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Abstract

Radiological protection is based upon the assumption that any additional exposure to ionising
radiation leads to an increased risk of stochastic adverse health effects. The validity of this
assumption is supported by the epidemiological association between childhood cancer and X-ray
exposure of the fetus in utero for diagnostic purposes. Evidence for a direct causal interpretation of
this association is compelling: the association has high statistical significance, it is consistent across
many case-control studies carried out worldwide, and an appropriate dose-response relationship is
indicated. Evidence against bias and confounding as alternative explanations is strong. Nonetheless,
objections to causality have been raised. Four grounds for controversy are examined in detail, with
the conclusion that they do not provide persuasive evidence against a cause and effect relationship.
We conclude that acute doses of the order of 10 mGy received by the fetus in utero cause a
subsequent increase in the risk of cancer in childhood, and that, in these circumstances, the excess
absolute risk coefficient for childhood cancer incidence is 6-12% per Gy.

1. INTRODUCTION

The strongest direct epidemiological evidence that low doses of ionising radiation cause a
subsequent increase in the risk of cancer is the association between childhood cancer and exposure of
the fetus in utero to radiation for obstetric purposes. This association implies that acute doses of the
order of 10 mGy of low linear energy transfer radiation produce a detectably raised risk of cancer.
Although the excess absolute risk of cancer in childhood associated with such doses is small, at
around 1 in 900, since the background risk of cancer developing before the age of 15 years is also
small (about 1 in 600) this radiation-induced excess risk is relatively easy to discern in case-control
studies. Clearly, this epidemiological evidence is consistent with a dose-response relationship for
radiation-induced cancer in which the excess risk is small, but non-zero, for any additional dose of
ionising radiation. The interpretation of this epidemiological association has, however, been
controversial. A number of reasons have been advanced to question whether the association directly
reflects an underlying causal relationship. It is important for the scientific understanding of radiation
risks and for radiological protection that the evidence concerning this association is reviewed and. in
particular, that the objections to causality are examined in detail so that their validity may be properly
assessed. In this paper we review the evidence and the grounds for controversy concerning this
epidemiological association.
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2. BACKGROUND

In 1956, Stewart and her colleagues published the initial results of a case-control study of
childhood cancer mortality in Britain during the years 1953-1955. The relative risk associated with
an X-ray examination of the mother's abdomen during the relevant pregnancy was about 2 and the
increase in risk was statistically significant. Two years later, Stewart and her colleagues published
the results from an extended series which confirmed the initial findings. A major concern over the
interpretation of this raised relative risk of childhood cancer was the real possibility of information
bias: exposure information had been obtained entirely from questionnaire data and had not been
corroborated by objective records. An explanation in terms of recall bias could not, however, be
sustained when, in 1962, MacMahon confirmed the association in a study carried out in the
northeastern United States in which X-ray exposure information was obtained from contemporary
hospital records which were not susceptible to differential completeness or accuracy.

The association between childhood cancer and an obstetric X-ray examination has now been
confirmed by many case-control studies conducted in a number of different countries. The study of
Stewart and her colleagues, now known as the Oxford Survey of Childhood Cancers (OSCC), was
continued until 1984, and contains nearly 75% of the available statistical information on this
association. Similar and highly significant relative risks are, however, found irrespective of whether
attention is confined to the OSCC (RR = 1.39; 95% CI: 1.30 to 1.49) or to all other studies combined
(RR = 1.37; 95% CI: 1.22 to 1.53). The increased risk of around 40% associated with a radiographic
examination of the mother's abdomen during pregnancy is not large, and explanations other than
cause and effect must be seriously considered, particularly confounding.

It has been suggested that some factor related to the health of the pregnant mother which
gives rise to the need for a radiographic examination, might also lead to an increased risk of cancer in
the child. This proposed confounding was first addressed by Mole using the data for twins in the
OSCC. Twins are usually exposed to diagnostic radiation for purely obstetric reasons rather than for
any concerns over the general health of the mother. Twins are also exposed at a higher frequency
than singletons: 55% of twins were X-rayed in the OSCC against 10% of singletons. Mole found a
similar strength of association between childhood cancer and an obstetric X-ray examination for twins
as for singletons, a finding which points away from an alternative explanation of the association
based on confounding. The finding for twins has now been confirmed in case-control studies carried
out in Connecticut and in Sweden.

For X-ray examinations during the third trimester, and for which information on the number
of X-ray films exposed during the examination was available, a statistically significant linear trend of
increasing relative risk with increasing number of films exposed has been found. This indicates an
appropriate dose-response relationship. Evidence for such a relationship is also provided by the
highly significant decline in the relative risk with year of birth over the period 1941-1965, when the
fetal dose received during an obstetric X-ray examination was decreasing. Additional support for a
causal interpretation of the association is to be found in the results of animal experiments, particularly
those involving beagle dogs, although these experiments were conducted at higher doses than those
received during obstetric radiography. Further, the influence of low dose irradiation in utero upon the
risk of mortality beyond 3 months of age is specific to cancer, as would be expected of a radiation-
induced effect, rather than being associated with a range of diverse health effects which might be
indicative of bias or confounding.

Despite the evidence supporting a causal explanation of the association, controversy has
continued on four grounds, which appear to challenge this interpretation. The four grounds for
controversy are considered below.

3. GROUNDS FOR CONTROVERSY

The first of these is that twins, as a group, have not been found to experience a raised risk of
childhood cancer, although they have collectively experienced a higher frequency of obstetric X-ray
examinations. This objection is only valid, however, if cohort studies of twins have had sufficient
power to be capable of detecting the predicted radiation-induced excess risk, and if twins have the
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same background risk of childhood cancer as singletons. In fact, even the largest of the twin cohort
studies, conducted in Sweden, has insufficient statistical power to be expected to discern the predicted
excess risk, and it is unknown whether twins experience the same risk as singletons in the absence of
exposure to radiation.

The second objection is that the relative risk associated with irradiation in utero is almost the
same for childhood leukaemia as for childhood solid tumours, whereas the Japanese children exposed
to radiation from the atomic bomb explosions while under 10 years of age, exhibit an excess of
childhood leukaemia alone. This objection is legitimate, however, only if the carcinogenic effects of
fetal irradiation and childhood irradiation are expected to be the same. The cells which are sensitive
to the induction of the characteristic forms of childhood solid tumours are present only in utero and,
perhaps, for a short time after birth, and so irradiation of the child would not be expected to produce
an excess risk of these childhood cancers. Data for the short period of possible sensitivity after birth
are insufficient to test whether childhood solid tumours might be induced by exposure to radiation in
the immediate postnatal period. The cells that give rise to the typical cases of childhood leukaemia
continue, in contrast, to be present for several years postnatally.

Over 90% of in utero exposures in the OSCC occurred during the last trimester of pregnancy;
but the ceils from which the typical cancers of childhood arise remain active throughout gestation. It
is not surprising, therefore, that the common types of childhood solid tumours (with the possible
exception of bone cancer, the one major type of childhood cancer largely composed of tumours
similar in character to adult tumours) all exhibit an excess risk associated with third trimester
exposure. Nor is it necessarily anomalous that these typical childhood cancers show similar levels of
sensitivity to induction by radiation, in contrast to the cancers of adult life. Adult cancers are, for the
most part, so distinct from the principal cancers of childhood, and the mechanisms that give rise to
them so different, that a comparison of the carcinogenic response to radiation in these two age groups
may very well be inappropriate.

The third ground for controversy concerns the estimated values of the risk coefficients for
irradiation in utero relative to those for irradiation in childhood. Some early risk estimates derived
from the OSCC were thought to be implausibly high, but they relied upon estimates of fetal doses
which may not be accurate. The most reliable risk coefficient is that derived from a model of the
variation of the relative risk with year of birth together with the fetal dose estimates inferred by the
Adrian Committee for births in 1958. This method produces an estimate of the excess absolute risk
coefficient for childhood cancer incidence in the range 6-12% per Gy, although this estimate does not
take into account all sources of uncertainty (such as those associated with fetal doses). This leads to
an excess absolute risk coefficient for childhood leukaemia of 2-4% per Gy which is not far removed
from the risk coefficient of just under 2% per Gy for a dose of 10 mGy received immediately after
birth that may be derived for childhood leukaemia from a model based upon the experience of the
Japanese atomic bomb survivors. This agreement is reassuring for the causa] hypothesis. As has
been noted above, a similar comparison cannot be made for the risk coefficient for childhood solid
tumours because, in general, these cancers cannot be induced by irradiation after birth.

Although the great majority of the OSCC data concern third trimester exposures, there has
been a suggestion from an analysis of this dataset that the risk coefficient for exposure during the first
trimester is significantly higher, especially during the embryo stage, than that for exposures later in
pregnancy. This conclusion, however, does not take into account the greater frequency of
radiographic examinations for non-obstetric reasons during the first trimester, including examinations
involving contrast media, or that most of these examinations took place in the early years of the study.
Doses from such examinations would be expected to be higher than those typical of third trimester
exposures and, as a consequence, the risk coefficients are not comparable. Further, data for exposures
during the embryo stage are limited and, because they relate mainly to births in the early years of the
study, may not be as reliable as those for the third trimester. Consequently, although some risk of
childhood cancer may arise from exposures in the first few weeks of pregnancy, the level of this risk
cannot be derived with confidence from the available epidemiological data.

The fourth and final, and perhaps the most serious, objection to causality is the absence of a
comparable excess risk of childhood cancer in cohorts of children known to have been irradiated in
utero, most notably the Japanese children exposed to radiation from the atomic bomb explosions
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while in the womb. The Japanese data are, however, few. Two of the 753 children who received a
dose of 10 mGy or more in utero developed cancers (both solid tumours) while under 15 years of age,
against 0.43 cancer cases expected from Japanese national rates. An excess absolute risk coefficient
for childhood cancer of 0.7% per Gy (95% CI:-0.1% to 2.6% per Gy) may be derived from the
Japanese data, which is considerably less than the equivalent coefficient derived from the OSCC data.
The absence of leukaemia cases among the Japanese cohort is notable. It could be, however, that in
the difficult conditions which existed in the first few years after the bombings, some cases of
childhood cancer were unrecorded. This might be especially so for childhood leukaemia, since
infections are particularly common in the early stages of the disease, and the leukaemic nature of
some deaths from infectious disease may not have been recognised. It may be that the absence of a
commensurate excess risk of childhood cancer among the Japanese children irradiated in utero could
be accounted for by a few cases missing from the early period of follow-up, and an unusual play of
chance.

Two substantial cohort studies of children who experienced radiographic examinations in
utero in Baltimore and in London and Edinburgh, did not find relative risks which differed
significantly from unity, and the British study (of childhood leukaemia) found a relative risk which
was less than 1. One of us (RD), however, was an author of this latter study and long ago concluded
that follow-up may have been incomplete and that, as a consequence, the findings are unreliable.
Since childhood cancer is an uncommon disease, even large cohort studies, such as the Baltimore
study, cannot be expected to have high statistical power. Hence, although the results of the Baltimore
study, appropriately combined with those of other studies of smaller cohorts exposed in utero to
diagnostic radiation, do not produce a significantly raised relative risk, they are compatible with the
increase in risk of about 40% indicated by the case-control studies. Interestingly, a cohort of children
who were exposed in utero to radioactive iron for a study of iron metabolism carried out in Nashville,
did exhibit a significant excess of childhood cancer.

4. CONCLUSIONS

With the exception of the findings of the study of the Japanese cohort of children exposed in
utero to radiation from the atomic bomb explosions, which may be due to a few missing cancer cases
among young children and an unusual effect of chance, none of the grounds for controversy produces
convincing evidence against a direct causal interpretation of the association between childhood cancer
and exposure in utero to diagnostic radiation, an interpretation which is strongly supported by a range
of scientific evidence. On the balance of evidence, therefore, we conclude that acute doses of the
order of 10 mGy received by the fetus in utero increase the subsequent risk of cancer in childhood
and that, in these circumstances, the excess absolute risk of cancer developing before the age of 15
years is 6-12% per Gy. This evidence supports the existence of a dose-response relationship for
radiation-induced cancer which approaches zero dose with a positive slope; but these epidemiological
data are insufficient to define the detailed nature of the relationship at low doses.
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