T, Rahola T, Suomela M,
Soderman B, Rytdmaa T. 1994 Fallout from Chernobyl and incidence of
childhood leukaemia in Finland, 1976-92. BMJ. 309 151-4.

100. Hjalmars U, Kulldorff M, Gustafsson G, Swedish Child Leukaemia
Group. 1994 Risk of acute childhood leukaemia in Sweden after the
Chernobyl reactor accident. BMJ. 309 154-7

101. Moysich KB, Menezes RJ, Michalek AM. 2002 Chernobyl-related
ionising radiation exposure and cancer risk: an epidemiological review.
Lancet Oncol. 3 269-79.

102. Ostroumova E, Gagniéere B, Laurier D, Gudkova N, Krestinina L,
Verger P, Hubert P, Bard D, Akleyev A, Tirmarche M, Kossenko M. 2006
Risk analysis of leukaemia incidence among people living along the Techa
River: a nested case-control study. J Radiol Prot 26 17-32.

103. Krestinina L, Preston DL, Davis FG, Epifanova S, Ostroumova E, Ron
E, Akleyev A. 2010 Leukemia incidence among people exposed to chronic
radiation from the contaminated Techa River, 1953-2005. Radiat Environ
Biophys. 49 195-201.

104. Shagina NB, Vorobiova MI, Degteva MO, Peremyslova LM, Shishkina
EA, Anspaugh LR, Napier BA. 2012 Reconstruction of the contamination
of the Techa River in 1949-1951 as a result of releases from the "MAYAK"
Production Association. Radiat Environ Biophys. (in press)

Journal of Radiological Protection (in press, but not yet public)


http://www.ncbi.nlm.nih.gov/pubmed/19688829?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1
http://www.ncbi.nlm.nih.gov/pubmed/19688829?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1
http://www.ncbi.nlm.nih.gov/pubmed/19688829?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1
http://www.ncbi.nlm.nih.gov/pubmed/16522942?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=9
http://www.ncbi.nlm.nih.gov/pubmed/16522942?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=9

Journal of Radiological Protection (in press, but not yet public)

105. Hwang SL, Hwang JS, Yang YT, Hsieh WA, Chang TC, Guo HR, Tsai
MH, Tang JL, Lin IF, Chang WP. 2008 Estimates of relative risks for
cancers in a population after prolonged low-dose-rate radiation exposure:
a follow-up assessment from 1983 to 2005. Radiat Res. 170 143-148.

Journal of Radiological Protection (in press, but not yet public)



Journal of Radiological Protection (in press, but not yet public)

160 -
] e 5 years of age at exposure
140 -

] e 10 years of age at exposure
& 120 -
- ] == e 20 years of age at exposure
© 100 |
x b ee e e e >29 years of age at exposure
E |
v 80 -
S 60 - ”~ N
x ]
@ 40 -
@ 4
(&) 4
NP

] e -

i - oy

0 :..000.0.‘:0..00..00:.00..00 J
0 5 10 15 20 25

Time Since Exposure (years)

Figure 1

Variation of the excess relative risk (ERR) of leukaemia mortality at 1 Gy red
bone marrow (RBM) dose among the Japanese atomic-bomb survivors
exposed after birth and included in the Life Span Study (LSS), by age at
exposure and time since exposure. After Richardson et al [12] and Walsh and
Kaiser [14]. (The LSS started in October 1950, so data before this date are
not available.)
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Figure 2

Variation of the relative risk of leukaemia with the assessed absorbed dose
received by the red bone marrow (RBM) from computed tomography (CT)
scans. Points show relative risks by dose groups with 95% confidence
intervals, and the dashed line shows the fitted linear excess relative risk per
milligray with 95% confidence limits as dotted lines. After Pearce et al [43].
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Figure 3
Variation of the observed (and associated 95% confidence interval) and fitted
relative risk with the assessed cumulative dose from natural background
gamma-rays, for childhood leukaemia (upper panel) and all childhood cancers
other than leukaemia (lower panel). After Kendall et al [80].
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Table 1.

The relative risk (RR), and 95% confidence interval (Cl), of leukaemia and

non-Hodgkin's lymphoma combined (LNHL) at 100 mSv cumulative recorded
paternal preconceptional dose from external sources of radiation received while
working at the Sellafield nuclear complex, as reported by Dickinson and Parker [65]
from their cohort study of live births in Cumbria during 1950-1991. Results for the
offspring of Sellafield workers are given for births in the village of Seascale and in
Cumbria outside Seascale. The Sellafield findings are compared with the results of
five studies that have used independent data. (Table after Wakeford [66].)

Study Dose-response RR (95% CI)
model®
All Sellafield radiation workers®* Exponential® 1.6 (1.0, 2.2)
Seascale subgroup Exponential® 2.0 (1.0, 3.2)
Outside Seascale subgroup Exponential 1.5(0.7, 2.3)

Japanese atomic bomb survivors

Linear

<0.98 (<0.98,1.10)

(paternal dose only used in analysis)®*®" | Exponential 0.76 (<0.31, 1.03)
Ontario radiation workers"®" Linear 0.63 (<0.27, 3.40)
Exponential 0.75(0.07, 3.31)
Danish Thorotrast patients”® Linear <0.97 (<0.97, 1.56)
Exponential <0.11 (<0.11, 1.11)
British radiation workers (RLS)" Exponential® 0.92 (0.28, 2.98)
US ‘Three Site’ radiation workers" Linear 0.75 (<0.75, 3.5)

&Linear or exponential dose-response model fitted to the data.

Age at diagnosis: ?0-24, ¢ 0-19, '0-14 years.
°The original study of Gardner et al [62] reported a RR of 8.30 (95% CI: 1.36, 50.56)
for the cumulative paternal preconceptional dose category >100 mSv and using “local
controls”, based on 4 cases and 3 controls; 3 of the cases were born to mothers
resident in Seascale. The reasons for the difference in RR from the case-control
study of Gardner et al [62] and that from the cohort study of Dickinson and Parker
£65] are set out by Dickinson et al [67].
Exponential dose-response model assumed to have been used by the authors.
9Based on the results of Little et al [68].

"Leukaemia only.
'RLS: Record Linkage Study [69].

TOverlap with Dickinson and Parker [65] of one case (born in Cumbria outside
Seascale and diagnosed after the end of the period studied by Gardner et al [62];

Loaternal preconceptional dose <50 mSv).

Adjusted by the authors for radiation worker status.
'Hanford, Idaho Falls, Oak Ridge workers; Sever et al [70] (see Wakeford [71]).
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