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Ionizing radiation: summary of epidemiologic evidence
Updated January 30, 2004
1. Overall summary
This section summarizes epidemiologic evidence cited in the tables below and will be updated as new evidence becomes available. Evidence from epidemiologic
studies of ionizing radiation from non-environmental sources (x-rays, radiotherapy) is included to document the health effects of radiation at doses much higher
than those from most environmental sources. Evidence on adult cancer is included as it relates to prenatal or childhood radiation exposure. I would appreciate
feedback on any errors or omissions. don.wigle@sympatico.ca
Health effect

Level of
evidencea

Comments

Early fetal deaths
(spontaneous abortions)

(Inadequate)

A Swedish ecologic study (Ericson and Kallen 1994) showed no association between spontaneous
abortions and regional radioactive fallout levels after the Chernobyl nuclear power plant explosion
but a similarly designed Finnish study did find a relationship (Auvinen et al. 2001). Bard et al.
(1997) reviewed studies of health effects of the Chernobyl nuclear power plant explosion and
concluded that there was inadequate evidence to assess the impact on risk of fetal death. A cohort
study of women with scoliosis exposed to repeated x-rays during adolescence (Goldberg et al. 1998)
showed an increased risk of spontaneous abortion among exposed women but no dose-response
relationship. A cohort study of female veterinarians showed a modest non-significant association
between spontaneous abortion and occupational radiation exposure among those in small-animal
practice (Steele and Wilkins 1996). A cohort study of UK nuclear facility employees (Doyle et al.
2000) showed that spontaneous abortions were associated with maternal but not paternal employment
in potentially exposed jobs; there was, however, no exposure-risk relationship between such events
and maternal cumulative radiation dose. An expert panel noted that prenatal ionizing radiation can
cause fetal death in experimental animals (National Academy of Sciences 1990). Another expert
panel concluded that there was inadequate evidence to assess the risk to pregnant women of radon in
drinking water (National Academy of Sciences 1999b).

Late fetal deaths (stillbirths)

(Inadequate)

Several epidemiologic studies showed no association between late fetal deaths (stillbirths) and
radiation exposure including studies of atomic bomb survivors (Otake et al. 1990), occupational
exposures (Savitz et al. 1989, Zhang et al. 1992), women with scoliosis exposed to repeated x-rays
during adolescence (Goldberg et al. 1998) and residential proximity to nuclear facilities (Dummer et
al. 1998). The study of atomic bomb survivors is limited by the chaotic conditions during the months
following the explosions when fetal deaths from prenatal acute radiation exposure would have
occurred. A cohort study of Swedish women exposed during infancy to therapeutic radiation of skin
hemangiomas showed a slightly increased risk of stillbirths but no exposure-risk relationship (Kallen
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et al. 1998). Studies of British nuclear facility workers have yielded mixed evidence. Parker et al.
(1999) found that stillbirths among offspring of Sellafield nuclear reprocessing employees were
associated with external but not internal paternal preconceptual radiation exposure. In a study of
three major UK nuclear facilities, Doyle et al. (2000) found that 3rd trimester stillbirths were
associated with maternal but not paternal employment in potentially exposed jobs; there was an
apparent exposure-risk relationship between stillbirths and maternal cumulative radiation exposure
but the statistical significance was not reported. Finally, Maconochie et al. (2001) found no
association between live birth male:female sex ratio and paternal or maternal preconceptual radiation
exposure. An ecologic study of stillbirths in Finland found no association with regional radioactive
fallout levels after the Chernobyl nuclear power plant explosion (Auvinen et al. 2001). Bard et al.
(1997) reviewed studies of health effects of the Chernobyl nuclear power plant explosion and
concluded that there was inadequate evidence to assess the impact on risk of fetal death. An expert
panel noted that prenatal ionizing radiation can cause fetal death in experimental animals (National
Academy of Sciences 1990). Another expert panel concluded that there was inadequate evidence to
assess the risk to pregnant women of radon in drinking water (National Academy of Sciences 1999b).
All birth defects combined

(Inadequate)

Birth defects among offspring of atomic bomb survivors born at least 3 years after parental exposure
were not associated with joint parental radiation exposure (Otake et al. 1990). A case-control study
in Shanghai showed non-significant associations between birth defects and maternal preconceptual
and gestational self-reported occupational radiation exposure (Zhang et al. 1992). An ecologic study
in Sweden (Ericson and Kallen 1994) showed no association between total birth defects and regional
radioactive fallout levels. Bard et al. (1997) reviewed studies of health effects of the 1986 Chernobyl
nuclear power plant explosion and concluded that there was no evidence of increased birth defect
risks in exposed regions. A cohort study of radiologists showed that their offspring did not have an
overall increased risk of birth defects (Roman et al. 1996). A case-control study nested within an
Ontario nuclear power worker cohort showed that total birth defects were not associated with indices
of paternal occupational radiation exposure including monitoring status or preconceptual cumulative
external or tritium radiation doses (Green et al. 1997); this study did show a borderline association
between total birth defects and maternal occupations monitored for radiation exposure but only 2
case and 1 control mothers actually had non-zero measured radiation exposures. A cohort study of
Swedish women exposed as infants to radiotherapy for skin hemangiomas showed a small increased
risk of total birth defects (compared to expected numbers based on a national birth defect registry)
but no dose-response relationship (Kallen et al. 1998). A cohort study of women (with scoliosis)
exposed to x-rays during adolescence showed an increased risk of birth defects among their offspring
compared to those of exposed women but no dose-response relationship (Goldberg et al. 1998). An
expert panel concluded that the genetic effects of 10 mSv per generation would cause about 10-100
extra birth defects per million live births at equilibrium (National Academy of Sciences 1990).
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Another expert panel concluded that there was inadequate evidence to estimate the risks to pregnant
women from radon in drinking water (National Academy of Sciences 1999b).
CNS birth defects: neural tube
defects

CNS birth defects:
microcephaly

Cardiac birth defects

Other birth defects

(Limited, inconsistent)

A large case-control study showed a dose-response relationship between neural tube birth defects and
paternal cumulative preconceptual occupational radiation exposure at Hanford nuclear facility (Sever
et al. 1988). A European ecologic study involving 16 birth defect registries (Dolk and Nichols 1999)
found no association between CNS birth defects and regional radioactive fallout from the 1986
Chernobyl nuclear power plant explosion. A cohort study of radiologists showed that their offspring
did not have an increased risk of CNS birth defects (Roman et al. 1996). A Dutch case-control study
showed no association between spina bifida and self-reported paternal occupational ionizing radiation
exposure (Blatter et al. 1997). A case-control study nested within an Ontario nuclear power worker
cohort showed no association between CNS birth defects and paternal occupational preconceptual
radiation doses (Green et al. 1997). A cohort study of Swedish women exposed as infants to
radiotherapy for skin hemangiomas showed an increased risk of neural tube birth defects (compared
to expected numbers based on a national birth defect registry) and a dose-response relationship
(Kallen et al. 1998). Stillbirths with neural tube defects were associated with paternal cumulative
preconceptual radiation exposure within a cohort of UK nuclear employees (Parker et al. 1999).

Sufficient
(high exposure)

Literature reviews by Miller (1995b) and Otake and Schull (1998) concluded that atomic bomb
survivors exposed during early gestation had an increased risk of microcephaly; Otake and Schull
(1998) also inferred that microcephaly was part of radiation-induced generalized intrauterine growth
retardation.

(Limited, inconsistent)

A large case-control study showed no dose-response relationship between cardiac birth defects and
paternal cumulative preconceptual occupational radiation exposure at Hanford nuclear facility (Sever
et al. 1988). Case-control studies within the Baltimore-Washington Infant Study showed associations
between specific subtypes of cardiac birth defects and self-reported paternal preconceptual
occupational radiation exposure (Correa-Villasenor et al. 1993, Wilson et al. 1998, Loffredo et al.
2001). One of these studies showed a dose-response relationship between endocardial cushion defect
without Down syndrome and self-reported paternal preconceptual occupational radiation exposure
(Correa-Villasenor et al. 1993) and another showed an association between transposition of the great
arteries and maternal ionizing radiation exposure (Wilson et al. 1998). A case-control study nested
within an Ontario nuclear power worker cohort showed no association between cardiac birth defects
and paternal occupational preconceptual radiation doses (Green et al. 1997).

(Inadequate)

A cohort study showed that offspring of female but not male radiologists had an increased risk of
non-limb musculoskeletal birth defects (Roman et al. 1996). A cohort study of Swedish women
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exposed as infants to radiotherapy for skin hemangiomas showed increased risks of hypospadias,
syndactyly and limb reduction birth defects (compared to expected numbers based on a national birth
defect registry) but no dose-response relationships (Kallen et al. 1998).
Intrauterine growth
retardation

Sufficient
(high exposure)
(Inadequate)
(low exposure)

Low birth weight

(Limited, inconsistent)

Literature reviews by Miller (1995b) and Otake and Schull (1998) concluded that atomic bomb
survivors exposed during early gestation had an increased risk of microcephaly; Otake and Schull
(1998) also concluded that microcephaly was likely part of radiation-induced generalized intrauterine
growth retardation.
A hospital-based case-control study in Shanghai found associations between IUGR and self-reported
maternal occupational radiation exposure before and during pregnancy (Zhang et al. 1992).
A Swedish ecologic study found no association between low birth weight (unadjusted for gestation
length) and regional radioactive fallout levels after the 1986 Chernobyl nuclear power plant
explosion (Ericson and Kallen 1994). The ALSPAC birth cohort study showed a non-significant
inverse association between birth weight adjusted for gestation length and self-reported paternal
gonadal diagnostic x-ray exposure during the year before conception (Shea and Little 1997). A
Canadian cohort study of women with scoliosis and frequently exposed to diagnostic x-rays during
adolescence found that exposed women and a comparison group had similar risks of a low birth
weight infant but, among exposed women, there was an inverse dose-response relationship between
low birth weight and radiation exposure quartile (Goldberg et al. 1998). A Swedish cohort study of
women exposed to therapeutic radiation during infancy for skin hemangiomas found a reduced risk
of low birth weight (unadjusted for gestation length) compared to national rates but there was no
dose-response relationship (Kallen et al. 1998).

Preterm birth

(Inadequate)

A large US population-based case-control study showed a borderline association between preterm
birth and paternal but not maternal self-reported occupational x-ray exposure during the year before
birth; IUGR was not associated with similar exposure of either parent (Savitz et al. 1989). A
hospital-based case-control study in Shanghai found that preterm birth was not associated with selfreported maternal occupational radiation exposure before or during pregnancy (Zhang et al. 1992). A
Swedish ecologic study found no association between preterm birth and regional radioactive fallout
levels after the 1986 Chernobyl nuclear power plant explosion (Ericson and Kallen 1994). A
Swedish cohort study of women exposed to therapeutic radiation during infancy for skin
hemangiomas found a reduced risk of preterm birth compared to national rates but there was no doseresponse relationship (Kallen et al. 1998).

Genetic effects: Down

(Inadequate)

A case-control study showed no association between Down syndrome and paternal cumulative
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syndrome

preconceptual occupational radiation exposure at Hanford nuclear facility; there were only 10
exposed case fathers (Sever et al. 1988). A UK cohort study showed no association between Down
syndrome and maternal or paternal occupation as a radiologist (Roman et al. 1996). A Swedish
cohort study showed no association between Down syndrome and maternal ovarian radiation dose
from radiotherapy of skin hemangiomas during infancy (Kallen et al. 1998).
A Swedish ecologic study (Ericson and Kallen 1994) showed an association between Down
syndrome and regional radioactive fallout levels among offspring conceived after but not before the
1986 Chernobyl nuclear power plant explosion. However, a study based on 16 European birth defect
registries (Dolk and Nichols 1999) showed no association between Down syndrome and regional
radioactive fallout levels after the Chernobyl disaster. A literature review (Bard et al. 1997)
concluded that there was inadequate evidence to assess the impact of radioactive fallout from
Chernobyl on Down syndrome incidence.

Genetic effects: chromosome
abnormalities

Sufficient
(high exposure)
(Limited)
(low exposure)

A literature review by Miller (1995) concluded that somatic cell effects of prenatal and postnatal
atomic bomb radiation exposure included stable chromosomal abnormalities in peripheral
lymphocytes. This was confirmed in a recent cohort study of atomic bomb survivors that found a
linear quadratic dose-response relationship between chromosome abnormalities in peripheral
lymphocytes and radiation dose, independent of age at exposure (Kodama et al. 2001). A small
cohort study of persons exposed to radiotherapy for enlarged thymus or tonsils during childhood and
female former tuberculosis patients repeatedly exposed to x-ray fluoroscopy before age 30 years
showed dose-response relationships between the number of stable chromosome abnormalities in
peripheral lymphocytes and radiation exposure that occurred 30-40 years before blood samples were
collected for chromosome analysis (Kleinerman et al. 1990).
A small cross-sectional study of children in Slovenia showed a higher prevalence of chromosomal
abnormalities and micronuclei in peripheral lymphocytes from those who attended a school with high
indoor air radon levels compared to relatively unexposed children (Bilban and Vaupoti 2001).

Genetic effects: germ cell
mutations

Inadequate

A literature review by Miller (1995) concluded that atomic bomb survivors did not experience germ
cell mutations detectable through clinical examination or cytogenetic or biochemical studies of their
offspring. A review by UNSCEAR (2001) noted that, although no radiation-induced genetic diseases
have been demonstrated in humans, ionizing radiation universally causes mutations and genetic
effects in plants and animals and that humans are likely no exception. The dose-response
relationship between germ cell mutations and ionizing radiation in humans has not been directly
measured; expert panels have extrapolated from experimental animal data and estimated that about
1Gy of low LET ionizing radiation at low dose rates would double the spontaneous mutation rate in
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humans (National Academy of Sciences 1990, UNSCEAR 2001). UNSCEAR (2001) also estimated
that the genetic effects of an incremental exposure of 10 mSv per generation would include about 25
clinically severe and 75 clinically mild autosomal dominant mutations per million live births. A
small cohort study in Israel showed strong associations between mutations in children (detected as
new DNA bands using PCR) and paternal exposure during the cleanup after the 1986 Chernobyl
nuclear power plant explosion (Weinberg et al. 2001).
Genetic effects: DNA strand
breaks

Postnatal growth

Sufficient

(Limited)
(high exposure)
(Inadequate)
(low exposure)

A small Swedish cross-sectional study showed an association between DNA fragmentation
(measured by Comet assay of peripheral blood samples) and residence in homes with high indoor air
radon levels; this study showed no association between DNA fragmentation and drinking water radon
levels (Hellman et al. 1999). Two recent literature reviews concluded that ionizing radiation is a
potent cause of double-strand DNA breaks. Double-strand DNA breaks are the primary cause of
chromosomal abnormalities and are associated with increased cancer risk (Pfeiffer et al. 2000,
UNSCEAR 2000).
Longitudinal follow-up of prenatally exposed atomic bomb survivors and those exposed during
childhood showed inverse associations between growth in stature up to age 19 years and radiation
dose (Otake et al. 1993, 1994, Lee et al. 1999).
A US cohort study showed that women prenatally exposed to diagnostic x-rays were shorter than an
exposed comparison group but their mothers were also shorter than the mothers of women in the
comparison group; this suggested that short stature was a selective factor for prenatal x-ray
pelvimetry and that the lower stature of their daughters may relate to genetic/familial factors rather
than x-ray exposure per se (Meyer and Tonascia 1981).

Neurotoxicity: mental
retardation

Sufficient
(high exposure)

A cohort study showed that children given radiotherapy for ringworm of the scalp before age 15
years had a statistically non-significant higher prevalence of mental retardation than an unexposed
population comparison group (Ron et al. 1982). Analyses based on revised dose estimates for
prenatally exposed atomic bomb survivors showed a dose-related increased risk of severe mental
retardation; among those exposed during gestation weeks 8-15, the most sensitive period, there was a
4.3 % likelihood of severe mental retardation per 0.1 Gy (Otake et al. 1991, Ikenoue et al. 1993). An
expert panel estimated a 4% risk of severe mental retardation after exposure to 0.1 Gy during
gestation weeks 8-15 (National Academy of Sciences 1990). The authors of two literature reviews
reached similar conclusions (Miller 1995b, Otake and Schull 1998).

Neurotoxicity: cognitive
function

(Sufficient)
(high exposure)

A cohort study showed that children given radiotherapy for ringworm of the scalp before age 15
years had lower high school aptitude test scores than an unexposed population comparison group but
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(Inadequate)
(low exposure)

not significantly lower than unexposed siblings (Ron et al. 1982). Analyses based on revised dose
estimates for prenatally exposed atomic bomb survivors showed an inverse dose-response
relationship between IQ at age 10-11 years and exposure during gestation weeks 8-25 with an IQ
deficit of 2-3 points per 0.1 Gy (Otake et al. 1991, Otake and Schull 1998). A review by Roman and
Sperduto (1995) concluded that children treated with radiotherapy for acute lymphatic leukemia
(whole brain doses of 18-24 Gy) had mild IQ deficits usually evident one year or more after exposure
with greater severity among those exposed before age five years; the authors noted uncertainty
related to the independent neurotoxic effects of radiotherapy and chemotherapy (especially
methotrexate).
A retrospective cohort study in Israel showed no association between cognitive or psychomotor
development scores at age 1-5 years and maternal 1st trimester abdominal/pelvic x-ray exposure
(Ornoy et al. 1996).

Neurotoxicity: scholastic
achievement

(Suggestive)
(high exposure)
(Inadequate)
(low exposure)

Neurotoxicity: mental illness

(Inadequate)

Studies of prenatally exposed atomic bomb survivors showed inverse dose-response relationships
between teacher-rated school performance scores at age 10-11 years and radiation dose during
gestation weeks 8-25 (Otake et al. 1991, Ikenoue et al. 1993, Otake and Schull 1998).
A cohort study showed that scholastic achievement to age about 20 years was not associated with
prenatal exposure to diagnostic x-rays (Meyer and Tonascia 1981).
A cohort study showed that among children given radiotherapy for ringworm of the scalp before age
15 years there was a dose-response relationship between mental hospital admissions and radiation
dose among males but not females (Ron et al. 1982).

Leukemia: general
conclusions

Sufficient

An expert panel concluded that there is a linear-quadratic dose-response relationship between
leukemia risk and radiation dose (National Academy of Sciences 1990).

Leukemia: prenatal maternal
diagnostic x-rays

Sufficient

Childhood leukemia and other childhood cancer deaths were first associated with prenatal abdominal
x-rays by Alice Stewart and colleagues (Stewart et al. 1956, 1958). The radiation dose from
pelvimetry at that time frequently exceeded 2.5 cGy. A hospital-based case-cohort study in 9
northeastern states showed similar associations but the author questioned causality because of the
similar associations for leukemia and other childhood cancers (MacMahon 1962). Both studies
showed dose-response relationships between leukemia and number of prenatal x-ray films
(MacMahon discounted a dose-response relationship but analysis of data in his report shows one –
see MacMahon 1962 above). The MacMahon study used information on x-ray exposure from
hospital record rather than self-reporting and should have avoided this potential source of bias. Both
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acute lymphatic and acute myeloid leukemia childhood deaths were associated with prenatal
abdominal x-rays (Bithell and Stewart 1975). Nested case-control studies in Connecticut and
Sweden found non-significant associations between childhood leukemia and prenatal x-ray exposure
(Harvey et al. 1985, Rodvall et al. 1990). A small case-control study showed no association between
childhood leukemia and non-Hodgkin’s lymphoma and prenatal abdominal x-rays but there were
only five exposed case mothers (Gardner et al. 1990). A Swedish case-control study found a doseresponse relationship between childhood leukemia and number of prenatal abdominal x-rays among
children of non-smoking mothers; this study also found an association between leukemia and
maternal smoking, especially among women who had prenatal abdominal x-rays (Stjernfeldt et al.
1992). A large case-control study in the UK showed an association between childhood leukemia
deaths and prenatal obstetric x-rays (Sorahan and Roberts 1993). A case-control study in areas near
UK nuclear facilities found a borderline association between childhood leukemia before age 5 years
and prenatal abdominal x-rays (Roman et al. 1993). A large German case-control study of childhood
leukemia showed no association with self-reported maternal prenatal diagnostic x-ray exposure
(Meinert et al. 1999). A Swedish case-control study found no association between mixed types of
childhood leukemia and medical record documented prenatal abdominal x-rays but did find a
borderline association between ALL and 2nd trimester x-ray exposure (Naumburg et al. 2001). A
large case-control study of ALL in USA and Canada found no overall association with prenatal
diagnostic x-rays; it did find a non-significant association between the subgroup of T-cell ALL and xray pelvimetry (Shu et al. 2002). A large population-based case-control study of ALL in Quebec
showed a dose-response relationship with number of prenatal abdominal/pelvimetry x-rays (InfanteRivard et al. 2003). A review by Linet et al. (2003) concluded that there is sufficient evidence for an
association between childhood ALL and prenatal maternal diagnostic x-rays. A review by Wakeford
and Little (2003) noted that the excess relative risk of childhood leukemia was about 0.5 per prenatal
x-ray examination in both the Stewart and MacMahon studies in the UK and USA.
Leukemia: other parental
diagnostic x-rays

Leukemia: childhood
diagnostic x-rays

(Inadequate)

A case-control study in USA and Canada showed dose-response relationships between both acute
lymphatic and acute myeloid childhood leukemia and paternal but not maternal preconceptual
diagnostic x-rays (Shu et al. 1994). A more recent case-control study of ALL in USA and Canada,
however, found no association with paternal or maternal preconceptual lower abdominal x-rays (Shu
et al. 2002). A large German case-control study of childhood leukemia showed a borderline
association with paternal preconceptual diagnostic abdominal x-ray exposure (Meinert et al. 1999).

(Limited)

A large German case-control study of childhood leukemia showed a non-significant association with
childhood diagnostic x-ray exposure (Meinert et al. 1999). A case-control study in Montreal showed
an association between ALL and childhood diagnostic x-rays; the relationship was stronger among
girls; this study showed statistically non-significant interactions between x-ray exposure and DNA
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repair gene polymorphisms (Infante-Rivard et al. 2000). A large case-control study of ALL in USA
and Canada found a dose-response relationship between the subgroup of pre-B cell ALL and
childhood diagnostic x-rays (Shu et al. 2002).
Leukemia: radioactive fallout
from nuclear tests

Limited

An ecologic study in a region exposed to radioactive fallout from the Nevada nuclear test site showed
an increased risk of leukemia but data for children were not reported (Johnson 1984). An ecologic
study showed increased risks of leukemia death among persons of any age living in regions most
exposed to radioactive fallout from the Nevada nuclear test site; the association was substantially
stronger among children age 0-14 years (Machado et al. 1987). A large population-based casecontrol study in Utah showed a borderline dose-response relationship between acute lymphatic
leukemia deaths and estimated bone marrow radiation dose from radioactive fallout from the Nevada
nuclear test site; the risk was largely limited to those exposed before age 20 years (Stevens et al.
1990). An ecologic study in northern Europe found no association between childhood leukemia and
regional levels of radioactive fallout from Soviet nuclear weapons tests during the 1950s and 1960s
(Darby et al. 1992). A review by Gilbert et al. (2002) concluded that there is limited evidence of an
association between leukemia and exposure to fallout from the Nevada nuclear tests.

Leukemia: radioactive fallout
from the Chernobyl nuclear
power plant explosion

(Limited)

A Swedish ecologic study showed a borderline association between childhood leukemia and regional
radioactive fallout levels after the Chernobyl nuclear power plant explosion (Ericson and Kallen
1994) but a later ecologic study found no relation to average radiation levels in parish of residence
(Tondel et al. 1996). A larger ecologic study in 23 European countries found no association between
childhood leukemia and regional radioactive fallout levels after the Chernobyl disaster (Parkin et al.
1996). An ecologic study found an increased risk of leukemia among children born during the year
of the Chernobyl disaster and resident in regions exposed to radioactive fallout (Noshchenko et al.
2001). Three reviews of ecologic studies of leukemia and radiation from Chernobyl concluded that
there is inadequate evidence to assess leukemia risk related to this disaster (Sali et al. 1996, Bard et
al. 1997, Moysich et al. 2002). A case-control study of childhood leukemia in contaminated regions
showed a dose-response relationship with estimated radiation dose from cesium radionuclide
deposition measurements; the association was strongest for children age 0-4 years at the time of the
disaster (Noshchenko et al. 2002).

Leukemia: atomic bomb
radiation

Sufficient

Miller (1995a, 1995b) reviewed atomic bomb survivor studies and concluded that persons exposed as
children had increased risks of acute lymphatic and chronic myeloid leukemia. Miller also noted that
childhood leukemia was associated with prenatal exposure to diagnostic x-rays but not atomic bomb
radiation. The excess relative risk of adult leukemia among atomic bomb survivors was similar for
those exposed at age 10 or 30 years (Pierce et al. 1996). A review by Preston (1998), however,
concluded that the excess relative risk per unit exposure was greater among persons exposed before

10

age 10 years. Preston also concluded that there was clear evidence of a dose-response relationship
between leukemia and atomic bomb radiation dose; data supported a linear-quadratic model and no
evidence of a protective effect at low dose levels; excess leukemia cases occurred within 2 years of
exposure and peaked at 5-10 years post-exposure and remained above background levels during
follow-up to date. A pooled analysis of three highly exposed cohorts (atomic bomb survivors and
ankylosing spondylitis and cervical cancer patients) showed dose-response relationships between
total leukemia and each of the three main subtypes (ALL, AML, CML) and radiation exposure (Little
et al. 1999). An UNSCEAR expert panel concluded that atomic bomb survivors had increased risks
of most types of leukemia but not lymphomas or multiple myeloma (United Nations Scientific
Committee on the Effects of Atomic Radiation 2000).
Leukemia: nuclear facility
proximity

Inadequate

An ecologic study in the UK found a borderline association between incident childhood leukemia and
residence within 10 km of a nuclear facility; among children age below 5 years, the association was
stronger (Roman et al. 1987). A much larger ecologic study in the USA showed no association
between incident or fatal childhood leukemia and proximity to nuclear facilities (Jablon et al. 1991).
An ecologic study in Ontario found weak associations of borderline statistical significance between
incident and fatal childhood leukemia and residential proximity to nuclear facilities (McLaughlin et
al. 1993a). A subsequent case-control study in Ontario found no association between childhood
leukemia and paternal employment in the nuclear industry, paternal preconceptual whole body
occupational radiation dose or residential proximity to a nuclear facility; this study did find a nonsignificant association with paternal occupational radon exposure (McLaughlin et al. 1993b). A
review by Laurier and Bard (1999) concluded that the limited available epidemiologic studies do not
support an association between leukemia and residential proximity to or paternal occupation in
nuclear facilities. An UNSCEAR expert panel concluded that there was inadequate evidence for an
association between childhood leukemia and residential proximity to nuclear facilities (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000). A French ecologic study
found a non-significant increased risk of leukemia among persons age 0-24 years residing within 10
km of a nuclear waste reprocessing plant (Guizard et al. 2001). An ecologic study of incident
childhood cancer in Pennsylvania and childhood cancer deaths in the USA observed slightly elevated
leukemia incidence rates in counties close to nuclear facilities in Pennsylvania but normal childhood
leukemia death rates in US counties within 48 km of nuclear facilities (Mangano et al. 2003).

Leukemia: paternal
preconceptual occupational
radiation exposure

Inadequate

A small case-control study showed an association between childhood leukemia and paternal
preconceptual occupational radiation exposure (Gardner et al. 1990). A somewhat larger casecontrol study that included the region studied by Gardner et al. (1990) showed an association with
self-reported paternal preconceptual occupational radiation exposure (McKinney et al. 1991). A
much larger case-control study in the UK showed no association between childhood leukemia deaths
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and paternal preconceptual occupational external radiation dose; this study did, however, find an
association with paternal preconceptual occupational exposure to radionuclides (Sorahan and Roberts
1993). A case-control study in areas near UK nuclear facilities found a borderline association
between childhood leukemia before age 5 years and paternal preconceptual employment at a nuclear
facility (Roman et al. 1993). A review by Little et al. (1995) concluded that the weight of
epidemiologic and animal evidence indicates that childhood leukemia is not associated with paternal
preconceptual radiation exposure. A cohort study of children of UK radiologists showed a nonsignificant association between childhood leukemia or non-Hodgkin’s lymphoma and paternal
occupation as a radiologist (based on only 7 cases) (Roman et al. 1996). A large population-based
case-control study of childhood cancer in the UK showed that childhood leukemia or non-Hodgkin’s
lymphoma was associated with paternal occupation as a radiation worker; risk was also related to
paternal radiation dose treated as a continuous variable (Draper et al. 1997). A review by Doll (1998)
concluded that there is inadequate evidence for an association between childhood leukemia and
paternal preconceptual radiation exposure. A large German case-control study of childhood leukemia
showed an association with self-reported paternal occupational radiation exposure during the year
before conception (Meinert et al. 1999). A cohort study of leukemia among children of UK nuclear
industry employees found no excess risk before age 15 years but did find an association between
leukemia at ages 0-24 years and paternal cumulative radiation dose (Roman et al. 1999). A review
by Laurier and Bard (1999) concluded that the limited available epidemiologic studies do not support
an association between leukemia and residential proximity to or paternal occupation in nuclear
facilities. An UNSCEAR expert panel concluded that there was inadequate evidence for an
association between childhood leukemia and paternal occupational radiation exposure (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000). A case-control study of
incident childhood cancer in the UK found no association between leukemia or NHL and paternal
cumulative preconceptual radiation exposure based on a national registry of radiation workers; only 5
case fathers had cumulative exposures of 50 mSv or more (Sorahan et al. 2003).
Leukemia: maternal
preconceptual occupational
radiation exposure

(Inadequate)

A UK case-control study of childhood leukemia showed no association with self-reported maternal
preconceptual occupational radiation exposure (McKinney et al. 1991). A cohort study of children of
UK radiologists showed no association between childhood leukemia or non-Hodgkin’s lymphoma
and maternal occupation as a radiologist but there were only 7 cases (Roman et al. 1996). A large
population-based case-control study of childhood cancer in the UK showed that childhood leukemia
or non-Hodgkin’s lymphoma was not associated with maternal occupation as a radiation worker
(Draper et al. 1997). A large German case-control study of childhood leukemia showed a borderline
association with maternal prenatal occupational radiation exposure (Meinert et al. 1999).

Leukemia: radiotherapy

(Sufficient)

A cohort study in Israel showed increased risk of leukemia death among persons exposed as children
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to radiotherapy for ringworm of the scalp (Ron et al. 1988). A pooled analysis of three highly
exposed cohorts (atomic bomb survivors and ankylosing spondylitis and cervical cancer patients)
showed dose-response relationships between total leukemia and each of the three main subtypes
(ALL, AML, CML) and radiation exposure (Little et al. 1999). A New York cohort study of persons
given radiotherapy for tinea capitis (ringworm of the scalp) during childhood showed an increased
risk of leukemia; the estimated average skull bone marrow radiation dose was about 4 Gy (Shore et
al. 2003).
Leukemia: radon in air or
water

Inadequate

An ecologic study showed associations between myeloid leukemia (all ages) and childhood leukemia
incidence rates and average indoor radon levels in several countries/provinces (Henshaw et al. 1990).
An ecologic study in North Carolina showed an association between childhood leukemia deaths and
community groundwater radon levels (Collman et al. 1991). UK ecologic studies of childhood
leukemia found no consistent associations with indoor radon levels (Foreman et al. 1994, Richardson
et al. 1995, Thorne et al. 1996). A Swedish ecologic study showed an association between ALL but
not other childhood cancers and average outdoor radon levels in the region of birth (Kohli et al.
2000).
Case-control studies of childhood ALL in USA and Canada and mixed types of childhood leukemia
in Germany found no association with indoor radon levels (Lubin et al. 1998, Kaletsch et al. 1999).
A case-control study of childhood acute myeloid leukemia in USA and Canada found a doseresponse relationship with indoor radon levels among the subset age 2-17 years with complete
lifetime residential radon levels; this study found an inverse dose-response relationship among cases
age less than 2 years (Steinbuch et al. 1999). An expert panel concluded that there was inadequate
evidence to estimate the risks to infants, children or pregnant women from radon in drinking water
(National Academy of Sciences 1999b). An UNSCEAR expert panel concluded that there was
inadequate evidence for an association between childhood leukemia and residential radon exposure
(United Nations Scientific Committee on the Effects of Atomic Radiation 2000). A large UK casecontrol study found no association between ALL and indoor radon levels (United Kingdom
Childhood Cancer Study 2002a).

Leukemia: rHVLGHQWLDO radiation levels from building
materials

(Inadequate)

$8.HFRORJLFVWXG\RIFKLOGKRRGOHXNHPLDIRXQGQRDVVRFLDWLRQZLWKLQGRRU -radiation levels
(Richardson et al. 1995). A small case-control study in France showed a weak association between
leukemia before age 25 years and duration of residence in a granite house or in a granitic area (a
SUR[\IRULQGRRU -radiation from granite) (Pobel and Viel 1997). A population-based case-control
study of ALL in Sweden found a borderline association with ever living in an alum shale concrete
house (the alum shale contained uranium) and an irregular dose-response relationship with
FXPXODWLYHLQGRRU -radiation exposure (Axelson et al. 2002). A large UK case-control study found
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no association between ALL and indoor -radiation levels (United Kingdom Childhood Cancer Study
2002b).
Childhood lymphomas:
parental occupational
exposure

(Inadequate)

A German case-control study of childhood NHL showed an association with self-reported maternal
occupational radiation exposure during pregnancy but not with paternal preconceptual occupational
radiation exposure (Meinert et al. 1999).

Childhood lymphomas: radon

(Inadequate)

An ecologic study in North Carolina showed an association between childhood lymphoma deaths and
community groundwater radon levels (Collman et al. 1991). A UK ecologic study of childhood
lymphomas found no association with indoor radon levels (Thorne et al. 1996).

Childhood lymphomas:
prenatal diagnostic x-rays

(Inadequate)

Childhood lymphoma deaths were associated with prenatal abdominal x-rays in a large populationbased case-control study (Bithell and Stewart 1975). A German case-control study of childhood
NHL showed no association with self-reported maternal prenatal diagnostic x-ray exposure (Meinert
et al. 1999).

Childhood lymphomas:
childhood diagnostic x-rays

(Inadequate)

A German case-control study of childhood NHL showed a non-significant association with childhood
diagnostic x-ray exposure (Meinert et al. 1999). A small cohort study of children exposed to
fluoroscopy during cardiac catheterization before age 19 years found an increased risk of lymphomas
in males (only 4 cases and none in females) (Modan et al. 2000).

Thyroid cancer: general
considerations
Thyroid cancer: radioactive
fallout from nuclear tests

A review by Linet et al. (2003) concluded that there is sufficient evidence for an association between
thyroid cancer and childhood exposure to radiation from environmental and medical sources.
Limited

A cohort study using parent-reported information on cancer outcomes showed an increased risk of
thyroid cancer among persons living in regions exposed to fallout from the Nevada nuclear test site;
no data on risks by age at exposure were reported (Johnson 1984). An ecologic study of thyroid
cancer incidence by birth cohort in the UK showed increasing rates among female cohorts born after
1920 with a sudden rise in the 1952-1955 birth cohort, possibly related to radioactive fallout from the
nuclear tests in the late 1950s and early 1960s; among male birth cohorts, thyroid cancer incidence
rates increased irregularly over time (dos Santos Silva and Swerdlow 1993). There was, however, no
association between thyroid cancer incidence among persons below age 45 years and high-rainfall
regions (a proxy for radioactive fallout levels). A cohort study of children age 9-19 years in 19651967 and living in regions contaminated by radioactive fallout from the Nevada nuclear test site
showed a dose-response relationship between thyroid adenomas or cancers and estimated thyroid
radiation dose from fallout (Kerber et al. 1993). A cross-sectional study of Marshall Islanders
showed a non-significant inverse association between thyroid nodules and distance from the nuclear
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weapon test site (Takahashi et al. 1997). An ecologic study at the county level in the USA showed
borderline associations between thyroid cancer incidence and mortality rates among persons exposed
during infancy and estimated average thyroid doses from Nevada nuclear test radioactive fallout
(Gilbert et al. 1998). This study showed associations between thyroid cancer mortality but not
incidence rates and average county radiation doses for persons born during 1950-1959, the period
when most of the atmospheric nuclear tests were conducted. An ecologic study in Sweden and
Norway showed that thyroid cancer incidence rates among children age 7-14 years were higher for
those born during 1947-1962 compared to those born in 1963-1970; peak thyroid radiation doses
from nuclear test fallout occurred during 1957-1958 (Lund and Galanti 1999). An ecologic study
among indigenous persons in French Polynesia showed that they had 3-fold higher thyroid cancer
incidence rates compared to New Zealand Maoris or Hawaiians (de Vathaire et al. 2000). There was
a borderline inverse association between thyroid cancer among females but not males born during
1950-1975 and distance of birthplace from the Polynesian nuclear test site where France conducted
41 atmospheric nuclear weapon tests during 1966-1974. An UNSCEAR expert panel (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000) concluded that there is
limited and inconsistent evidence of an association between thyroid cancer and childhood exposure to
radioiodides from atmospheric nuclear tests or releases from nuclear reactors. A review by Gilbert et
al. (2002) concluded that there was limited evidence for an association between thyroid disease and
relatively low-level exposure to fallout from the Nevada nuclear test site.
Thyroid cancer: radioactive
fallout from the Chernobyl
nuclear power plant explosion

Sufficient
(children in most
contaminated regions
in the former USSR)
(Inadequate)
(children in European
countries)

A cross-sectional study of persons showed a similar prevalence of ultrasound-detectable thyroid
nodules in villages exposed to radioactive fallout from the 1986 Chernobyl nuclear power plant
explosion compared to unexposed villages (Mettler et al. 1992). Ecologic studies of thyroid cancer in
Belarus showed sharp increases among children after the Chernobyl disaster (Pacini et al. 1997,
Lomat et al. 1997). A review by Bard et al. (1997) concluded that childhood thyroid cancer
increased among children and adolescents in regions most contaminated by the Chernobyl disaster.
A case-control study of childhood thyroid cancer in Belarus showed a dose-response relationship
with estimated thyroid radiation dose from Chernobyl radioactive fallout (Astakhova et al. 1998).
Two ecologic studies of childhood thyroid cancer incidence rates in Belarus reported sharp increases
beginning about 3-4 years after the Chernobyl accident (Heidenreich et al. 1999, Jacob et al. 2000).
An UNSCEAR expert panel noted that there was a 10-fold increase in thyroid cancer incidence rates
during 1991-1994, compared to the preceding 5 years, among children age 0-16 years in 1986 and
living in the most contaminated regions of the former USSR (United Nations Scientific Committee
on the Effects of Atomic Radiation 2000). This panel also noted the results of Astakhova et al.
(1998) described above. A large cross-sectional thyroid gland screening study of children living
within 150 km of the Chernobyl explosion site found that thyroid cancer prevalence was much higher
among children born during 1983 to mid-1986 compared to those from mid-1986 to 1989; although it
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is not clear from this report that prevalence rates were adequately adjusted for age at examination,
these results are consistent with the higher risk of radiation-induced thyroid cancer among children
age less than five years (Shibata et al. 2001). A review by Moysich et al. (2002) concluded that
childhood thyroid cancer incidence increased from 1990 to 1998 in the most contaminated regions of
the former USSR with most of the increase among children age less than five years when exposed.
This review also noted the higher prevalence of benign thyroid nodules among children in
contaminated regions and the association with thyroid dose in the case-control study by Astakhova et
al. (1998).
A review by Sali et al. (1996) concluded that thyroid cancer incidence rates in 4 European countries
showed no increases attributable to fallout from the Chernobyl disaster. A UK ecologic study found
that thyroid cancer incidence rates increased among children and young adults after the Chernobyl
explosion, especially in the most exposed region in northwestern England (Cotterill et al. 2001).
Thyroid cancer: radiotherapy

Sufficient

A population-based case-control study in Connecticut showed an association between thyroid cancer
and self-reported exposure to radiotherapy for benign head and neck conditions during childhood;
there was an inverse dose-response relationship between thyroid cancer and age at radiation exposure
(Ron et al. 1987). A cohort study of persons given radiotherapy during childhood for tinea capitis
(ringworm of scalp) showed dose-response relationships between benign and malignant thyroid
tumours and radiation dose; relative risks of benign and malignant tumours were higher for persons
treated before age 5 years compared to those treated at age 5-9 years (Ron et al. 1989). Three cohort
studies in USA of persons given radiotherapy during infancy or childhood for lymphoid hyperplasia
(enlarged thymus or tonsils/adenoids) showed dose-related increased risks of benign or malignant
thyroid tumours (Pottern et al. 1990, Shore et al. 1993a, 1993b, Schneider et al. 1993). The excess
relative risk of thyroid tumours per cGy was inversely related to age at exposure (Pottern et al. 1990,
Schneider et al. 1993). Among persons exposed as infants, there were particularly strong doseresponse relationships between thyroid adenomas or cancer and radiation doses extending to the
range below 0.5 Gy (Shore et al. 1993a, 1993b). A pooled analysis of 5 cohort and 2 case-control
studies showed linear dose-response relationships between thyroid cancer and radiation dose among
persons exposed before age 15 years, including the dose range from about 0.075 to 0.25 Gy (Ron et
al. 1995). The latter study showed that the excess relative risk of thyroid cancer per Gy among
females exposed before age 15 years was about double that for similarly exposed males and was
greatest for persons exposed before age 5 years. A descriptive study of thyroid cancer incidence rates
in Connecticut during 1935-1992 showed that annual rates per 100,000 persons increased from 1.3 to
5.8 among females and from 0.3 to 2.8 among males; the increases occurred mainly among birth
cohorts from 1915 to 1945, the period when radiotherapy for benign conditions of the head and neck
regions was greatest (Zheng et al. 1996). A recent report of the cohort studied by Shore et al. (2003)
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showed an increased risk of thyroid adenomas among person exposed as children to radiotherapy for
tinea capitis; the risk was markedly higher for females compared to males. A review by Linet et al.
(2003) concluded that there is sufficient evidence for an association between thyroid cancer and
childhood exposure to radiation from environmental and medical sources.
Thyroid cancer: diagnostic xrays

(Inadequate)

A population-based case-control study in Connecticut showed an irregular dose-response relationship
between thyroid cancer and self-reported exposure to diagnostic chest x-rays and an inverse
association with number of dental x-rays (Ron et al. 1987). A Swedish population-based case-control
study of thyroid cancer found no associations with medical record documented diagnostic x-ray
exposure indices including cumulative thyroid dose and number of x-rays before age 20 years (Inskip
et al. 1994).

Thyroid cancer: atomic bomb
radiation

Sufficient

A cohort study of atomic bomb survivors showed a dose-response relationship between incident
thyroid cancer and radiation dose; the excess relative risk per Sv was substantially higher for persons
exposed before age 10 years (Thompson et al. 1994). A review of studies of atomic bomb survivors
by Ron et al. (1998) concluded that persons exposed before age 10 years had a much higher risk of
thyroid cancer.

Limited

Case-control studies in the UK and USA showed associations between childhood brain cancer deaths
and prenatal abdominal/pelvic x-rays (Bithell and Stewart 1958, 1975, MacMahon 1962). An
UNSCEAR expert panel noted that an association between brain cancer and prenatal diagnostic x-ray
exposure is based mainly on the Oxford Survey of Childhood Cancers (United Nations Scientific
Committee on the Effects of Atomic Radiation 2000). A German population-based case-control
study of CNS tumours showed no association with prenatal maternal x-rays (Schuz et al. 2001).

Childhood CNS tumours:
childhood diagnostic x-rays

Inadequate

An UNSCEAR expert panel concluded that there is inadequate evidence for an association between
brain cancer and childhood dental x-rays (United Nations Scientific Committee on the Effects of
Atomic Radiation 2000). A German population-based case-control study of CNS tumours showed no
association with childhood diagnostic x-rays (Schuz et al. 2001).

Childhood CNS tumours:
radiotherapy

Sufficient

A cohort study of persons exposed as children to radiotherapy for tinea capitis (ringworm of scalp)
showed an increased risk of CNS cancer deaths, compared to unexposed siblings and a population
comparison group, and a strong dose-response relationship with estimated brain radiation dose (Ron
et al. 1988a, 1988b). A pooled analysis of two Swedish cohorts given radiotherapy during infancy
for skin hemangiomas showed a dose-response relationship between brain cancer and radiation dose;
the excess relative risk of brain cancer per Gy decreased substantially over the age at exposure
categories <5, 5-7 and 8+ months (Karlsson et al. 1998). An UNSCEAR expert panel concluded that

Childhood CNS tumours:
prenatal diagnostic x-rays

17

radiotherapy of the head or neck region during childhood is a proven cause of brain cancer (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000). A recent report showed
increased risks of malignant brain tumours and meningiomas or acoustic neuromas among a cohort of
persons given radiotherapy during childhood for tinea capitis (Shore et al. 2003).
Childhood CNS tumours:
radon

Childhood CNS tumours:
residential -radiation levels

(Limited)

(Inadequate)

Childhood CNS tumours:
atomic bomb radiation

(Limited)

Childhood CNS tumours:
radioactive nuclear fallout

(Inadequate)

Childhood CNS tumours:
parental occupational
radiation exposure

Limited

An ecologic study showed an association between childhood CNS cancer incidence rates and average
indoor radon levels in several countries/provinces (Henshaw et al. 1990). An ecologic study in North
Carolina communities showed borderline associations between childhood brain cancer deaths and
groundwater radon levels (Collman et al. 1991). A UK ecologic study at the postal code sector level
showed no association between childhood brain cancer incidence rates and average indoor radon
levels (Thorne et al. 1996). A small population-based case-control study showed an association
between incident childhood brain cancer and indoor radon levels (Kaletsch et al. 1999). A large UK
case-control study of childhood CNS tumours showed no association with indoor radon levels
(United Kingdom Childhood Cancer Study 2002a).
A large UK case-control study of childhood CNS tumours showed a weak statistically nonVLJQLILFDQWDVVRFLDWLRQZLWKLQGRRU -radiation levels (United Kingdom Childhood Cancer Study
2002a).
A cohort study of atomic bomb survivors showed no dose-response relationship between incident
brain or other CNS cancers and radiation dose or age at exposure (Thompson et al. 1994). A more
recent cohort study of atomic bomb survivors showed associations between total and specific types of
CNS tumours and radiation dose; excess relative risks per Sv were highest for persons exposed
before age 20 years (Preston et al. 2002b).
A Swedish ecologic study at the parish level showed no relation between local childhood brain
cancer incidence rate trends and local radioactive fallout levels based on aerial mapping of 137Cs
ground deposition levels (Tondel et al. 1996).
A case-control study of childhood CNS tumours in New York State found an association with
paternal but not maternal employment in industries with potential for ionizing radiation exposure;
this study found no association with paternal or maternal job titles with potential for ionizing
radiation exposure (Nasca et al. 1988). A review by Linet et al. (2003) concluded that there is limited
epidemiologic evidence of an association between childhood brain tumours and paternal occupational
radiation exposure. A UK case-control study found no association between childhood CNS tumours
and paternal periconceptual occupational ionizing radiation exposure but there were only 3 exposed
case fathers (McKinney et al. 2003).
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Bone tumours: radiotherapy

Sufficient

A case-control study nested within a cohort of childhood cancer survivors showed a strong doseresponse relationship between bone cancer and radiation dose at the bone tumour site (Tucker et al.
1987). A cohort study showed an increased risk of bone cancer among persons given radiotherapy
during childhood for tinea capitis (ringworm of scalp) (Ron et al. 1988a). An UNSCEAR expert
panel concluded that high-dose external LET radiation causes bone cancer with risks being greater
for persons exposed as children (United Nations Scientific Committee on the Effects of Atomic
Radiation 2000).

Bone tumours: radon

Inadequate

Ecologic studies in North Carolina and UK showed no association between childhood bone tumours
and groundwater or indoor radon levels (Collman et al. 1991, Thorne et al. 1996). An expert panel
concluded that there is inadequate evidence to assess the risks to infants, children or pregnant women
from radon in drinking water (National Academy of Sciences 1999b).

Bone tumours: radium

(Inadequate)

A population-based case-control study of childhood bone tumours in Ontario showed a borderline
association between osteosarcomas but not Ewing’ s sarcoma and drinking water radium levels; there
was, however, no dose-response relationship between osteosarcomas and drinking water radium
levels (Finkelstein and Kreiger 1996). A similar study in Wisconsin found no association between
childhood osteosarcomas and drinking water radium levels (Guse et al. 2002).

Other tumours of children or
young adults: Wilm’ s tumour

(Inadequate)

The Oxford Survey of Childhood Cancer showed an association between Wilm’ s tumour and prenatal
abdominal x-rays (Bithell and Stewart 1975).

Other tumours of children or
young adults: neuroblastomas

(Inadequate)

The Oxford Survey of Childhood Cancer showed an association between neuroblastomas and
prenatal abdominal x-rays (Bithell and Stewart 1975). An UK ecologic study at the postal code
sector level showed an increased incidence of neuroblastomas in high radon regions (Thorne et al.
1996).

Other tumours of children or
young adults: testicular cancer

(Inadequate)

A case-control study among men age 18-42 years showed no association between testicular cancer
and postnatal x-rays below the waist (Brown et al. 1987).

Other tumours of children or
young adults: parotid gland
tumours

(Limited)

A population-based case-control study of parotid gland cancer in Los Angeles showed a doseresponse relationship with cumulative parotid gland dose from dental and medical x-rays (PrestonMartin et al. 1988). This study also showed an association between benign but not malignant parotid
gland tumours and exposure before age 20 years to dental x-rays or medical x-rays of the head.
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Other tumours of children or
young adults: soft tissue
sarcomas

Limited

A literature review by Linet et al. (2003) concluded that there is limited evidence for an association
between childhood soft tissue sarcomas and prenatal maternal diagnostic x-rays.

Other tumours of children or
young adults: germ cell
tumours

Limited

A literature review by Linet et al. (2003) concluded that there is limited evidence for an association
between childhood germ cell tumours and prenatal maternal diagnostic x-rays or paternal
occupational exposure to x-rays.

Breast cancer: atomic bomb
radiation

Sufficient

A cohort study of atomic bomb survivors found a dose-response relationship between incident breast
cancer and radiation dose; the excess relative risk per Sv was inversely related to age at exposure,
being highest for those exposed at age 0-9 years (Thompson et al. 1994). Case-control studies of
breast cancer nested within the cohort of atomic bomb survivors showed multiplicative interactions
between radiation dose and age at first term pregnancy, number of births and lactation duration; the
findings indicated that breast cancer risk from radiation may be increased by delayed first pregnancy,
reduced number of births and reduced lactation duration (Land et al. 1994a, 1994b). A pooled
analysis of 8 cohort studies (atomic bomb survivors, fluoroscopy cohorts, postpartum mastitis, infant
enlarged thymus, benign breast disease and skin hemangiomas) showed a dose-response relationship
and an inverse relation between excess relative risk per unit radiation dose and age at exposure
(Preston et al. 2002a). A cohort study of atomic bomb survivors showed a minimum latent period of
12 years and inverse relationships between excess relative risk per Sv and both age at exposure and
attained age during follow-up (Land et al. 2003).

Breast cancer: diagnostic xrays

Sufficient

Three cohort studies of women repeatedly exposed to x-ray fluoroscopy while treated for tuberculosis
showed strong dose-response relationships between breast cancer and cumulative radiation dose; the
excess relative risk per Gy was greatest for women exposed before age 15-20 years (Hrubec et al.
1989, Howe and McLaughlin 1996, Little and Boice 1999). Two cohort studies of women with
scoliosis diagnosed before age 20 years and incurring high cumulative radiation doses from
frequently repeated spinal x-rays showed dose-response relationships between breast cancer and
cumulative radiation dose (Hoffman et al. 1989, Doody et al. 2000). A pooled analysis of 8 cohort
studies (atomic bomb survivors, fluoroscopy cohorts, postpartum mastitis, infant enlarged thymus,
benign breast disease and skin hemangiomas) showed a dose-response relationship and an inverse
relation between excess relative risk per unit radiation dose and age at exposure (Preston et al.
2002a).

Breast cancer: radiotherapy

Sufficient

A cohort study of women given radiotherapy during infancy for enlarged thymus showed a doseresponse relationship between breast cancer and radiation dose (Hildreth et al. 1989). An UNSCEAR
expert panel concluded that there is a strong dose-response relationship between breast cancer and
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radiotherapy for childhood Hodgkin’ s disease and that the excess relative risk of breast cancer per
unit radiation exposure is higher for children than adults (United Nations Scientific Committee on the
Effects of Atomic Radiation 2000). A pooled analysis of 8 cohort studies (atomic bomb survivors,
fluoroscopy cohorts, postpartum mastitis, infant enlarged thymus, benign breast disease and skin
hemangiomas) showed a dose-response relationship and an inverse relation between excess relative
risk per unit radiation dose and age at exposure (Preston et al. 2002a).
a

Levels in parentheses are the author’ s interpretation of available evidence; other levels are based on expert group reviews
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2. Fetal death
Reference,
location
(Savitz et al.
1989), USA

(Otake et al.
1990), Japan

1

Design

Exposure

Results

Association

1

Case-control study nested
within surveys of national
probability samples of live
births (with 4-fold
oversampling of low birth
weight infants) and stillbirths
(gestational age  28 wk or
weight J LQ
numbers of live births and
stillbirths for analysis of
maternal occupation were
respectively 3,668 and 2,096
and for paternal occupation
were 5,669 and 3,170

Self-reported information on
parental occupational exposures
during 12 mos before delivery;
note – more fathers than mothers
were employed during the 12 mos
before delivery

No association between
stillbirths and maternal or
paternal occupational xray exposure (respective
odds ratios)

0.9 (0.7-1.2)

Cohort study, outcomes
among 55,303 pregnancies of
atomic bomb survivors during
1948-1953; 770 major birth
defects, 894 stillbirths, 1230
neonatal deaths (before
postnatal day 15); infants
examined by a physician

DS86 radiation dose estimates

Stillbirths not associated
with joint parental
radiation exposure
(change in frequency of
stillbirths per Sv of joint
parental gonadal dose
equivalent)

0.00151
(SE 0.00199)

Neonatal deaths not
associated with joint
parental radiation
exposure (change in

0.00237
(SE 0.00233)

1.0 (0.8-1.2)

2

DR

Covariates
Race, previous
miscarriage;
restricted to
women who
received prenatal
care, age < 40 yr,
no to medium
alcohol
consumption, no
previous stillbirths

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
2
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

Results

Association

1

2

DR

Covariates

frequency of neonatal
deaths per Sv of joint
parental gonadal dose
equivalent)
(National
Academy of
Sciences
1990), USA

Expert panel review of
literature on health effects of
low-level ionizing radiation
exposure

(Zhang et al.
1992),
Shanghai,
China

Hospital-based case-control
study, 1,875 perinatal deaths
and live births with birth
defects (newborns and
perinatal deaths), 1875
matched controls

Mother-reported information on
occupational radiation and other
exposures before or during
pregnancy

Non-significant
associations between
stillbirths and
preconceptual and
gestational maternal
occupational radiation
exposure

preconceptual
1.7 (0.4-7.4)

(Ericson and
Kallen 1994),
Sweden

Ecologic study, pregnancy
outcome after the Chernobyl
nuclear power plant
explosion; used national
health registries to assess
risks in regions with highest
radioactive fallout

Swedish municipalities assigned to
4 radioactive fallout categories: <5,
5-29, 30-80 and >80 kBq/m2

Non-significant increased
risk of spontaneous
abortion among women in
1st trimester at exposure
and in highest exposed
region (relative risk for
<5, 5-29, 30-80 and >80
kBq/m2)

1.05 (1.0-1.1)
1.0 (0.9-1.1)
1.0 (0.7-1.5)
1. 2 (0.8-1.8)

(Steele and
Wilkins
1996),

Cohort study, 2997 women
who graduated from US
veterinary colleges during
1970-1980;

Self-reported occupational history
including use of x-ray equipment

Among small-animal
practitioners, spontaneous
abortions were weakly
associated with
occupational radiation
exposure

1.3 (0.8-2.0)

Experimental animals –
prenatal exposure can
cause fetal death

gestational
2.4 (0.6-9.5)

Matched for
hospital, date of
birth

Maternal age,
gravidity, previous
spontaneous
abortion, smoking,
alcohol
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Reference,
location

Design

Exposure

Results

Association

1

(Bard et al.
1997),
Chernobyl,
Ukraine

Review of literature on health
effects of 1986 Chernobyl
nuclear power plant explosion

Inadequate evidence to
assess risk of fetal death
after the explosion

(Goldberg et
al. 1998)

Cohort study, xx women with
scoliosis exposed to x-rays
during adolescence and xx
women among unexposed
comparison group; assessed
infertility, fetal deaths, low
birth weight and birth defects
during follow-up

Spontaneous abortion risk
higher among exposed
women (relative risk); no
dose-response relationship

1.4 (1.1-1.7)

Stillbirth risk lower
among exposed women
(relative risk)

0.4 (0.2-1.0)

Stillbirths not associated
with proximity of
residence to Sellafield
plant (relative risks for 5,
6-10, 11-15, 16-20 and
21-25 vs >25 km)

0.8, 0.9, 1.1,
1.1, 1.0

Stillbirths not associated
with proximity of
residence to Sellafield
(relative risk per km,
inverse of distance
modeled as continuous
variable)

0.7 (0.3-1.5)

(Dummer et
al. 1998), UK

Cohort study, 4,034 stillbirths
and 256,066 live births in
county with Sellafield nuclear
reprocessing plant, 19501989; expected number of
stillbirths near plant based on
rate for rest of county

Residence proximity to Sellafield
nuclear reprocessing plant

Stillbirths not associated

2

DR

Covariates

YOB, social class,
birth order
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Reference,
location

Design

Exposure

Results

Association

1

2

DR

Covariates

with direction of residence
from Sellafield
(Kallen et al.
1998),
Sweden

Cohort study, 19,494 infants
born to 17,393 women treated
with radiation for skin
hemangiomas at age 18
mos; exposed cohort records
linked to birth, congenital
malformation and cancer
registries to identify
pregnancy outcomes and
childhood cancer incidence

(Parker et al.
1999), UK

Cohort and nested casecontrol studies in county of
the Sellafield nuclear
reprocessing plant during
1950-1989; exposed cohort –
130 stillbirths, 9,078 live
births among fathers exposed
at Sellafield plant; unexposed
cohort – 21 stillbirths, 1,089
live births among nonexposed Sellafield employees

Stillbirths associated with
paternal external
preconceptual radiation
exposure (odds ratio per
100 mSv)

1.3 (1.0-1.5)

YOB, social class,
birth
order,
paternal age

Stillbirths not associated
with paternal internal
preconceptual gonadal
doses from radionuclides
(odds ratio per 100 mSv)

1.1 (0.8-1.6)

As above

Risk assessment of radon in
drinking water

Concluded that there was
inadequate evidence to
estimate the risks to

(National
Academy of
Sciences

Regions of hemangiomas included
head and neck (41%), thorax
(27%), lower trunk (13%) and
extremities (19%); median ovarian
dose 3.0 cGy (range up to 8.6 Gy)

Stillbirths associated with
maternal early-life ovarian
radiation exposure
(relative risk, expected
number based on
outcomes of women with
ovarian doses <1 cGy) but
no dose-response
relationship

1.2 (1.0-1.5)
p-trend = 0.28

YOB,
maternal
age, parity
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Reference,
location

Design

Exposure

1999b), USA

(Doyle et al.
2000), UK

Results

Association

1

2

DR

Covariates

infants, children or
pregnant women from
radon in drinking water
Cohort study, employees of
UK nuclear facilities (11,697
men, 1,903 women); male
and female employees
reported, respectively, 23,676
and 3,585 pregnancies
(conceived after employment)
and 2,723 and 526 fetal
deaths

Annual radiation dose

Spontaneous abortions not
associated with paternal
employment in potentially
exposed jobs (risk relative
to persons in unexposed
jobs); no relationship
between spontaneous
abortion and increasing
cumulative radiation
exposure

1.0 (0.9-1.1)
p-trend = 0.13

Parent age, birth
order, previous
fetal loss, YOB,
manual/nonmanual job

Borderline association
between spontaneous
abortions and maternal
employment in potentially
exposed jobs (risk relative
to persons in unexposed
jobs); no relationship
between spontaneous
abortion and increasing
cumulative radiation
exposure

1.3 (1.0-1.6)
p-trend = 0.25

As above

3rd trimester stillbirths not
associated with paternal
employment in potentially
exposed jobs (risk relative
to persons in unexposed
jobs); borderline doseresponse relationship

1.1 (0.8-1.4)
p-trend = 0.09

As above
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Reference,
location

Design

Exposure

Results

Association

1

2

DR

Covariates

between spontaneous
abortion and increasing
cumulative radiation
exposure

(Auvinen et
al. 2001),
Finland

Ecologic study, time series
analysis of pregnancy
outcome in relation to the
1986 Chernobyl nuclear
power plant explosion;
assessed spontaneous
abortion and stillbirth rates in
455 municipalities during
1977-1992; expected
numbers based on rates
during period (1977-1985)
before explosion

Estimated avg radiation exposure
in each municipality during 2 years
after the explosion from avg fallout
levels (mainly 137Cs) and wholeERG\ PHDVXUHPHQWVRQa random
sample
of
reproductive-age
women; avg exposure doubled
from background levels to 50
µSv/month during May 1986 and
quadrupled in the most exposed
region; avg cumulative dose during
2 yr after explosion was 0.4 Sv
overall and 1.0 Sv for the upper
quintile

Association between 3rd
trimester stillbirths and
maternal employment in
potentially exposed jobs
(risk relative to persons in
unexposed jobs);
suggestive dose-response
relationship between
spontaneous abortion and
increasing cumulative
radiation exposure but
statistical significance not
reported

2.2 (1.0-4.6)

Standardized spontaneous
abortion ratios by
municipality (ratio of rate
after explosion to that
before the explosion) were
associated with avg
municipal radiation doses
during the 2 years after
the explosion (% increase
in standardized
spontaneous abortion ratio
per µSv/hr)

1.0 (0.7-1.2)

Borderline weak

0.02

As above

+
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Reference,
location

(Maconochie
et al. 2001),
UK

Design

Cohort study, current and past
employees of UK nuclear
facilities (18,131 males,
4,435 females); self-reported
reproductive history, 39,502
live births of male and 8,883
live births of female
employees

Exposure

Annual dose records

Association

association between
standardized stillbirth rate
ratios by municipality
(ratio of rate after
explosion to that before
the explosion) and avg
municipal radiation doses
during the 2 years after
the explosion (% increase
in standardized
spontaneous abortion ratio
per µSv/hr)

(0.00-0.04)

Likelihood of a male
infant not associated with
employment in nuclear
industry (relative risk,
post- vs pre-employment
conceptions)

paternal
1.00
(0.96-1.04)

No association between
sex ratio of offspring and
paternal or maternal
cumulative preconceptual
radiation exposure
(relative risk of male
infant, 50 vs 0 mSv)

Fetal death: summary
Early fetal deaths (spontaneous abortions)

1

Results

(p = 0.11)

maternal
0.97
(0.87-1.07)
paternal
0.97
(0.90-1.04)
p-trend = 0.50
maternal
1.35
(0.38-4.76)
p-trend = 0.46

2

DR

Covariates
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A Swedish ecologic study (Ericson and Kallen 1994) showed no association between spontaneous abortions and regional radioactive fallout levels after the
Chernobyl nuclear power plant explosion but a similarly designed Finnish study did find a relationship (Auvinen et al. 2001). Bard et al. (1997) reviewed studies
of health effects of the Chernobyl nuclear power plant explosion and concluded that there was inadequate evidence to assess the impact on risk of fetal death. A
cohort study of women with scoliosis exposed to repeated x-rays during adolescence (Goldberg et al. 1998) showed an increased risk of spontaneous abortion
among exposed women but no dose-response relationship. A cohort study of female veterinarians showed a modest non-significant association between
spontaneous abortion and occupational radiation exposure among those in small-animal practice (Steele and Wilkins 1996). A cohort study of UK nuclear
facility employees (Doyle et al. 2000) showed that spontaneous abortions were associated with maternal but not paternal employment in potentially exposed jobs;
there was, however, no exposure-risk relationship between such events and maternal cumulative radiation dose. An expert panel noted that prenatal ionizing
radiation can cause fetal death in experimental animals (National Academy of Sciences 1990). Another expert panel concluded that there was inadequate
evidence to assess the risk to pregnant women of radon in drinking water (National Academy of Sciences 1999b).
Late fetal deaths (stillbirths)
Several epidemiologic studies showed no association between late fetal deaths (stillbirths) and radiation exposure including studies of atomic bomb survivors
(Otake et al. 1990), occupational exposures (Savitz et al. 1989, Zhang et al. 1992), women with scoliosis exposed to repeated x-rays during adolescence
(Goldberg et al. 1998) and residential proximity to nuclear facilities (Dummer et al. 1998). The study of atomic bomb survivors is limited by the chaotic
conditions during the months following the explosions when fetal deaths from prenatal acute radiation exposure would have occurred. A cohort study of
Swedish women exposed during infancy to therapeutic radiation of skin hemangiomas showed a slightly increased risk of stillbirths but no exposure-risk
relationship (Kallen et al. 1998). Studies of British nuclear facility workers have yielded mixed evidence. Parker et al. (1999) found that stillbirths among
offspring of Sellafield nuclear reprocessing employees were associated with external but not internal paternal preconceptual radiation exposure. In a study of
three major UK nuclear facilities, Doyle et al. (2000) found that 3rd trimester stillbirths were associated with maternal but not paternal employment in potentially
exposed jobs; there was an apparent exposure-risk relationship between stillbirths and maternal cumulative radiation exposure but the statistical significance was
not reported. Finally, Maconochie et al. (2001) found no association between live birth male:female sex ratio and paternal or maternal preconceptual radiation
exposure. An ecologic study of stillbirths in Finland found no association with regional radioactive fallout levels after the Chernobyl nuclear power plant
explosion (Auvinen et al. 2001). Bard et al. (1997) reviewed studies of health effects of the Chernobyl nuclear power plant explosion and concluded that there
was inadequate evidence to assess the impact on risk of fetal death. An expert panel noted that prenatal ionizing radiation can cause fetal death in experimental
animals (National Academy of Sciences 1990). Another expert panel concluded that there was inadequate evidence to assess the risk to pregnant women of
radon in drinking water (National Academy of Sciences 1999b).
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3. Birth defects
Reference,
location
(Sever et al.
1988),
Washington
State

(Otake et al.
1990), Japan

3

Design
Hospital-based case-control
study, 672 birth defect cases,
977 matched live birth
controls, 1957-1980

Cohort study, outcomes
among 55,303 pregnancies of
atomic bomb survivors during

Exposure
Parents names checked
against roster of current
and former employees
at Hanford nuclear
facility; among parents
employed at Hanford,
37% of 332 fathers and
3% of 89 mothers had
cumulated
preconceptual
exposures P6Y

DS86 radiation dose
estimates

Results

Association

Exposure-risk relationship
between neural tube defects
and paternal cumulative
preconceptual occupational
radiation exposure analyzed
as a continuous variable (11
exposed case fathers)

p-trend =
0.04

Estimated odds ratio for
neural tube birth defects for
both parents being exposed to
10 mSv

1.46
(0.98-4.5)

Cardiac birth defects not
associated with paternal
cumulative preconceptual
occupational radiation
exposure analyzed as a
continuous variable (25
exposed case fathers)

p-trend =
0.27

Major birth defects not
associated with joint parental
radiation exposure (change in

3

4

DR

Covariates
Matched for hospital of
birth, DOB, sex, maternal
age, race; adjusted for
maternal age and infant
YOB in unmatched
analyses

0.00099
(SE 0.00184)

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
4
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

Results

1948-1953; 770 major birth
defects, 894 stillbirths, 1230
neonatal deaths (before
postnatal day 15); infants
examined by a physician

frequency of birth defects per
Sv of joint parental gonadal
dose equivalent)

(National
Academy of
Sciences
1990), USA

Expert panel review of
literature on health effects of
low-level ionizing radiation
exposure

Experimental animals –
prenatal exposure can cause
birth defects (esp neural tube)

(Zhang et al.
1992),
Shanghai,
China

Hospital-based case-control
study, 1,875 birth defects
(newborns and perinatal
deaths), 1875 matched
controls

(CorreaVillasenor et
al. 1993),
BaltimoreWashington
Infant Study

Population-based case-control
study, 290 cases atrial septal
heart defects, 575 ventricular
septal heart defects, 62 cases
pulmonary atresia, 288 cases
endocardial cushion defect,
3572 controls with other birth
defects

Association

3

Estimated additional birth
defect cases/106 live births at
equilibrium with 10 mSv per
generation

10-100

Mother-reported
information on
pregnancy history and
occupational exposure
to radiation and other
factors before or during
pregnancy

Non-significant associations
between birth defects and
maternal preconceptual and
gestational occupational
radiation exposure

preconceptual
1.9 (0.7-5.3)

Parent-reported
occupational and other
exposures during 6 mos
before conception
including frequency per
week (most information
came from mothers as
only 21% of case
fathers and 15% of
control fathers were
interviewed)

Endocardial cushion defect
without Down syndrome
associated with paternal
preconceptual occupational
exposure to ionizing radiation
(odds ratio, most frequent vs
nil), p-trend = 0.005)

4

DR

Covariates

Matched for hospital, date
of birth

gestational
1.9 (0.7-4.9)

5.6 (1.0-19)

+

Maternal age, birth year,
SES, genetic disorder,
family history of cardiac
defects
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3

Reference,
location

Design

(Ericson and
Kallen 1994),
Sweden

Ecologic study, pregnancy
outcome after the Chernobyl
nuclear power plant explosion;
used national health registries
to assess risks in regions with
highest radioactive fallout

(Miller
1995b), USA

Review of literature

Prenatally exposed atomic
bomb survivors had increased
risk of microcephaly if
exposed during gestation wk
4-7

(Roman et al.
1996), UK

Cohort study, 5509
radiologists; compared birth
defect and childhood cancer
rates among their offspring
with those in the general
population

Incidence of all birth defects
combined not increased
among children of exposed
mothers or fathers (respective
relative risks)

1.0 (0.8-1.2)

Incidence of CNS birth
defects combined not
increased among children of
exposed mothers or fathers
(respective relative risks)

1.0 (0.6-1.5)

Non-limb musculoskeletal
birth defects associated with
maternal but not with
paternal occupation as
radiologist (respective
relative risks)

2.2 (1.4-3.4)

Spina bifida not associated

0.9 (0.3-2.7)

(Blatter et al.

Case-control study, 222 spina

Exposure

Swedish municipalities
assigned to 4
radioactive fallout
categories: <5, 5-29, 3080 and >80 kBq/m2

Self-reported paternal

Results

Association

No increased risk of birth
defects among women in 1st
trimester at exposure and in
highest exposed region
(relative risk for <5, 5-29 and
>30 kBq/m2)

1.0 (0.9-1.1)
0.9 (0.7-1.2)
0.7 (0.3-1.3)

4

DR

Covariates

Maternal age

1.0 (0.6-1.5)

0.9 (0.2-2.5)

1.3 (0.2-4.5)

Excluded infants with
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Reference,
location

Design

Exposure

Results

Association

3

4

DR

Covariates

1997),
Holland

bifida cases (hospital-based),
764 controls (hospital- and
community-based)

occupational exposures
from 3 mos before
conception until 1
month after conception
including duration of
exposure (hr/wk)

with paternal occupational
ionizing radiation exposure

(Green et al.
1997), Ontario

Case-control study, nested
within cohort of nuclear power
workers exposed to low-dose
ionizing radiation, birth defect
cases, matched live birth
controls, YOB 1979-1986;
linked 45,200 case-control sets
for mothers and 41158 casecontrol sets for fathers to
Ontario Hydro records of
42,482 employees (for at least
1 yr)

Assessed employment
history and quantitative
estimates of radiation
dose (x-rays -rays, particles, urinary
tritium); only 3 mothers
had recorded doses
greater than 0 mSv

Birth defects not associated
with paternal occupation
monitored for radiation
exposure

0.8 (0.7-1.1)

Matched for YOB, birth
order, maternal age,
marital status, parental
birthplace (Ontario vs
other)

Borderline association
between birth defects and
maternal occupation
monitored for radiation
exposure; only 2 case and 1
control mothers had non-zero
radiation exposures

1.8 (0.9-3.6)

As above

Birth defects inversely
associated with
preconceptual paternal
radiation exposure (odds ratio
based on discordant pairs)

0.7 (0.6-1.0)

As above; adjusted for
paternal age, history of
stillbirth

maternal use of
anticonvulsants,
homocysteinemia,
diabetes, consanguinity;
adjusted for fertility drugs,
oral contraceptives, parity,
family history of NTDs,
parental smoking, alcohol
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Reference,
location

Design

Exposure

3

Results

Association

Birth defects not associated
with paternal radiation
exposure during 6 mos before
conception or tritium dose
during 60 days before
conception (respective odds
ratios based on discordant
pairs)

0.9 (0.6-1.3)

Specific types of birth defects
not associated with paternal
preconceptual radiation
exposure

CNS
1.0 (0.3-3.1)

1.0 (0.7-1.5)

Circ Sys
0.5 (0.3-1.0)
Dig Sys
0.8 (0.4-1.7)
Genitourinary
0.9 (0.4-2.2)
Musculoskel
0.6 (0.4-1.0)

(Bard et al.
1997),
Chernobyl,
Ukraine

Review of literature on health
effects of 1986 Chernobyl
nuclear power plant explosion

(Otake and
Schull 1998),
Japan

Review of literature on
epidemiologic studies of
prenatally exposed atomic
bomb survivors and adverse

No increased risk of birth
defects in exposed regions

DS86 dose estimates

Microcephaly associated with
radiation dose during
gestation wks 0-7 and 8-15

4

DR

Covariates
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Reference,
location

Design

Exposure

CNS effects

(Kallen et al.
1998),
Sweden

Cohort study, 19,494 infants
born to 17,393 women treated
with radiation for skin
hemangiomas at age 18
mos; exposed cohort records
linked to birth, congenital
malformation and cancer
registries to identify
pregnancy outcomes and
childhood cancer incidence

Results

Association

3

4

Covariates

DR

Children with microcephaly
had reduced height, weight
and chest circumference –
reduced head size was likely
part of radiation-induced
generalized intrauterine
growth retardation
Regions of
hemangiomas included
head and neck (41%),
thorax (27%), lower
trunk (13%) and
extremities (19%);
median ovarian dose 3.0
cGy (range up to 8.6
Gy)

All birth defects combined
were associated with
maternal early-life ovarian
radiation exposure (relative
risk, expected numbers based
on national birth registry); no
dose-response relationship
between birth defects and
ovarian radiation dose

1.08
(1.02-1.15)

Neural tube birth defects
associated with maternal
early-life ovarian radiation
exposure (relative risk,
expected numbers based on
national birth registry)(only 7
exposed case mothers); doseresponse relationship
between birth defects and
ovarian radiation dose

1.1

Hypospadias, positional foot
defect, syndactyly and limb
reduction defects associated

YOB

p-trend =
0.52

+

YOB

p-trend =
0.02

1.5 (1.0-2.1)
1.4 (1.1-1.7)
1.9 (1.4-2.5)

YOB
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Reference,
location

(Wilson et al.
1998),
BaltimoreWashington
Infant Study

Design

Case-control study, 1585 cases
of heart birth defects, 3572
healthy live birth controls

(Goldberg et
al. 1998)

Cohort study, xx women with
scoliosis exposed to x-rays
during adolescence and xx
women among unexposed
comparison group; assessed
infertility, fetal deaths, low
birth weight and birth defects
during follow-up

(Dolk and
Nichols
1999), Europe

Ecologic study, used data
from 16 European birth defect
registries to assess birth defect

Exposure

Self-reported
information on various
exposures

([SRVXUHWRH[WHUQDO 
from radioiodine
decreased rapidly after

3

Results

Association

with maternal early-life
ovarian radiation exposure
(respective relative risks); no
positive dose-response
relationships between
specific birth defects and
ovarian radiation dose
(inverse relationship for
positional foot defects)

1.5 (0.9-2.3)

4

DR

Covariates

Isolated ventricular septal
defect associated with
paternal ionizing radiation
exposure (odds ratio)

2.4
(p < 0.05)

Adjusted as necessary for
family history of
congenital heart disease,
maternal diabetes, age,
smoking, alcohol, race,
SES

Transposition of great
arteries associated with
maternal ionizing radiation
exposure

2.8
(p < 0.05)

As above

Borderline increased risk of
birth defects among offspring
of exposed women (relative
risk); no dose-response
relationship

1.2 (0.8-1.8)

CNS birth defect incidence
not increased in high
exposure regions (relative

0.9 (0.7-1.2)
1.1 (0.7-1.5)
0.7 (0.4-1.1)
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Reference,
location

Design
incidence trends during 19801990 among birth cohorts who
were gestational age 0-16 wk
during peak exposure and
relatively unexposed periods;
expected numbers of birth
defects based on incidence
rates during 6 years before
explosion (1980-1985)

(Parker et al.
1999), UK

Cohort and nested casecontrol studies in county of
the Sellafield nuclear
reprocessing plant during
1950-1989; exposed cohort –
130 stillbirths, 9,078 live

Exposure
the explosion but
exposure from dietary
cesium increased for a
year; areas served by
birth defect registries
categorized as 29-55,
97-190 and 200-700
µSv during first year

Radiation dosimetry of
Sellafield employees
based on personal
dosimeters

Results

Association

3

4

DR

Covariates

risks for low, medium and
high exposure regions among
children who were in
gestational wk 0-16 during
the year after the explosion)

Hydrocephaly incidence not
increased in high exposure
regions (relative risks for
low, medium and high
exposure regions among
children who were in
gestational wk 0-16 during
the year after the explosion)

1.2 (0.8-1.6)
1.2 (0.9-1.5)
0.9 (0.6-1.3)

Microcephaly incidence not
increased in high exposure
regions (relative risks for
low, medium and high
exposure regions among
children who were in
gestational wk 0-16 during
the year after the explosion)

1.3 (0.8-1.9)
0.8 (0.5-1.2)
1.0 (0.7-1.5)

Stillbirths with neural tube
defects associated with
paternal cumulative
preconceptual radiation
exposure (odds ratio per 100
mSv)

1.7 (1.1-2.3)

YOB, social class, birth
order, paternal age
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Reference,
location

Design

Exposure

Results

Association

3

4

DR

Covariates

births among fathers exposed
at Sellafield plant; unexposed
cohort – 21 stillbirths, 1,089
live births among non-exposed
Sellafield employees; linked
Sellafield employment and
birth records
(National
Academy of
Sciences
1999b), USA

Risk assessment of radon in
drinking water

(Doyle et al.
2000), UK

Cohort study, employees of
UK nuclear facilities (11,697
men, 1,903 women); male and
female employees reported,
respectively, 23,676 and 3,585
pregnancies (conceived after
employment) and 510 and 101
infants with birth defects

Concluded that there was
inadequate evidence to
estimate the risks to infants,
children or pregnant women
from radon in drinking water
Annual radiation dose

Birth defects not associated
with paternal employment in
potentially exposed jobs (risk
relative to persons in
unexposed jobs)

1.0 (0.8-1.2)

Borderline association
between birth defects and
maternal employment in
potentially exposed jobs (risk
relative to persons in
unexposed jobs)

1.4 (0.9-2.1)

CNS birth defects not
associated with paternal
employment in potentially
exposed jobs (risk relative to
persons in unexposed jobs);

1.0 (0.5-1.7)

Parent age, birth order,
previous fetal loss, YOB,
manual/non-manual job
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Reference,
location

Design

Exposure

Results

Association

3

4

DR

Covariates

too few exposed case
mothers for analysis
Cardiac birth defects not
associated with paternal or
maternal employment in
potentially exposed jobs (risk
relative to persons in
unexposed jobs)
(Loffredo et
al. 2001),
BaltimoreWashington
Infant Study

Population-based case-control
study, 320 cases
atrioventricular septal defect
(213 complete AVSD, 107
partial AVSD – 75 atrial type,
32 ventricular type), 3,572
controls, 1981-1989

Mother-reported
exposure information
incl diagnostic x-ray
and occupational
radiation exposure

Atrial type of partial AVSD
associated with paternal
occupational exposures to
ionizing radiation but only 2
exposed cases

paternal
0.8 (0.5-1.3)
maternal
1.5 (0.7-3.5)
5.1 (1.4-27)

Birth defects: summary
All birth defects combined
Birth defects among offspring of atomic bomb survivors born at least 3 years after parental exposure were not associated with joint parental radiation exposure
(Otake et al. 1990). A case-control study in Shanghai showed non-significant associations between birth defects and maternal preconceptual and gestational selfreported occupational radiation exposure (Zhang et al. 1992). An ecologic study in Sweden (Ericson and Kallen 1994) showed no association between total birth
defects and regional radioactive fallout levels. Bard et al. (1997) reviewed studies of health effects of the 1986 Chernobyl nuclear power plant explosion and
concluded that there was no evidence of increased birth defect risks in exposed regions. A cohort study of radiologists showed that their offspring did not have
an overall increased risk of birth defects (Roman et al. 1996). A case-control study nested within an Ontario nuclear power worker cohort showed that total birth
defects were not associated with indices of paternal occupational radiation exposure including monitoring status or preconceptual cumulative external or tritium
radiation doses (Green et al. 1997); this study did show a borderline association between total birth defects and maternal occupations monitored for radiation
exposure but only 2 case and 1 control mothers actually had non-zero measured radiation exposures. A cohort study of Swedish women exposed as infants to
radiotherapy for skin hemangiomas showed a small increased risk of total birth defects (compared to expected numbers based on a national birth defect registry)
but no dose-response relationship (Kallen et al. 1998). A cohort study of women (with scoliosis) exposed to x-rays during adolescence showed an increased risk
of birth defects among their offspring compared to those of exposed women but no dose-response relationship (Goldberg et al. 1998). An expert panel concluded
that the genetic effects of 10 mSv per generation would cause about 10-100 extra birth defects per million live births at equilibrium (National Academy of
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Sciences 1990). Another expert panel concluded that there was inadequate evidence to estimate the risks to pregnant women from radon in drinking water
(National Academy of Sciences 1999b).
CNS birth defects
A large case-control study showed a dose-response relationship between neural tube birth defects and paternal cumulative preconceptual occupational radiation
exposure at Hanford nuclear facility (Sever et al. 1988). A European ecologic study involving 16 birth defect registries (Dolk and Nichols 1999) found no
association between CNS birth defects and regional radioactive fallout levels. A cohort study of radiologists showed that their offspring did not have an
increased risk of CNS birth defects (Roman et al. 1996). A Dutch case-control study showed no association between spina bifida and self-reported paternal
occupational ionizing radiation exposure (Blatter et al. 1997). A case-control study nested within an Ontario nuclear power worker cohort showed no association
between CNS birth defects and paternal occupational preconceptual radiation doses (Green et al. 1997). A cohort study of Swedish women exposed as infants to
radiotherapy for skin hemangiomas showed an increased risk of neural tube birth defects (compared to expected numbers based on a national birth defect
registry) and a dose-response relationship (Kallen et al. 1998). Stillbirths with neural tube defects were associated with paternal cumulative preconceptual
radiation exposure within a cohort of UK nuclear employees (Parker et al. 1999). Literature reviews by Miller (1995b) and Otake and Schull (1998) concluded
that atomic bomb survivors exposed during early gestation had an increased risk of microcephaly; Otake and Schull (1998) also inferred that microcephaly was
part of radiation-induced generalized intrauterine growth retardation.
Cardiac birth defects
A large case-control study showed no dose-response relationship between cardiac birth defects and paternal cumulative preconceptual occupational radiation
exposure at Hanford nuclear facility (Sever et al. 1988). Case-control studies within the Baltimore-Washington Infant Study showed associations between
specific subtypes of cardiac birth defects and self-reported paternal preconceptual occupational radiation exposure (Correa-Villasenor et al. 1993, Wilson et al.
1998, Loffredo et al. 2001). One of these studies showed a dose-response relationship between endocardial cushion defect without Down syndrome and selfreported paternal preconceptual occupational radiation exposure (Correa-Villasenor et al. 1993) and another showed an association between transposition of the
great arteries and maternal ionizing radiation exposure (Wilson et al. 1998). A case-control study nested within an Ontario nuclear power worker cohort showed
no association between cardiac birth defects and paternal occupational preconceptual radiation doses (Green et al. 1997).
Other birth defects
A cohort study showed that offspring of female but not male radiologists had an increased risk of non-limb musculoskeletal birth defects (Roman et al. 1996). A
cohort study of Swedish women exposed as infants to radiotherapy for skin hemangiomas showed increased risks of hypospadias, syndactyly and limb reduction
birth defects (compared to expected numbers based on a national birth defect registry) but no dose-response relationships (Kallen et al. 1998).
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4. Intrauterine growth retardation, low birth weight, preterm birth
Reference,
Design
Exposure
location
(Savitz et al.
1989), USA

Case-control study nested within
surveys of national probability
samples of live births (with 4-fold
oversampling of low birth weight
infants) and stillbirths (gestational age
 28 wk or weight J LQ
numbers of live births and stillbirths
for analysis of maternal occupation
were respectively 3,668 and 2,096 and
for paternal occupation were 5,669
and 3,170

(National
Academy of
Sciences
1990), USA

Expert panel review of literature on
health effects of low-level ionizing
radiation exposure

(Zhang et al.
1992),
Shanghai,
China

Hospital-based case-control study,
1,875 birth defects (newborns and
perinatal deaths), 1875 matched
controls

5

Self-reported
information on parental
occupational exposures
during 12 mos before
delivery; note – more
fathers than mothers
were employed during
the 12 mos before
delivery

5

Results

Association

No association between
preterm birth and maternal
but association between
preterm birth and paternal
occupational x-ray
exposure (respective odds
ratios)

1.0 (0.7-1.7)

No association between
IUGR and maternal or
paternal occupational x-ray
exposure (respective odds
ratios)

0.6 (0.3-1.0)

1.5 (1.0-2.3)

1.2 (0.7-1.8)

6

DR

Covariates
Race, previous
miscarriage; restricted
to women who
received prenatal care,
age  20 yr, less than
2 previous
miscarriages, no
previous induced
abortion
Child’ s race, sex,
maternal smoking;
restricted to maternal
age  20 yr

Experimental animals –
prenatal exposure can
cause IUGR
Mother-reported
information on
occupational radiation
and other exposures
before or during

IUGR associated with
preconceptual and
gestational maternal
occupational radiation
exposure

2.7 (1.1-6.3)
2.2 (1.0-4.6)

Matched for hospital,
date of birth

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
6
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure
pregnancy

Results

Preterm birth not
associated with maternal
gestational occupational
radiation exposure

Ecologic study, pregnancy outcome
after the Chernobyl nuclear power
plant explosion; used national health
registries to assess risks in regions
with highest radioactive fallout

Swedish municipalities
assigned to 4 radioactive
fallout categories: <5, 529, 30-80 and >80
kBq/m2

Risk of preterm birth did
not increase among 1986
compared to 1985 births
(data not shown)

(Shea and
Little 1997),
UK

Birth cohort study (Avon Longitudinal
Study of Pregnancy and Childhood),
7,678 births followed from gestation
to age 7 yr

Self-reported paternal
exposure to diagnostic xrays likely to cause
gonadal exposure during
year before conception

Borderline inverse
association between birth
weight adjusted for
gestation length and
paternal gonadal diagnostic
x-ray exposure to < 1 yr
before conception
(difference in avg weight
of exposed vs unexposed)

(Goldberg et
al. 1998)

Cohort study, xx women with
scoliosis exposed to x-rays during
adolescence and xx women among
unexposed comparison group;
assessed infertility, fetal deaths, low
birth weight and birth defects during
follow-up

(Ericson and
Kallen
1994),
Sweden

Association

5

6

DR

Covariates

1.2 (0.5-2.9)

Risk of low birth weight
did not increase among
1986 compared to 1985
births (data not shown)
-53 g
(p = 0.12)

Risk of low birth weight
similar in two groups
(relative risk)

0.8 (0.6-1.2)

Among exposed women,

1.0

Gestational age,
infants’ sex, maternal
prenatal smoking,
parity, parental height
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Reference,
location

Design

Exposure

Results
inverse dose-response
relationship between low
birth weight and radiation
dose (relative risk by
increasing exposure
quartile)

(Otake and
Schull
1998), Japan

(Kallen et al.
1998),
Sweden

Review of literature on epidemiologic
studies of prenatally exposed atomic
bomb survivors and adverse CNS
effects

DS86 dose estimates

Cohort study, 19,494 infants born to
17,393 women treated with radiation
for skin hemangiomas at age 18
mos; exposed cohort records linked to
birth, congenital malformation and
cancer registries to identify pregnancy
outcomes and childhood cancer
incidence

Regions of hemangiomas
included head and neck
(41%), thorax (27%),
lower trunk (13%) and
extremities (19%);
median ovarian dose 3.0
cGy (range up to 8.6 Gy)

Association

5

6

DR

Covariates

(referent)
1.4 (0.5-3.9)
2.2 (0.9-5.9)
2.3 (1.0-5.6)

Microcephaly associated
with radiation dose during
gestation wks 0-7 and 8-15
Children with
microcephaly had reduced
height, weight and chest
circumference – reduced
head size was likely part of
radiation-induced
generalized intrauterine
growth retardation
Birth weight <2500 g
inversely associated with
maternal early-life ovarian
radiation exposure (relative
risk, expected numbers
based on national birth
registry); no dose-response
relationship

0.84
(0.78-0.91)

Inverse association
between preterm birth
(gestation <37 wk) and
maternal early-life ovarian
radiation exposure (relative

0.85
(0.79-0.91)

YOB, maternal age,
parity

p-trend =
0.29

p-trend =
0.43

As above
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Reference,
location

Design

Exposure

Results

Association

5

6

DR

Covariates

risk, expected numbers
based on national birth
registry); no dose-response
relationship
(National
Academy of
Sciences
1999b),
USA

Risk assessment of radon in drinking
water

Concluded that there was
inadequate evidence to
estimate the risks to
infants, children or
pregnant women from
radon in drinking water

Intrauterine growth retardation, preterm birth: summary
Intrauterine growth retardation
A hospital-based case-control study in Shanghai found associations between IUGR and self-reported maternal occupational radiation exposure before and during
pregnancy (Zhang et al. 1992). Literature reviews by Miller (1995b) and Otake and Schull (1998) concluded that atomic bomb survivors exposed during early
gestation had an increased risk of microcephaly; Otake and Schull (1998) also concluded that microcephaly was part of radiation-induced generalized intrauterine
growth retardation.
Low birth weight
A Swedish ecologic study found no association between low birth weight (unadjusted for gestation length) and regional radioactive fallout levels after the 1986
Chernobyl nuclear power plant explosion (Ericson and Kallen 1994). The ALSPAC birth cohort study showed a non-significant inverse association between
birth weight adjusted for gestation length and self-reported paternal gonadal diagnostic x-ray exposure during the year before conception (Shea and Little 1997).
A Canadian cohort study of women with scoliosis and frequently exposed to diagnostic x-rays during adolescence found that exposed women and a comparison
group had similar risks of a low birth weight infant but, among exposed women, there was an inverse dose-response relationship between low birth weight and
radiation exposure quartile (Goldberg et al. 1998). A Swedish cohort study of women exposed to therapeutic radiation during infancy for skin hemangiomas
found a reduced risk of low birth weight (unadjusted for gestation length) compared to national rates but there was no dose-response relationship (Kallen et al.
1998).
Preterm birth
A large US population-based case-control study showed a borderline association between preterm birth and paternal but not maternal self-reported occupational
x-ray exposure during the year before birth; IUGR was not associated with similar exposure of either parent (Savitz et al. 1989). A hospital-based case-control
study in Shanghai found that preterm birth was not associated with self-reported maternal occupational radiation exposure before or during pregnancy (Zhang et
al. 1992). A Swedish ecologic study found no association between preterm birth and regional radioactive fallout levels after the 1986 Chernobyl nuclear power
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plant explosion (Ericson and Kallen 1994). A Swedish cohort study of women exposed to therapeutic radiation during infancy for skin hemangiomas found a
reduced risk of preterm birth compared to national rates but there was no dose-response relationship (Kallen et al. 1998).
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5. Genetic effects
Reference,
location

Design

Exposure

Results

Association

7

(Sever et al.
1988),
Washington
State

Hospital-based case-control study, 35
cases Down syndrome, matched live
birth controls, 1957-1980

Parents names checked
against roster of current
and former employees at
Hanford nuclear facility;
among parents employed
at Hanford, 37% of 332
fathers and 3% of 89
mothers had cumulated
preconceptual exposures
P6Y

Down syndrome not
associated with paternal
cumulative preconceptual
occupational radiation
exposure analyzed as a
continuous variable (10
exposed case fathers)

p-trend >
0.5

(Kleinerman et
al. 1990), USA

Cohort study, 299 persons (avg age 37
yr) treated with radiotherapy of enlarged
thymus or tonsils as children and female
former tuberculosis patients exposed to
x-ray fluoroscopy at ages < 30 yr, 197
persons not exposed to radiation
including sibling of persons treated for
enlarged thymus and persons treated
surgically for enlarged tonsils; measured
chromosome aberrations in about 200
metaphase cultured lymphocytes per
subject 30-40 yr after radiation exposure

Radiation exposure
occurred on avg about
30-40 yr before
chromosome testing; avg
bone marrow doses
among thymus, tonsil and
fluoroscopy subgroups
were 21, 6 and 14 cGy

Number of stable
chromosome aberrations
per 100 cells associated
with radiation exposure
(linear slopes ± SE); doseresponse relationship
using pooled data
(p<0.001)

thymus
0.90±0.28
(p = 0.005)

(National

7

Risk assessment of health effects of

Based on mouse studies,

8

DR

Covariates
Matched for
hospital of birth,
DOB, sex,
maternal age,
race; adjusted
for maternal age
and infant YOB
in unmatched
analyses

+

tonsils
2.66±1.70
(p = 0.12)
fluoroscopy
1.18±0.65
(p = 0.07)
1 Gy

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
8
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location
Academy of
Sciences 1990),
USA

(Ericson and
Kallen 1994),
Sweden

9

Design

7

Results

Association

exposure to low levels of ionizing
radiation

estimated low dose-rate,
low LET9 ionizing
radiation needed to double
the mutation rate in
humans

(100 rads)

Estimated the genetic effects of 10 mSv
(1 rem) of ionizing radiation per
generation: additional cases/106 live
births/rem/generation at equilibrium

Clinically severe
autosomal dominant
mutations

25

Clinically mild autosomal
dominant mutations

75

X-linked mutations

<5

Chromosomal trisomies

<1

Down syndrome rate not
associated with regional
radiation levels among
women who conceived
before exposure
(incidence rate per 1000
births in regions with <5,
5-29 and 30-80 kBq/m2)

1.3, 0.9, 1.3

Down syndrome rate
during 1987 associated
with regional radiation
levels among women who
conceived after exposure
(incidence rate per 1000

1.3, 1.7, 3.1

Ecologic study, pregnancy outcome after
the Chernobyl nuclear power plant
explosion; used national health registries
to assess risks in regions with highest
radioactive fallout

Linear energy transfer

Exposure

Swedish municipalities
assigned to 4 radioactive
fallout categories: <5, 529, 30-80 and >80
kBq/m2

8

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

7

8

DR

Covariates

births in regions with <5,
5-29 and 30-80 kBq/m2)
(Miller 1995b),
USA

Review of literature

No increased risk of germcell mutations detectable
through clinical
examination, cytogenetic
or biochemical studies of
offspring of atomic bomb
survivors
Somatic cell effects
among prenatally and
postnatally exposed
atomic bomb survivors
included long-lasting
chromosomal aberrations
in peripheral lymphocytes

(Roman et al.
1996), UK

Cohort study, 5509 radiologists;
compared birth defect and childhood
cancer rates among their offspring with
those in the general population

Down syndrome not
associated with maternal
or paternal occupation as
radiologist (respective
relative risks)

(Bard et al.
1997),
Chernobyl,
Ukraine

Review of literature on health effects of
1986 Chernobyl nuclear power plant
explosion

Inadequate evidence to
assess risk of Down’ s
syndrome incidence after
the explosion

(Kallen et al.
1998), Sweden

Cohort study, 19,494 infants born to
17,393 women treated with radiation for
skin hemangiomas at age 18 mos;
exposed cohort records linked to birth,

Regions of hemangiomas
included head and neck
(41%), thorax (27%),
lower trunk (13%) and

Down syndrome not
associated with maternal
early-life ovarian radiation
exposure; only 1 case

0.8 (0.3-1.8)
1.9 (0.4-5.5)

0.9 (0.6-1.3)
p-trend =
0.80

YOB
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Reference,
location

Design
congenital malformation and cancer
registries to identify pregnancy
outcomes and childhood cancer
incidence

(Dolk and
Nichols 1999),
Europe

Ecologic study, used data from 16
European birth defect registries to assess
birth defect incidence trends during
1980-1990 among birth cohorts who
were gestational age 0-16 wk during
peak exposure after the 1986 Chernobyl
nuclear power plant explosion and
relatively unexposed periods; expected
numbers of birth defects based on
incidence rates during 6 years before
explosion (1980-1985)

(Hellman et al.
1999), Sweden

Cross-sectional study, 147 persons in 45
households, age 1-85 yr; conducted
Comet assay on capillary blood samples
(provided an index of DNA strand
breaks)

(Pfeiffer et al.
2000), Germany

Review of literature on DNA doublestrand break repair and role in
chromosomal abnormalities

Exposure
extremities (19%);
median ovarian dose 3.0
cGy (range up to 8.6 Gy)
Exposure to e[WHUQDO 
from radioiodine
decreased rapidly after
the explosion but
exposure from dietary
cesium increased for a
year; areas served by
birth defect registries
categorized as 29-55, 97190 and 200-700 µSv
during first year
16 households had
drinking water radon
levels > 500 Bq/L, 26
homes had drinking
water radon levels < 100
Bq/L; measured indoor
air radon levels using
etched track dosimeters
placed in homes for 10 d

Results

Association

7

mother had ovarian dose
>20 cGy, no doseresponse relationship
Down syndrome incidence
not increased in high
exposure regions (relative
risks for low, medium and
high exposure regions
among children who were
in gestational wk 0-16
during the year after the
explosion)

1.1 (0.9-1.4)
1.0 (0.8-1.2)
0.8 (0.6-1.0)

Comet tail DNA higher
among persons in homes
with high indoor air radon
levels (tail moment in
homes with 400 and
>400 Bq/m3)

40.2 vs 53.6
(p = 0.03)

Double-strand DNA
breaks are the primary
cause of chromosomal
abnormalities
Ionizing radiation is a
potent cause of doublestrand DNA breaks

8

DR

Covariates

49

Reference,
location

Design

Exposure

Results

Dividing human cells
apparently spontaneously
experience about 10
double-strand DNA breaks
per cell cycle
Double-stranded DNA
breaks occur during
meiosis in germ cells and
in developing lymphoid
cells
Chromosomal
abnormalities may
increase cancer risk and/or
be caused by genomic
instability associated with
cancer progression
(United Nations
Scientific
Committee on
the Effects of
Atomic
Radiation,
2000), United
Nations

Expert committee review of
epidemiologic evidence of radiationinduced cancer

Radiation causes DNA
damage ranging from
single-strand damage to
complex forms including
double-stranded breaks
that are extremely
hazardous (and for which
DNA repair is error-prone)
Human cells vary about 2fold in survival in vitro
after acute radiation
exposure; 3- to 4-fold
variation may occur when

Association

7

8

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

7

8

DR

radiation is given at low
dose rates
Persons with mutations in
genes such as those that
encode DNA repair
proteins (e.g., ATM) may
be more susceptible to
genotoxic effects of
ionizing radiation
(United Nations
Scientific
Committee on
the Effects of
Atomic
Radiation 2001),
United Nations

Expert committee review of
epidemiologic evidence of radiationinduced genetic effects

No radiation-induced
genetic diseases have been
demonstrated in human
populations but ionizing
radiation is a universal
mutagen and causes
genetic effects in plants
and animals so humans are
likely no exception
Spontaneous mutation rate
in humans is about
3.0±0.6 X 10-6 per gene
per generation; doubling
dose is about 1 Gy

(Kodama et al.
2001), Japan

Cohort study, atomic bomb survivors,
subset of 3042 persons for whom
chromosome aberration assays were
done on peripheral lymphocytes;
outcomes included translocations ,
pericentric inversions and small
deletions

Linear quadratic doseresponse relationship
between chromosome
aberrations and radiation
dose ( % increase per Sv
in the proportion of
lymphocytes with

Hiroshima
6.6%/Sv
(4.8-8.4)
Nagasaki
3.7%/Sv
(2.6-4.9)

+

Covariates
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Reference,
location

Design

Exposure

Results

Association

7

chromosome aberrations)

(Bilban and
Vaupoti 2001),
Slovenia

(Weinberg et al.
2001), Israel,
Ukraine

Cross-sectional study, 85 children age 812 yr attending a school with known
high radon levels and 20 children from a
new school in a low-radon region;
measured chromosomal aberrations and
micronuclei in cultured peripheral
lymphocytes

Cohort study, 41 children conceived
after their fathers worked in the cleanup
of the Chernobyl reactor, 22 siblings
conceived before the explosion, 28
children of unexposed parents;

Measured indoor radon
using etched track
detectors; the more
exposed school had avg
quarterly radon levels of
900-3200 Bq/m3 with
annual doses of 7-11 mSv
among children in grades
1-4; the other school had
radon levels < 400 Bq/m3

Dose-response
relationships between
chromosome aberrations
and radiation dose were
similar in subgroups
defined by age at exposure
(p-trend for age at
exposure)

p = 0.3

More frequent
chromosomal aberrations
in exposed compared to
relatively unexposed
children (number of
chromosome
aberrations/cell, exposed
vs unexposed)

0.019 vs
0.011
(p < 0.001)

More frequent micronuclei
in exposed compared to
relatively unexposed
children (number of
chromosome
aberrations/cell, exposed
vs unexposed)

0.013 vs
0.009
(p = 0.001)

Strong association
between number of new
DNA bands and
preconceptual paternal
radiation exposure

2.27 vs 0.16
(p < 0.001)

8

DR

Covariates
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Reference,
location

Design
conducted PCR-based DNA
fingerprinting on blood samples from
children and both parents using two
methods (random amplified polymorphic
DNA and inter-simple sequence repeatsPCR); assessed frequency of new bands
(200-900 bp) in children’ s DNA not
seen in their parents’ DNA

Exposure

Results

Association

7

8

DR

Covariates

(number of new DNA
bands per child, children
of exposed vs unexposed
fathers)

Strong association
between number of new
DNA bands and
preconceptual paternal
radiation exposure
(number of new DNA
bands per child, children
conceived after vs children
conceived before their
fathers were exposed)

2.27 vs 0.27
(p < 0.001)

Number of new DNA
bands per child decreased
with interval between
paternal exposure and
conception date (approx #
of DNA bands per child,
interval between paternal
exposure and conception 0
vs 60 mos)

4.3 vs 0.3

Genetic effects: summary
Down syndrome
A case-control study showed no association between Down syndrome and paternal cumulative preconceptual occupational radiation exposure at Hanford nuclear
facility; there were only 10 exposed case fathers (Sever et al. 1988). A UK cohort study showed no association between Down syndrome and maternal or
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paternal occupation as a radiologist (Roman et al. 1996). A Swedish cohort study showed no association between Down syndrome and maternal ovarian
radiation dose from radiotherapy of skin hemangiomas during infancy (Kallen et al. 1998).
A Swedish ecologic study (Ericson and Kallen 1994) showed an association between Down syndrome and regional radioactive fallout levels among offspring
conceived after but not before the 1986 Chernobyl nuclear power plant explosion. However, a study based on 16 European birth defect registries (Dolk and
Nichols 1999) showed no association between Down syndrome and regional radioactive fallout levels after the Chernobyl disaster. A literature review (Bard et
al. 1997) concluded that there was inadequate evidence to assess the impact of radioactive fallout from Chernobyl on Down syndrome incidence.
Chromosome abnormalities
A literature review by Miller (1995) concluded that somatic cell effects of prenatal and postnatal atomic bomb radiation exposure included stable chromosomal
abnormalities in peripheral lymphocytes. This was confirmed in a recent cohort study of atomic bomb survivors that found a linear quadratic dose-response
relationship between chromosome abnormalities in peripheral lymphocytes and radiation dose, independent of age at exposure (Kodama et al. 2001). A small
cohort study of persons exposed to radiotherapy for enlarged thymus or tonsils during childhood and female former tuberculosis patients repeatedly exposed to xray fluoroscopy before age 30 years showed dose-response relationships between the number of stable chromosome abnormalities in peripheral lymphocytes and
radiation exposure that occurred 30-40 years before blood samples were collected for chromosome analysis (Kleinerman et al. 1990).
A small cross-sectional study of children in Slovenia showed a higher prevalence of chromosomal abnormalities and micronuclei in peripheral lymphocytes from
those who attended a school with high indoor air radon levels compared to relatively unexposed children (Bilban and Vaupoti 2001).
Germ cell mutations
A literature review by Miller (1995) concluded that atomic bomb survivors did not experience germ cell mutations detectable through clinical examination or
cytogenetic or biochemical studies of their offspring. A review by UNSCEAR (2001) noted that, although no radiation-induced genetic diseases have been
demonstrated in humans, ionizing radiation universally causes mutations and genetic effects in plants and animals and that humans are likely no exception. The
dose-response relationship between germ cell mutations and ionizing radiation in humans has not been directly measured; expert panels have extrapolated from
experimental animal data and estimated that about 1Gy of low LET ionizing radiation at low dose rates would double the spontaneous mutation rate in humans
(National Academy of Sciences 1990, UNSCEAR 2001). UNSCEAR (2001) also estimated that the genetic effects of an incremental exposure of 10 mSv per
generation would include about 25 clinically severe and 75 clinically mild autosomal dominant mutations per million live births. A small cohort study in Israel
showed strong associations between mutations in children (detected as new DNA bands using PCR) and paternal exposure during the cleanup after the 1986
Chernobyl nuclear power plant explosion (Weinberg et al. 2001).
DNA abnormalities
A small Swedish cross-sectional study showed an association between DNA fragmentation (measured by Comet assay of peripheral blood samples) and
residence in homes with high indoor air radon levels; this study showed no association between DNA fragmentation and drinking water radon levels (Hellman et
al. 1999). Two recent literature reviews concluded that ionizing radiation is a potent cause of double-strand DNA breaks. Double-strand DNA breaks are the
primary cause of chromosomal abnormalities and are associated with increased cancer risk (Pfeiffer et al. 2000, UNSCEAR 2000).
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6. Postnatal growth
Reference,
location

Design

Exposure

Results

10

Association

(Meyer and
Tonascia
1981),
Baltimore,
Maryland

Cohort study, 1109 women exposed in
utero to diagnostic x-rays during 19471952, 1124 unexposed women matched
for hospital of birth, parity, DOB, race;
information on height, weight and school
achievement solicited at follow-up at age
about 20 yr

Short stature was a
selective factor for
prenatal x-ray
pelvimetry during
1947-1952

Exposed women were
significantly shorter than
unexposed women (odds ratio
for height <160 cm)(but their
mothers were shorter than
mothers of unexposed
women)

1.7
(p = 0.001)

(Otake et al.
1993), Japan

Cohort study, 1598 children prenatally
exposed to atomic bomb radiation;
annually assessed growth from age 10 to
18 yr

DS86 dose
estimates

Inverse association between
growth in stature and
radiation doses during the 1st
and 2nd trimesters

+

(Otake et al.
1994), Japan

Cohort study, 567 atomic bomb survivors
age < 10 yr at exposure; measured height
and weight 3-4 times during 1964-1972

DS86 dose
estimates; 17% of
children had doses
1 Gy

Growth in height and weight
inversely associated with
radiation dose

+

(Lee et al.
1999), Japan

Cohort study, 1,470 prenatally exposed
atomic bomb survivors; assessed
postnatal growth – 11 measurements at
ages 9-19 yr

DS86 dose
estimates

Growth in stature was reduced
among children exposed to
doses 0.5 Sv during the 1st
trimester

11

DR

Covariates
Matched for
hospital of birth,
parity, DOB, race
(AfricanAmerican), SES

Postnatal growth: summary

10

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
11
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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A US cohort study showed that women prenatally exposed to diagnostic x-rays were shorter than an exposed comparison group but their mothers were also
shorter than the mothers of women in the comparison group; this suggested that short stature was a selective factor for prenatal x-ray pelvimetry and that the
lower stature of their daughters may relate to genetic/familial factors rather than x-ray exposure per se (Meyer and Tonascia 1981). Longitudinal follow-up of
prenatally exposed atomic bomb survivors and those exposed during childhood showed inverse associations between growth in stature up to age 19 years and
radiation dose (Otake et al. 1993, 1994, Lee et al. 1999).
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7. Neurotoxicity
Reference,
location

Design

(Meyer and
Tonascia
1981),
Baltimore,
Maryland

Cohort study, 1109 women exposed in
utero to diagnostic x-rays during 19471952, 1124 unexposed women matched
for hospital of birth, parity, DOB, race;
information on height, weight and
school achievement solicited at followup at age about 20 yr

(Ron et al.
1982), Israel

Cohort study, 10,842 children treated for
ringworm of the scalp with x-rays at age
< 15 yr, comparison groups of 5400
unexposed siblings and a matched
unexposed population sample of 10,842
children; grade 8 high school aptitude
test, school grades completed, IQ test at
age 17 yr (males only – conducted by
army), mental hospital admissions,
mental retardation registry

12

Exposure

Avg brain dose
1.3 Gy

Results

Association

12

13

DR

Covariates

School achievement not
associated with prenatal x-ray
exposure (odds ratio for
completing < grade 11)

1.25
(p > 0.05)

Matched for
hospital of
birth, parity,
DOB, race
(AfricanAmerican),
SES

Exposed children had lower
school aptitude scores than
population controls and
slightly but not significantly
lower scores than unexposed
siblings (respective
comparisons of matched pairs)

t = -3.9
(p < 0.001)

Population
sample
matched for
sex, age,
ethnicity, year
of migration to
Israel

Mental retardation associated
with radiation exposure
(relative risk based on
population controls)

2.5 (0.8-7.7)

Mental hospital admissions
associated with number of
radiation treatments in boys
(relative risk for 1, 2 or YV

1.1, 2.4, 4.8

t = -1.9
(p = 0.31)

p-trend = 0.001

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
13
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

Results

Association

12

13

DR

treatments); association not
observed for girls
(National
Academy of
Sciences
1990), USA

Expert panel review of literature on
health effects of low-level ionizing
radiation exposure

Experimental animals –
prenatal exposure can cause
CNS neurotoxic effects
Humans – best proven effect
of high-dose prenatal exposure
is abnormal brain development
with severe mental retardation;
peak sensitivity during
gestation wk 8-15 and to a
lesser degree during wk 16-25
Risk of severe mental
retardation for exposure during
gestation wk 8-15 to a dose of
0.1 Sv; risk is lower at other
gestational ages

(Otake et al.
1991), Japan

Cohort study, reanalysis of persons
prenatally exposed to radiation, number
of persons in sub-studies varied from
1090 to 2083; used revised exposure
estimates believed to be more accurate

DS86 exposure
estimates

4%

Severe mental retardation (30
cases) associated with
radiation exposure esp during
gestation wk 8-15 (likelihood
of severe mental retardation
per 0.1 Gy exposure during
gestation wk 8-15)

4.3%

+

IQ at age 10-11yr inversely
associated with exposure
during gestation wk 8-15 and
16-25 (IQ deficit per 0.1 Gy)

wk 8-15
-3 pt (p < 0.01)

+

wk 16-25
-2 pt (p < 0.01)

Covariates
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Reference,
location

(Ikenoue et
al. 1993),
Japan

Design

Cohort study, 929 children prenatally
exposed to atomic bomb radiation;
assessed neurologic development and
school performance in children
(assessed 7 standard school subjects –
language, social studies, math, science,
music, art, gymnastics)

Exposure

DS86 dose
estimates

Results

Association

12

Inverse dose-response
relationships between teacherrated school performance
scores at age 10-11 year and
radiation doses during
gestation wk 8-15 and 16-25

+

Severe mental retardation
associated with radiation
exposure (percent of affected
children for doses of <0.1, 0.10.99 and *\

0.4, 3.9, 43%

Severe mental retardation
associated with gestational age
at exposure (percent of
affected children exposed
during gestational weeks 0-7,
8-15, 16-25 and 26+)

0.0, 4.0, 1.5, 0.3%

13

DR

+

Reduced head circumference
at birth was associated with
abnormal neurologic
development
Inverse dose-response
relationships between teacherrated school performance
scores at age 10-11 year and
radiation doses during
gestation wk 8-15 and 16-25

+

+

Covariates
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Reference,
location

Design

(Roman and
Sperduto
1995), USA

Review of literature on
neuropsychologic effects of therapeutic
radiation exposure

Exposure
Childhood ALL
treated with
whole-brain
doses of 18-24
Gy

Results

Association

12

Exposure associated with mild
IQ decline, usually first
evident 1 yr or more after
treatment; greater IQ deficits
among children treated at
younger ages; uncertainty re
role of radiation per se versus
chemotherapy (esp
methotrexate)
Exposed children have high
incidence of learning
disabilities and academic
failures
Neuropathologic evidence
shows that radiation has toxic
effects on white matter and
subcortical structures – these
could explain reduced
processing speed, memory
impairment and increased
distractibility of exposed
children

Childhood brain
tumours treated
with about 35 Gy
whole-brain and
45-50 Gy in
posterior fossa
(Miller
1995b),

Review of literature

High incidence of pronounced
intellectual, neuropsychologic
and academic deficits; effects
more severe among children
exposed at younger ages
Prenatally exposed
atomic bomb

13

DR

Covariates
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Reference,
location

Design

Exposure

Results

USA

(Ornoy et al.
1996), Israel

(Otake and
Schull
1998), Japan

Association

12

13

DR

Covariates

survivors had
increased risk of
mental retardation;
peak risk was for
exposure during
gestation wk 8-15
Retrospective cohort study, 52 children
of women exposed during the 1st
trimester to abdominal/pelvic x-rays, 60
children of women who had prenatal
skull or chest x-rays, 62 children of
unexposed mothers; conducted
neurologic examinations and
neuropsychologic tests – Bayley
developmental scales for children age 12 yr, McCarthy developmental scales for
those age 3-5 yr

Review of literature on epidemiologic
studies of prenatally exposed atomic
bomb survivors and neurotoxicity

Medical record
documented xray exposure

DS86 dose
estimates

Bayley MDI and PDI scores at
age 1-2 yr not associated with
maternal 1st trimester
abdominal/pelvic x-rays
(scores for controls, head/chest
x-rays, abdominal/pelvic xrays)

MDI
117±2.6, 108±2.4,
110±2.7

McCarthy GCI and MDI
scores at age 3-5 yr not
associated with maternal 1st
trimester abdominal/pelvic xrays (scores for controls,
head/chest x-rays,
abdominal/pelvic x-rays)

GCI
1057±2.9, 105±12,
111±2.9

Severe mental retardation was
associated with prenatal
radiation dose; strongest
association was for exposure
during gestation wk 8-15

+

+

Inverse dose-response
relationship between IQ at age

-29±8.2 pts

+

Matched for
age, SES

PDI
101±2.3, 101±3.1,
99±3.0

MDI
48±1.5, 53±4.0,
51±3.4
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Reference,
location

Design

Exposure

Results

Association

12

13

DR

Covariates

10-11 yr and radiation dose
during gestation wk 8-15 (IQ
deficit per Gy)
Inverse dose-response
relationships between teacherrated school performance
scores at age 10-11 year and
radiation doses during
gestation wk 8-15 and 16-25

+

+

Seizures associated with
radiation dose during gestation
wk 8-15 (relative risks for
0.10-0.49 and 0.5 Gy)

4.4
(0.5-41)

+

25
(4.1-192)

Neurotoxicity: summary
Mental retardation
A cohort study showed that children given radiotherapy for ringworm of the scalp before age 15 years had a statistically non-significant higher prevalence of
mental retardation than an unexposed population comparison group (Ron et al. 1982). Analyses based on revised dose estimates for prenatally exposed atomic
bomb survivors showed a dose-related increased risk of severe mental retardation; among those exposed during gestation weeks 8-15, the most sensitive period,
there was a 4.3 % likelihood of severe mental retardation per 0.1 Gy (Otake et al. 1991, Ikenoue et al. 1993). An expert panel estimated a 4% risk of severe
mental retardation after exposure to 0.1 Gy during gestation weeks 8-15 (National Academy of Sciences 1990). The authors of two literature reviews reached
similar conclusions (Miller 1995b, Otake and Schull 1998).
Cognitive function
A cohort study showed that children given radiotherapy for ringworm of the scalp before age 15 years had lower high school aptitude test scores than an
unexposed population comparison group but not significantly lower than unexposed siblings (Ron et al. 1982). Analyses based on revised dose estimates for
prenatally exposed atomic bomb survivors showed an inverse dose-response relationship between IQ at age 10-11 years and exposure during gestation weeks 825 with an IQ deficit of 2-3 points per 0.1 Gy (Otake et al. 1991, Otake and Schull 1998). A review by Roman and Sperduto (1995) concluded that children
treated with radiotherapy for acute lymphatic leukemia (whole brain doses of 18-24 Gy) had mild IQ deficits usually evident one year or more after exposure
with greater severity among those exposed before age five years; the authors noted uncertainty related to the independent neurotoxic effects of radiotherapy and
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chemotherapy (especially methotrexate). A retrospective cohort study in Israel showed no association between cognitive or psychomotor development scores at
age 1-5 years and maternal 1st trimester abdominal/pelvic x-ray exposure (Ornoy et al. 1996).
Scholastic achievement
Studies of prenatally exposed atomic bomb survivors showed inverse dose-response relationships between teacher-rated school performance scores at age 10-11
years and radiation dose during gestation weeks 8-25 (Otake et al. 1991, Ikenoue et al. 1993, Otake and Schull 1998). A cohort study showed that scholastic
achievement to age about 20 years was not associated with prenatal exposure to diagnostic x-rays (Meyer and Tonascia 1981).
Mental illness
A cohort study showed that among children given radiotherapy for ringworm of the scalp before age 15 years there was a dose-response relationship between
mental hospital admissions and radiation dose among males but not females (Ron et al. 1982).

16

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
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8. Childhood leukemia
Reference,
Design
location
(Stewart et al.
1956), UK

(Stewart et al.
1958), UK

17

Population-based casecontrol study, 547
childhood cancer deaths
(incl 269 leukemia
deaths), age < 10 yr, 19531955, 547 matched
controls; physicians
interviewed parents

Population-based casecontrol study, 1299
childhood cancer deaths
(incl 619 leukemia
deaths), age < 10 yr, 19531955, 1299 matched
controls; physicians
interviewed parents

16

17

Covariates

Exposure

Results

Association

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Leukemia associated with
prenatal abdominal x-rays (odds
ratio calculated from data in
report)

1.9 (1.1-3.4)

Matched for age, sex,
locality

Leukemia not associated with
prenatal non-abdominal x-rays

1.1 (0.6-2.1)

As above

Leukemia not associated with
childhood diagnostic x-ray
exposure

0.9 (0.6-1.4)

As above

Non-leukemia childhood cancer
deaths associated with prenatal
abdominal x-rays

2.2 (1.3-4.1)

As above

Leukemia associated with
prenatal abdominal x-rays (odds
ratio calculated from data in
report)

1.9 (1.4-2.6)

Matched for age, sex,
locality

Non-leukemia childhood cancer
deaths associated with prenatal
abdominal x-rays

2.2 (1.6-3.0)

As above

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

DR

‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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16

Reference,
location

Design

Exposure

Results

(MacMahon
1962), 9 NE
states, USA

Hospital-based case-cohort
study, 734,243 live births,
1947-1954; 584 cancer
deaths among children age
0-12 yr (304 leukemia,
120 CNS, 132 other)

11% of all births and 19%
of first births had prenatal
pelvic or abdominal x-rays
(usually involving at least
3 films); medical record
information on x-ray
exposure for 1% sample of
all births and for all cancer
deaths

Childhood leukemia deaths
associated with prenatal
maternal pelvic or abdominal xrays (odds ratio, exposed vs
unexposed)(confidence interval
calculated from data in report)

1.5 (1.1-2.1)

Risk of childhood leukemia
deaths increased with number of
films (odds ratios, 1-2 and 3+ vs
0 films)(calculated from data in
report)

1.0 (0.4-2.1)

Association between childhood
leukemia death and prenatal
pelvic or abdominal x-ray
stronger for first than later births
(odds ratios)(calculated from
data in report)

1st birth
1.5 (1.0-2.2)

Association

17

DR

Covariates

Matched for period of
birth

+

As above

1.7 (1.2-2.4)

birth 2+
1.3 (0.6-2.3)

(Bithell and
Stewart 1975),
Oxford Survey
of Childhood
Cancers, UK

Case-control study,
childhood cancer deaths,
1953-1967, 8,513 matched
pairs, age < 16 yr

Self-reported prenatal
maternal diagnostic x-ray
exposure

Childhood ALL and AML
associated with maternal
prenatal abdominal x-rays (odds
ratio, exposed vs unexposed)

ALL
1.5 (1.3-1.8)

(Johnson 1984),
six towns in
Utah, Arizona,
and Nevada

Ecologic study, 4,125
Mormons living in areas
with high fallout from
atmospheric nuclear tests
and venting of

High exposure defined as
Mormon families who
lived in towns with high
fallout during 1951-1962

Leukemia incidence higher than
expected based on all Mormons
in Utah (observed and expected
numbers); childhood cancer data
not reported

O = 31/E =7.0

AML
1.5 (1.2-1.8)
Age, sex
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Reference,
location

Design

Exposure

Results

Association

16

17

DR

Covariates

underground tests; parentreported health
information including 288
cancer cases during 19581980
(Harvey et al.
1985),
Connecticut

Nested case-control study,
31 cases childhood cancer
among twins born during
1930-1969, 124 matched
twin controls; during study
period, twins often
exposed to prenatal x-rays
to confirm diagnosis and
assess fetal positions

Medical records searched
for histories of prenatal
maternal x-rays – 39% of
cases and 26% of controls
exposed

Non-significant association
between childhood leukemia
and prenatal x-ray exposure (5
exposed case mothers)

1.6 (0.4-6.8)

(Roman et al.
1987), UK

Ecologic study, childhood
leukemia incidence rates,
age < 15 yr, 89 cases
diagnosed during 19721985 and living in region
with 3 nuclear
establishments; expected
numbers based on annual
age-specific leukemia
rates for England and
Wales and local
population at risk

Exposure index was
residence < 10 km of a
nuclear power facility

Borderline association between
childhood leukemia and
residence within 10 km of
nuclear facilities

1.4 (1.0-1.9)

Association between childhood
leukemia diagnosed before age 5
yr and residence within 10 km
of nuclear facilities

2.0 (1.3-2.9)

Ecologic study, cancer

Persons born before 1958

Leukemia mortality (all ages)

1.5 (1.2-1.8)

(Machado et al.

Matched for sex,
YOB, race

Age, sex
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16

17

Covariates

Reference,
location

Design

Exposure

Results

1987), Utah

mortality in southwestern
Utah compared to rest of
state and to USA; included
9 leukemia deaths among
children age < 15 yr

and living in region close
to nuclear test site in
Nevada; fallout highest
during 1953-1957

higher in exposed region
(relative risks, SW Utah vs
remainder of Utah and USA)

1.3 (1.0-1.5)

Childhood leukemia mortality
(age 0-14 yr) during 1955-1971
higher in exposed region
(relative risks, SW Utah vs
remainder of Utah and USA)

2.8 (1.7-4.9)
3.0 (1.8-5.0)

As above

(Ron et al.
1988a), Israel

Cohort study, 10,834
children treated for
ringworm of the scalp with
x-rays at age < 15 yr,
comparison groups of
5,392 unexposed siblings
and a matched unexposed
population sample of
10,834 children; assessed
risks of cancer death
during 1950-1982

Avg skull bone marrow
dose was 4 Gy

Exposed persons had increased
risk of death from leukemia
(relative risk based on
comparison groups)

2.3 (1.0-5.6)

Population
sample
matched for sex, age,
ethnicity, year of
migration to Israel

(Rodvall et al.
1990), Sweden

Nested case-control study,
within national cohort of
Swedish twin births born
during 1936-1967, 95
cases childhood cancer,
190 matched controls, age
< 16 yr

Prenatal x-ray exposure
based on medical records;
estimated ovarian doses
for abdominal and
pelvimetry x-rays before
1958 were 5-10 and 5-45
mSv

Non-significant association
between leukemia and maternal
abdominal x-rays (10 exposed
case mothers)

1.7 (0.7-4.1)

Matched for DOB,
sex, sex of co-twin

(Gardner et al.
1990), West
Cumbria health

Case-control study, 52
leukemia cases, 22 nonHodgkin’s lymphoma

Self-reported and recordbased information on
prenatal maternal x-rays

Leukemia associated with
paternal preconceptual
cumulative radiation exposure at

1.1 (0.3-4.1)
0.7 (0.1-5.7)
6.2 (1.5-26)

Association

DR
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Reference,
location

Design

Exposure

Results

district, UK

(NHL) and 23 Hodgkin’s
disease cases, age < 25 yr;
1001 controls matched for
sex and DOB, some
controls were matched for
region and others for
parish of residence;
subjects resided in region
near Sellafield nuclear
plant

and parental occupational
exposures including
employment and radiation
exposure levels at nuclear
plant

Sellafield using regional
controls (similar results using
local controls); odds ratios for 149, 50-99 and 100 mSv (3, 1
and 4 case fathers so exposed)

(Stevens et al.
1990),
southwestern
Utah

Population-based casecontrol study of leukemia
deaths during 1952-1981
among persons born
before 1958, 1,177 cases,
5,330 matched controls
were persons who died of
causes other than
leukemia; subject, spouse
or parent had to be a LDS
church member during

Residential history during
1950-1958 from church
records; estimated bone
marrow dose from fallout
deposition rates and
residence location

Association

16

Leukemia and NHL associated
with paternal preconceptual
radiation dose P6Y RQO\
4 cases and 5 controls in this
exposure category)

6.4 (1.6-26)

Leukemia and NHL not
associated with maternal
prenatal abdominal x-ray
exposure (odds ratios using local
and regional controls)(only 5
case mothers exposed)

1.3 (0.5-3.9)
1.2 (0.4-3.3)

Borderline dose-response
relationship between acute
lymphocytic leukemia (ALL)
and estimated bone marrow
radiation dose (odds ratios for
<3, 3.0-5.9 and 6.0-30 mGy)

1.0 (referent)
1.1 (0.9-1.3)
1.7 (1.0-2.8)
p-trend = 0.07

17

DR

Covariates

Matched for yr of
death, age, sex

68

Reference,
location

Design

Exposure

1950-1958

Results

Association

16

ALL risk higher for persons
exposed before age 20 yr (odds
ratios for exposure  6 mGy
among those exposed at age 019, 20-49 and 0 yr)

4.0 (1.2-13)
1.4 (0.4-4.4)
1.4 (0.6-3.3)

Childhood leukemia incidence
rates by country associated with
avg indoor radon levels

r = 0.61, p <
0.02

(Henshaw et al.
1990),
international

Ecologic study, myeloid
leukemia, kidney cancer,
melanoma and childhood
cancer incidence rates in
15 countries and in 10
provinces of Canada

(National
Academy of
Sciences 1990),
USA

Assessed cancer risks

(Collman et al.,
1991), North
Carolina

Ecologic study, 1194
leukemia and 213
lymphoma deaths, age <
15 yr; used data from
surveys of radon in 308
groundwater community
drinking water supplies

Counties ranked into
tertiles by GM radon
concentration (< 229, 2291375 and  1376 pCi/L)

Relative risk of leukemia death
increased in communities with
higher groundwater radon levels
(respective relative risks,
communities with 2nd or 3rd vs
1st tertile radon levels)

1.3 (1.1-1.5)

(McKinney et
al. 1991), UK

Population-based casecontrol study, 109 cases
leukemia or nonHodgkin’ s lymphoma
(90% were leukemia), 218
controls, age < 15 yr,

Self-reported parental
lifetime occupational and
other exposures

Childhood leukemia or nonHodgkin’ s lymphoma (90%
leukemia cases) associated with
paternal but not maternal
preconceptual occupational
radiation exposure (odds ratios,

paternal
3.2 (1.4-7.7)

Avg indoor radon (range
9-100 Bq/m3) and
background -radiation
(range 270-950 µSv/yr)
levels by country
estimated from national
surveys

17

DR

Covariates

Available data support a linearquadratic relationship between
leukemia and radiation dose

1.3 (1.1-1.6)

maternal
1.1 (0.4-2.9)

Matched for region of
residence; odds ratios
changed only slightly
when adjusted for
potential confounders
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Reference,
location

Design

Exposure

living in 3 regions with
known high childhood
leukemia incidence rates

(Jablon et al.
1991), USA

(Stjernfeldt et
al. 1992),
Sweden

Ecologic study; assessed
risk of childhood leukemia
mortality (1950-1984) in
107 counties near nuclear
facilities and 292 control
counties, 2020 leukemia
deaths among children age
< 10 yr; also assessed
childhood leukemia
incidence in Connecticut,
Nebraska and Iowa

Case-control study, 128
cases acute lymphatic
leukemia (ALL), 88 cases
solid tumours, 301
diabetic controls, children
age 0-16 yr

Results

Association

16

17

DR

based on 23 and 19 discordant
case-control pairs, respectively,
for paternal and maternal
exposures)
62 nuclear facilities (incl
52 commercial electric
plants) first operated
before 1982

Self-reported prenatal
maternal exposure to
diagnostic x-rays

Childhood leukemia deaths
before plant start-up associated
with residence in exposed
counties but deaths after plant
start-up not associated with such
residence (respective relative
risks)

before
1.08
(p < 0.05)

Childhood leukemia incident
cases before plant start-up
inversely associated with
residence in exposed counties
but cases after plant start-up not
associated with such residence
(respective relative risks)

before
0.92
(p < 0.05)

ALL associated with prenatal
maternal abdominal or pelvic xrays and maternal smoking
(odds ratios for 0, 1-9 and 10+
cigarettes/d); note apparent
interaction between x-rays and
maternal smoking

no x-rays
1.0 (referent),
1.3, 2.2

Dose-response relationship

1.0 (referent),

after
1.03 (NS)

after
1.01 (NS)

abd/pelvic xrays
1.3, 4.0, 5.4
+

Covariates
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Reference,
location

Design

Exposure

Results
between ALL and number of xray examinations among
children of non-smoking
mothers (odds ratios for 0, 1 and
2 x-ray examinations)

(Darby et al.
1992),
Denmark,
Finland,
Sweden,
Norway,
Iceland

(Sorahan and
Roberts 1993),
Oxford Survey
of Childhood
Cancers, UK

Ecologic study, time
trends of childhood
leukemia incidence rates,
age 0-14 yr, and fallout
from nuclear weapons
testing during the 1950s
and 1960s

Case-control study, 15,279
case-control pairs
comprising childhood
cancer deaths and matched
controls, age < 16 yr; 6515
leukemia, 1016 nonHodgkin’ s lymphoma and
7338 other childhood
cancer deaths

During the high fallout
period, 1962-1965, avg
fetal and childhood bone
marrow doses were,
respectively, about 0.14
and 0.4-0.6 mSv/yr

Self-reported paternal
occupations; radiation
exposure category inferred
from 200 job titles
identified by a medical
physicist (1-4, 5-9 and 10
mSv per 6 mos)

Association

16

Covariates

1.8, 2.3
p-trend < 0.05

Leukemia (age 0-14 yr) not
associated with estimated
childhood bone marrow dose
(relative risks for low, medium
and high exposure) (p for
heterogeneity = 0.22)

1.0 (referent),
0.9, 1.0

Weak association between
leukemia among children age 04 yr and estimated childhood
bone marrow dose (relative risks
for low, medium and high
exposure) (p for heterogeneity =
0.02)

1.0 (referent),
0.9, 1.1

Leukemia not associated with
paternal occupational exposure
to external radiation during 6
mos before conception (odds
ratios for estimated doses of 1-4,
5-9 and 10 vs 0 mSv)

0.9 (0.6-1.4)
0.9 (0.2-3.5)
0.6 (0.1-2.6)

Leukemia associated with
paternal occupational exposure

17

DR

3.4
(1.4-8.6)

Social class, maternal
age, birth order

As above
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Reference,
location

Design

Exposure

Results

Association

16

17

DR

Covariates

to radionuclides during 6 mos
before conception (odds ratio)
Leukemia associated with
maternal prenatal obstetric
diagnostic x-rays (odds ratio)
(Mclaughlin et
al. 1993a),
Ontario

(McLaughlin et
al. 1993b),
Ontario

Ecologic study, childhood
leukemia, age < 15 yr,
restricted to cases born in
Ontario; 1894 deaths
(1950-1987), 1814 cases
(1964-1986); expected
numbers of cases and
deaths based on provincial
age-specific rates and local
population at risk

Case-control study, 112
leukemia cases (19501988), 890 matched
controls, age < 15 yr,
mothers lived in regions
where at least 0.5% of
labour force worked at a
nuclear facility

Exposure index was
residence within 25 km of
a nuclear facility

Borderline associations between
leukemia incidence and
mortality and proximity of
residence at birth to Pickering
nuclear power station
(respective relative risks)

Borderline associations between
leukemia incidence and
mortality and proximity of
residence at birth to any of the 5
nuclear establishments
(respective relative risks)
Assessed paternal
occupational radiation
exposure by linkage to
national radiation
dosimetry registry

1.4
(1.3-1.5)

Social class, maternal
age, birth order,
paternal occupational
radiation exposure

Incidence
1.15 (0.9-1.4)
Mortality
1.34 (0.9-1.9)

Incidence
1.07 (0.9-1.3)
Mortality
1.17 (0.9-1.5)

Childhood leukemia not
associated with paternal
employment in nuclear industry
(odds ratio)

1.1 (0.5-2.3)

Matched for DOB,
region

Childhood leukemia not

1.0 (referent)

As above
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Reference,
location

Design

Exposure

Results
associated with paternal
cumulative preconceptual whole
body radiation exposure (odds
ratios for 0, 0.1-49 and 50
mSv)(106, 4 and 2 exposed case
fathers)
Non-significant association
between childhood leukemia
and paternal preconceptual
radon exposure (odds ratios for
0, 0.1-49 and 50 WLM)(108, 2
and 2 exposed case fathers,
respectively)
Childhood leukemia not
associated with distance of
residence from nuclear facility
(odds ratios for 0-14, 15-20 and
30 km)(46, 27 and 39 exposed
cases/parents)

(Roman et al.
1993), UK

Case-control study, 50
cases leukemia and 4 cases
non-Hodgkin’ s lymphoma
(NHL), 324 controls, age
< 5 yr, residents in region
near nuclear facilities,
diagnosed during 19721989

Film badge measurements
of paternal occupational
radiation exposure –
cumulated exposures
before conception all
below 5 mSv

Association

16

17

DR

Covariates

0.8 (0.3-2.5)
1.1 (0.2-5.6)
p-trend > 0.05

1.0 (referent)
1.9 (0.2-17)
5.1 (0.5-55)

As above

p-trend > 0.05

1.0 (referent)
1.0 (0.4-2.1)
1.2 (0.6-2.5)

As above

p-trend > 0.05

Non-significant association
between leukemia and
preconceptual paternal
employment at a nuclear
establishment (odds ratio) (4
exposed case fathers)

2.8 (0.6-11)

Borderline association between
leukemia and preconceptual
maternal abdominal x-rays (10

2.2 (0.8-5.6)

Controls matched for
sex, DOB,
geographic region at
birth and at diagnosis
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Reference,
location

Design

Exposure

Results

Association

16

17
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Covariates

exposed case mothers)
(Ericson and
Kallen 1994),
Sweden

Ecologic study, childhood
acute lymphatic leukemia
after the Chernobyl
nuclear power plant
explosion; used national
health registries to assess
risks in regions with
highest radioactive fallout

Swedish municipalities
assigned to 4 radioactive
fallout categories: <5, 529, 30-80 and >80 kBq/m2

Borderline increased risk of
acute lymphatic leukemia during
1985-1989 among children born
in highest exposed regions
during 1985-1989 (relative risk
compared to children in regions
with <5 kBq/m2)

2.2 (0.9-4.5)

(Shu et al.
1994),
Children’ s
Cancer Group,
USA, Canada

Case-control study, 302
leukemia cases including
203 acute lymphocytic
(ALL) and 88 acute
myeloid (AML)
leukemias, 558 matched
population controls, age 
18 mos

Parent-reported x-ray
exposures

Dose-response relationships
between ALL and paternal
preconceptual x-rays of upper
gastrointestinal tract (odds ratios
for 0, 1 and 2+ x-rays)

1.0 (referent)
1.4 (0.7-2.6)
2.7 (1.0-7.4)

Dose-response relationships
between ALL and paternal
preconceptual x-rays of lower
gastrointestinal tract/abdomen
(odds ratios for 0, 1 and 2+ xrays)

+

Matched for YOB,
telephone area
code/exchange,
adjusted for paternal
age, education,
alcohol

+

As above

p-trend = 0.04

1.0 (referent)
3.4 (1.7-6.7)
3.8 (1.5-10)
p-trend < 0.01

Borderline dose-response
relationships between ALL and
paternal preconceptual x-rays of
chest and limbs

chest
p-trend = 0.08

Borderline dose-response
relationships between AML and

1.0 (referent)
1.7 (0.7-3.9)

As above

limbs
p-trend = 0.08
As above
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Reference,
location

Design

Exposure

Results
paternal preconceptual x-rays of
upper gastrointestinal tract
ALL and AML not associated
with maternal preconceptual xrays

(Foreman et al.
1994),
southwest
England

Ecologic study, childhood
cancer incidence in five
counties with large
differences in radon
exposure and degree of
urbanization, age < 15 yr

2 counties had highest
radon levels in UK (12%
of homes had indoor air
radon > 200 Bq/m3)

Childhood leukemia rates
similar in high and low radon
counties (respective rates per
106 child years)

(Richardson et
al. 1995),
England,
Scotland, Wales

Ecologic study, leukemia
incidence during 19691983, age < 15 yr, 459
local areas

Surveys of indoor and
outdoor -radiation and
indoor radon levels

Leukemia not positively
associated with indoor or
outdoor -radiation levels
(inverse association observed
during 1979-1983)(relative risks
not reported)
Lymphocytic leukemia
associated with radon levels
during 1974-1978 but not earlier
or later years (relative risks not
reported)

(Little et al.
1995), UK

Review of childhood
leukemia and parental
preconceptual radiation
exposure

The weight of epidemiologic
and animal evidence indicate
that childhood leukemia is not
associated with paternal
preconceptual radiation

Association

16

17

DR

Covariates

5.3 (0.5-53)
p-trend = 0.07

41 vs 47
(p = 0.30)

Matched as above,
adjusted for maternal
age, education,
alcohol

75

Reference,
location

Design

(Miller 1995b;
Miller 1995a),
USA

Review of literature

Exposure

Results

Association

16

Atomic bomb survivors exposed
before age 15 yr had increased
risks of acute lymphocytic
(ALL) and chronic myelocytic
leukemia (CML); increased
leukemia risk peaked about 5 yr
after exposure and then declined
but remained elevated during
follow-up period
Increased risk of leukemia
among children prenatally
exposed to diagnostic x-rays but
not among those prenatally
exposed to atomic bomb
radiation

(Sorahan et al.
1995), Oxford
Survey of
Childhood
Cancers, UK

Case-control study, 14,869
case-control pairs
comprising childhood
cancer deaths and matched
controls, age < 16 yr; 48
cases and 32 controls had
fathers in potentially
exposed occupations

Self-reported paternal
occupations potentially
exposed to radiation incl
radiologists, surgeons,
anesthetists, veterinary
surgeons, dental surgeons,
nuclear industry workers,
industrial radiographers

Childhood leukemia deaths
associated with paternal
employment in any of the
occupations selected as
potentially exposed to radiation
(crude odds ratio – calculated
from data in publication)

1.5

(Parkin et al.
1996), Europe

Ecologic study, cancer
incidence rates in 23
countries, 23,756 leukemia
cases age < 15 yr

Assessed radiation
exposure related to
Chernobyl nuclear power
plant explosion – levels in
year 1 ranged from < 0.1
mSv in some regions of
the UK, Sweden, the
Netherlands, Germany and

Slight increase in overall
leukemia incidence rate but
regional incidence rates not
related to radiation exposure
(observed/expected ratios of
childhood leukemia cases
among 1981-1986 birth cohort
for excess radiation doses of

1.0, 1.0, 1.0,
1.0

17

DR

Covariates
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Reference,
location

Design

Exposure

Results

Denmark to about 2 mSv
in Belarus

0.01-0.05, 0.06-0.12, 0.13-0.29
and 0.30 mSv)

Association

16

Limited follow-up period re
latency of leukemia
(Pierce et al.
1996), Japan

(Tondel et al.
1996), Sweden

Cohort study, 86,572
atomic bomb survivors
followed to 1990; assessed
cancer mortality risks

Ecologic study of
childhood leukemia, brain
and other cancer incidence
rates in areas most
exposed to fallout from the
Chernobyl nuclear power
plant explosion; assessed
cancer incidence trends
during 1978-1992; 746
cancer cases, age < 20 yr

About 60% had doses 
mSv

Some excess leukemias
occurred within 2 yr of exposure
and most occurred within 15 yr
Excess lifetimes risks of
leukemia after an acute dose of
1 Sv for persons exposed at age
10 yr were similar to those
exposed at age 30 yr (excess
risks for males/females age 10
or 30 yr at exposure)

Categorized 374 parishes
into estimated radiation
exposure categories of <3,
3-39 and 40 kBq/m2
using data from aerial
mapping of ground 137Cs
radiation levels

M/F, age 10
yr
0.014/0.009
M/F age 30 yr
0.015/0.008

Childhood leukemia incidence
rates increased in low and high
but not intermediate exposure
regions (respective relative risks
for 1987-1992 vs 1978-1986)

2.2 (1.3-3.7)
1.2 (0.8-1.8)
2.3 (1.1-4.7)

Childhood leukemia incidence
rates not associated with avg
radiation level in parish of
residence (relative risks for 3-39
and 40 vs <3 kBq/m2)

0.8 (0.4-1.4)
0.5 (0.1-1.3)

17

DR

Covariates
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Reference,
location

Design

Exposure

Results

(Thorne et al.
1996), UK

Ecologic study, 301
incident cancers among
children age < 15 yr in 283
postal code sectors of 2
counties with variable
indoor radon levels; used
data from survey of indoor
radon levels in 13% of
dwellings in 2 counties

Compared postcode
sectors with avg indoor
radon levels 100 Bq/m3
vs < 100 Bq/m3

Non-significant differences in
AML, AML and total leukemia
incidence rates in high vs low
radon regions (respective
incidence rates per 106 child
years)

Review of literature on
cancer incidence trends in
European countries in
relation to the 1986
Chernobyl nuclear power
plant explosion

Ecologic epidemiologic studies
in 7 European countries showed
no relation between leukemia
incidence rates and radiation
from Chernobyl

(Roman et al.
1996), UK

Cohort study, 5509
radiologists; compared
birth defect and childhood
cancer rates among their
offspring with those in the
general population
Review of literature on
health effects of 1986
Chernobyl nuclear power
plant explosion

Leukemia not associated with
paternal or maternal occupation
as radiologist (respective
relative risks)(only 6 leukemia
cases and 1NHL case)

(Draper et al.
1997), UK

Case-control study, 35,949
cancer cases (1952-1986),
38,323 controls, age < 15

16

17

DR

Covariates

AML
6.7 vs 2.4
(p = 0.11)
ALL
32 vs 41
(p = 0.28)
Total
leukemia
39 vs 43
(p = 0.60)

(Sali et al.
1996), Europe

(Bard et al.
1997),
Chernobyl,
Ukraine

Association

3.3 (0.4-12)
1.3 (0.4-3.1)

Inadequate evidence to assess
risk of excess leukemia
incidence after the explosion
Assessed parental
radiation exposure by
linking to a national

Leukemia or non-Hodgkin’ s
lymphoma associated with
paternal occupation as radiation

1.8 (1.1-3.0)

Matched for area of
birth, sex, DOB

78

Reference,
location

(Pobel and Viel
1997),
Normandy,
France

(Lubin et al.
1998),
Children’ s
Cancer Group,

Design

Exposure

Results

yr; excluded cases studied
by Gardner et al. (1990)

registry of radiation
workers; 82 case and 79
control fathers and 15 case
and 3 control mothers
were radiation workers

worker

Case-control study, 27
cases leukemia (19781993), 192 matched
controls, age < 25 yr,
resident within 35 km of
La Hague nuclear
reprocessing plant

Self-reported exposure
information including
employment in nuclear
establishments and
occupational radiation
dosimetry data

Case-control study, 505
cases acute lymphatic
leukemia (ALL), 443
controls, age 0-14 yr

Radon track etch detectors
placed in current and
previous homes where
subjects had lived for at

Association

16

Leukemia or non-Hodgkin’ s
lymphoma associated with
paternal radiation dose treated as
a continuous variable (excess
relative risk per 100 mSv)

2.1 (1.0-5.1)

Leukemia or non-Hodgkin’ s
lymphoma not associated with
maternal occupation as radiation
worker (only 4 case and 1
control mothers were so
exposed)

4.0 (0.4-197)

Leukemia associated with
duration of residence in a
granite house or in a granitic
area (relative risk per yr)

1.2 (1.0-1.4)

17

DR

+

Covariates

Matched for sex, age,
birthplace, place of
residence

No case fathers occupationally
exposed to radiation before
conception (note small number
of cases)
ALL (age 0-14 yr) not
associated with indoor radon
levels; matched pairs odds ratios
for avg radon levels of <37, 37-

1.0 (referent)
1.2 (0.8-1.9)
0.8 (0.5-1.4)
1.0 (0.5-2.0)

Controls matched for
age, race, first 8
digits of telephone
number; adjusted for

79

Reference,
location

Design

USA

Exposure
least 6 mos (age < 5 yr) or
12 mos (older children);
avg radon levels in case
and control homes were 65
and 79 Bq/m3

Results
73, 74-147, and 48 Bq/m3

ALL in subgroups age <2, 2-4,
5-9 and 10-14 yr not associated
with radon levels

(Doll 1998),
UK

Review of literature on
effects of low-dose
radiation

Inadequate evidence for an
association between childhood
leukemia and paternal
preconceptual radiation
exposure

(Preston 1998),
USA

Reviewed evidence of
leukemia risk among
atomic bomb survivors

Clear evidence of a doseresponse relationship between
leukemia and ionizing radiation
exposure; excess cases included
acute lymphocytic and acute and
chronic myelocytic leukemia
Data are consistent with a
linear-quadratic model and no
threshold above 0.5 Gy (50 rads)
No evidence of a protective
effect at low dose levels
Excess leukemia increased
within 2 yr of exposure, peaked
at 5-10 yr post-exposure and
then declined but remained
above background risks at most

Association

16

(p for linear
trend = 0.18)

17

DR

Covariates
sex
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Reference,
location

Design

Exposure

Results

Association
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DR

Covariates

recent follow-up during the
1990s
Excess leukemia risk was
greater among persons exposed
at age < 10 yr; this finding
persisted at most recent followup during 1990s
(Meinert et al.
1999), Germany

Population-based casecontrol study, 2,358 cancer
cases (leukemias,
lymphomas, other
cancers), diagnosed during
1980-1994, 2,588 controls,
age < 15 yr; included a
substudy of childhood
acute leukemia and nonHodgkin’ s lymphoma
(NHL) within 15 km of
nuclear power facilities

Self-reported prenatal
parental and childhood
radiation exposure
(occupational, diagnostic
x-rays)

Non-significant association
between childhood (age 0-14 yr)
leukemia and preconceptual
paternal employment in the
nuclear industry under
dosimetric monitoring (16
exposed cases)

1.8 (0.7-4.6)

Sex, YOB, age at
diagnosis, proximity
to nuclear power
facility, SES,
urbanization

Borderline association between
childhood leukemia and
maternal occupational radiation
exposure during pregnancy (20
exposed cases)

1.5 (0.9-2.8)

As above

Borderline association between
childhood leukemia and paternal
diagnostic x-rays (abdomen or
intestinal tract) during 2 yr
before birth (16 exposed cases)

1.8 (0.9-3.6)

As above

No association between

0.9 (0.7-1.4)

As above
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Reference,
location

Design

Exposure

Results

Association
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Covariates

childhood leukemia and
maternal diagnostic x-rays
during pregnancy (46 exposed
cases)
Associations between leukemia
before age 18 mos and paternal
and maternal occupational
radiation exposure during year
before conception (9 exposed
case fathers and 9 exposed case
mothers)

paternal
2.7 (1.0-7.4)

As above

maternal
2.3 (0.9-6.0)

Among children born during
1988-1994, non-significant
association between leukemia
and childhood diagnostic x-rays
(odds ratio, YV[-rays)

2.3
(0.8-6.5)

(Kaletsch et al.
1999), northern
Germany

Population-based casecontrol study, 82 leukemia
cases, 99 controls from
same locality, 110 controls
from same state, age < 15
yr

Radon measured using
track etch detectors placed
in homes for one year;
assessed risk of radon
levels above 70 Bq/m3
relative to lower levels

Leukemia not associated with
indoor radon levels (odds ratio
for >70 vs 70 Bq/m3)(using
local or state controls)

local controls
1.1(0.2-5.1)

(Steinbuch et al.
1999),
Children’ s
Cancer Group,
USA, Canada

Case-control study, 173
hospital-based cases
childhood acute myeloid
leukemia (AML), 254
regional population
controls, age 0-17 yr

Measured radon exposure
with etched track detectors
placed in subjects’ homes
for 1 yr; avg radon levels
in case and control homes
were 50 and 56 Bq/m3

AML not associated with radon
levels (odds ratios for radon
levels of < 37, 37-100, and 100
Bq/m3)

1.0 (referent)
1.2 (0.7-1.8)
1.1 (0.6-2.0)

AML at age < 2y inversely

1.0 (referent)

state controls
1.7 (0.3-9.5)

As above

Controls matched for
sex, DOB; adjusted
for urbanization and
SES

Maternal race,
education, family
income, age

(p-trend =
0.58)
As above
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Reference,
location

(Roman et al.
1999), UK

Design

Cohort study, 46,107
children (age  25 yr) of
male and female nuclear
industry employees; 116
cancer cases reported by
parents including 28
leukemia and 24 CNS
tumour cases

Exposure

Employees of atomic
weapons, atomic energy
and nuclear fuels facilities,
annual radiation dose

Results

Association

16

associated with radon levels
(odds ratios for radon levels of <
37, 37-100, and 100 Bq/m3)

0.3(0.1-0.9)
0.3 (0.1-1.1)

Borderline dose-response
relationship between AML at
age 2-17 yr and radon levels
(odds ratios for radon levels of <
37, 37-100, and 100 Bq/m3)

1.0 (referent)
1.6 (1.0-2.7)
1.6 (0.8-3.2)

Dose-response relationship
between AML at age 2-17 yr
and radon levels when limited to
subjects with lifetime radon
exposure data available (odds
ratios for radon levels of < 37,
37-100, and 100 Bq/m3)

1.0 (referent)
2.2 (1.1-4.4)
2.8 (1.0-7.8)

No excess leukemia or total
cancer cases among children age
0-14 yr of women in nuclear
industry compared to general
population (standardized
incidence ratios)(3 leukemia
cases, 9 total cancer cases)

leukemia
1.1 (0.2-3.2)

No excess leukemia or total
cancer cases among children age
0-14 yr of men in nuclear
industry compared to general
population (standardized

leukemia
1.2 (0.6-2.0)

17

DR

Covariates

(p-trend =
0.03)
As above

(p-trend =
0.07)

(p-trend =
0.01)

all cancer
1.1 (0.5-2.1)

all cancer
1.0 (0.7-1.4)

As above
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Reference,
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Design

Exposure

Results

Association
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incidence ratios) (14 leukemia
cases, 36 total cancer cases)

(Little et al.
1999),
international
study

Pooled analysis of 3
cohort studies: Japanese
atomic bomb survivors,
UK ankylosing spondylitis
cohort, International
Radiation Study of
Cervical Cancer; total of
283,139 persons exposed
as children to radiation
from atomic bombs or
therapeutic radiation;
assessed risk of leukemia
(n = 383)

Ranges of bone marrow
doses in atomic bomb,
ankylosing spondylitis and
cervical cancer studies
were 0->5.2, 0-14 and 0.525 Sv

Leukemia among children age
0-24 yr associated with paternal
cumulative radiation dose
(relative risks for
<50, 50-99 and 100 mSv)(only
8, 1 and 3 case fathers so
exposed)

1.9 (0.7-5.7)
1.7 (0.2-14)
5.8 (1.3-25)

Dose-response relationships
between total leukemia and each
of 3 main subtypes and radiation
exposure

+

Relative risks of acute and
chronic myeloid leukemias
decreased with time after
exposure
Relative risk of acute
lymphocytic leukemia decreased
with attained age

(National

Risk assessment of radon

Concluded that there was

+

Covariates
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Reference,
location

Design

Academy of
Sciences
1999b), USA

in drinking water

inadequate evidence to estimate
the risks to infants, children or
pregnant women from radon in
drinking water

(Laurier and
Bard 1999),
France

Review of epidemiologic
studies of leukemia among
persons age < 25 yr and
living near nuclear
facilities

Descriptive studies – excess
leukemia occurs near some
nuclear facility sites but
multisite studies do not show a
general increase among young
people living near nuclear
facilities

Exposure

Results

16

DR

1.0 (referent)
4.6 (1.3-28)
5.7 (1.1-42)

+

Association

17

Analytic studies – The limited
available studies do not support
an association between leukemia
among young persons and
residence near nuclear facilities
or paternal occupational
exposure in such facilities
(Kohli et al.
2000), Sweden

Ecologic study, childhood
cancer incidence rates in 3
regions with variable
radon levels; 90 cancers
including 22 acute
lymphatic leukemias
(ALL) among 53146
children age 0-16 yr

Geologic survey data on
radon levels in 13
communities; categorized
regions as high (50
kBq/m3), average (10-40
kBq/m3) and low (<10
kBq/m3)

ALL associated with radon level
in region of residence at birth
(relative risk for low, average
and high radon exposure levels)

Other childhood cancers not
associated with radon level in
region of residence at birth (data
not shown)

Covariates
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Reference,
location

Design

Exposure

Results

Association

(Infante-Rivard
et al. 2000),
Montreal

Population-based casecontrol study, 491 acute
lymphatic leukemia cases,
491 matched healthy
controls, 1980-1993, age <
10 yr

Mother-reported exposure
to diagnostic x-rays
(excluding dental x-rays)
and other potential risk
factors

ALL associated with childhood
diagnostic x-rays (odds ratios
for 0, 1 or 2+ x-rays)

1.0 (referent)
1.0 (0.7-1.5)
1.6(1.1-2.3)

Matched for age, sex,
region of residence at
diagnosis; adjusted
for maternal age,
education, prenatal
maternal x-rays

Association between ALL and
childhood x-rays stronger
among girls (odds ratios for 0, 1
or 2+ x-rays)

girls
1.0 (referent)
1.1 (0.7-2.0)
2.3 (1.2-4.2)

As above

DR

boys
1.0 (referent)
0.9 (0.6-1.6)
1.4 (0.9-2.1)
Apparent interactions between
x-ray exposure and
polymorphisms in several DNA
repair genes but based on small
numbers and differences
statistically insignificant

As above

As above
(United Nations
Scientific
Committee on
the Effects of
Atomic
Radiation,
2000), United
Nations

Expert committee review
of epidemiologic evidence
of radiation-induced
cancer

Data from atomic bomb
survivors showed increased
risks of most types of leukemia
but not lymphomas or multiple
myeloma

86

Reference,
location

Design

Exposure

16

Results

Association

Lifetime risk of leukemia death
for a population exposed to an
acute dose of 1 Sv (100 rem)
low-LET radiation

1% for either
sex

17

DR

Covariates

Inadequate evidence for an
association between childhood
leukemia and paternal
occupational ionizing radiation
exposure
Inadequate evidence for an
association between childhood
leukemia and proximity of
residence to nuclear reactors
Inadequate evidence for an
association between childhood
leukemia and residential radon
exposure
(Guizard et al.
2001), France

Ecologic study, leukemia
incidence in region near
La Hague nuclear waste
reprocessing plant, age 024 yr, 1978-1998, 38 cases
identified; estimated
expected numbers using
incidence rates from 5
cancer registries in France

Exposure proxy was
proximity to plant

Borderline increased risk of
leukemia in population within
10 km of plant (standardized
incidence ratio for 0-9, 10-19
and 20-35 km)

2.2 (0.7-5.1)
0.8 (0.5-1.3)
1.1 (0.7-1.8)

Age, sex

Risk highest for ALL among
children age 5-9 yr living within
10 km of plant (but only 3

5.8 (1.2-17)

As above
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exposed cases)
(Naumburg et
al. 2001),
Sweden

(Noshchenko et
al. 2001),
Ukraine

(Noshchenko et

Population-based casecontrol study, 624
leukemia cases, 19731989, age 0-16 yr, 624
matched controls,

Assessed prenatal
diagnostic x-ray exposure
using information from
medical records (note: not
subject to recall bias)

Ecologic study, 1986 birth
cohorts in a region
contaminated by
Chernobyl nuclear power
plant explosion
(n=24,132) and an
unexposed region
(n=23,567); identified 21
and 8 leukemia cases in
exposed and unexposed
cohorts during 1986-1996
Case-control study, region

Childhood leukemia not
associated with maternal
prenatal x-rays (odds ratios for
0, 1 or 2 x-rays)

1.0 (referent)
1.2 (0.9-1.6)
0.7 (0.3-1.8)

ALL and AML not associated
with prenatal abdominal x-rays
(odds ratio, abdominal vs no xrays)

ALL
1.0 (0.7-1.5)

Borderline association between
ALL and 2nd trimester x-ray
(odds ratio, 2nd trimester vs no
x-rays)

2.0
(0.8-4.6)

Leukemia risk higher in exposed
region (cumulative incidence
rate ratio, exposed vs unexposed
regions); risk higher during later
follow-up years

1987-1996
2.7 ( 1.9-3.8)

Matched for sex,
YOB; adjusted for
maternal age at birth,
gestational age,
parity, smoking,
cesarean section,
birth weight

AML
1.7 (0.5-5.7)

1987-1991
1.9 (0.8-4.8)
1992-1996
5.5 (0.6-47)

137

Cs deposition in study

Dose-response relationship

1.0 (referent)

Matched for age, sex,
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Reference,
location

Design

Exposure

Results

al. 2002),
Ukraine

contaminated by
Chernobyl nuclear power
plant explosion, 98
leukemia cases, diagnosed
during 1987-1997, age 020 yr at time of exposure,
151 matched controls

area varied from 3.7 to
3700 kBq/m2; estimated
cumulative individual
bone marrow dose from
134
Cs and 137Cs via
exteUQDO DQGLQJHVWHG
radionuclides in
contaminated food

between leukemia and estimated
radiation dose (odds ratios for 01.9, 2-9.9 and 10 mSv)

Association between leukemia
and radiation dose strongest for
children age < 5 yr at exposure
(odds ratios for 10 vs <2 mSv
by age at exposure)

Association

16

17

DR

1.1 (0.7-1.7)
2.5 (1.1-5.4)

Covariates
geographic region of
residence, urban/rural
residence

p-trend < 0.05

age 0-4
3.5 (1.4-8.7)

As above

age 5-9
1.6 (0.7-3.6)
age 10-14
1.5 (0.6-3.5)

(Shu et al.
2002),
Children’s
Cancer Group,
USA, Canada

Case-control study, 1,842
acute lymphoblastic
leukemia cases, 1,986
matched controls, age < 15
yr

Mother-reported
information on prenatal
and childhood exposures
to x-rays and other
potential risk factors

ALL not associated with
prenatal x-rays (odds ratios for
any x-ray and for pelvimetry)

any x-ray
1.0 (0.8-1.3)

Non-significant association
between T-cell ALL and
pelvimetry x-rays

2.2 (0.6-7.6)

Pre-B cell ALL associated with
childhood x-ray exposure (odds
ratios for 0, 1-2 and 3+ x-rays)

1.0 (referent)
1.5 (0.8-2.6)
3.2 (1.5-7.2)

Matched for age,
race, telephone area
code and exchange

pelvimetry
1.2 (0.8-1.7)

As above

+

As above

p-trend < 0.01
ALL not associated with

1.0 (referent)

As above
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Reference,
location

Design

Exposure

Results
preconceptual maternal lower
abdominal x-rays (odds ratios
for 0, 1-2 and 3+ x-rays)
ALL not associated with
preconceptual paternal lower
abdominal x-rays (odds ratios
for 0, 1-2 and 3+ x-rays)

(Axelson et al.
2002), Sweden

(Moysich et al.
2002),
Chernobyl,
Ukraine

Population-based casecontrol study, 312 cases
acute lymphocytic
leukemia (ALL) and 1,418
controls, age < 20 yr

Review of literature on
cancer and radiation from
the 1986 Chernobyl
nuclear power plant
explosion

Children lived in homes
built during 1930-1978
with uranium-containing
alum shale concrete; avg
indoor -radiation level of
0.3 µSv/hr (ranging up to
1.2 µSv/hr) compared to
about 0.1 µSv/hr in other
homes

Major radionuclides
released were 131I, 137Cs
and 90Sr; thyroid doses of
children in contaminated
region <0.02 to >2 Gy

Association

16

p-trend = 0.1
1.0 (referent)
1.2 (0.8-1.6)
1.0 (0.7-1.4)

As above

p-trend = 0.69
1.4
(1.0- 2.0)

Irregular dose-response
relationship between ALL and
FXPXODWLYH -radiation exposure
(odds ratios for <3, 3-6, 7-12
and >12 mSv)

1.0 (referent)
1.1 (0.6-1.8)
1.8 (0.7-4.3)
1.4 (0.1-12)

Descriptive epidemiologic

Covariates

0.8 (0.6-1.1)
0.8 (0.5-1.2)

ALL associated with ever lived
in an alum shale concrete house
(conditional logistic odds ratio)

Childhood leukemia rates in
European countries increased
slightly after the incident but
incidence rate increases were
not associated with estimated
radiation doses

17

DR

Controls matched for
YOB, sex, county
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Covariates

studies do not support a
relationship between childhood
leukemia and exposure from the
Chernobyl nuclear power plant
explosion; no case-control
studies available
Inadequate evidence for an
association between childhood
brain cancer or neuroblastoma
and exposure from Chernobyl
(Gilbert et al.
2002), USA

Review of literature on
cancer and fallout from
atmospheric nuclear tests

Children living in 3
regions near the Nevada
test site had avg thyroid
doses of 0.013 (Arizona),
0.05 (Nevada) and 0.17
Gy (Utah)

Limited evidence of associations
between leukemia and relatively
low-level exposure to fallout
from Nevada nuclear tests

(United
Kingdom
Childhood
Cancer Study
2002a), UK

Case-control study, 2226
childhood cancer cases,
1992-1996, 3773 matched
controls, age 0-14 yr

Parent-reported
information, 2 etched track
radon detectors per home
lived in for at least 6 mos,
left in homes for 6 mos

ALL not associated with radon
levels (odds ratios for 0-24, 2549, 50-99, 100-199 and 200
Bq/m3)

1.0 (referent)
0.8 (0.6-1.0)
1.1 (0.8-1.4)
0.6 (0.3-1.1)
0.8 (0.3-2.4)

(United
Kingdom
Childhood
Cancer Study
2002b), UK

Case-control study, 2165
childhood cancer cases,
1992-1996, 5086 matched
controls, age 0-14 yr

Parent-reported
information, 2
WKHUPROXPLQHVFHQW 
dosimeters per home lived
in for at least 6 mos, left in

No association between
FKLOGKRRG$//DQGLQGRRU 
radiation levels (odds ratios for
TXLQWLOHV650-798, 799916, 916-1044, 1045 µGy/yr)

1.0 (referent)
1.0 (0.7-1.5)
1.2 (0.9-1.7)
1.0 (0.7-1.4)
1.0 (0.7-1.4)

Matched for age, sex,
health authority
region; adjusted for
deprivation score for
enumeration district
of residence (based
on % of households
with no car, crowding
and unemployed
persons)
Matched for age, sex,
health authority
region; adjusted for
deprivation score for
enumeration district
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Reference,
location

Design

Exposure

Results

KRPHVIRUPRVDYJ 
dose of 843 µGy/yr (range
< 100 to 2027)

(Sorahan et al.
2003), UK

Case-control study, 35,949
incident cancer cases
(1952-1986), 38,323
matched controls, age < 15
yr (see Draper et al. 1997)

(Linet et al.
2003), USA

Review of epidemiologic
literature on childhood
cancer

(Shore et al.
2003), New
York

Cohort study, 2244
persons exposed to
radiation at age 1-15 yr
during 1940-1959,
comparison group of 1380
persons given drugs but
not radiation for tinea
capitis; cancer incidence
during follow-up;
expected number of
cancers based on SEER

Information on parents of
cases and controls linked
to national registry for
radiation workers to
identify exposed persons;
revised radiation dose
estimates for
occupationally exposed
persons

Exposed group received xray treatment of scalp; avg
brain dose about 1.4 Gy,
avg thyroid dose about
0.06 Gy, avg skull bone
marrow dose about 4 Gy

Association

16

p-trend = 0.74

No association between
childhood leukemia and NHL
and cumulative preconceptual
paternal radiation dose (relative
risks for <0.1, 0.1-49, 50-99 and
100 mSv, relative to
unexposed workers)(5, 30, 3 and
2 exposed case fathers)

17

DR

Covariates
of residence (based
on % of households
with no car, crowding
and unemployed
persons)

6.7 (0.9-
1.5 (0.9-2.8)
3.8 (0.4-48)
0.9 (0.1-6.6)

Matched for area of
birth, DOB, sex

3.2 (1.5-6.1)

Age, sex

Concluded that there is
sufficient epidemiologic
evidence for an association
between childhood acute
lymphoblastic leukemia and
prenatal maternal diagnostic xray exposure
Leukemia risk increased among
exposed persons; SIR based on
SEER and relative risk based on
comparison of exposed and
unexposed groups (8 cases in
exposed group, 1 in unexposed
comparison group)

4.7 (0.8-107)
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Reference,
location

Design

16

17

Covariates

Exposure

Results

Review of childhood
cancer and prenatal
radiation exposure among
atomic bomb survivors
and subjects in the Oxford
Survey of Childhood
Cancers; these studies
examined prenatal
radiation doses in most
detail

Oxford study – because of
its size, contributes over
70% of the global
statistical information on
childhood cancer and
prenatal x-ray exposure;
radiation dose per x-ray
film decreased
substantially between
1945 and 1965

Bithell and Stewart (1975)
estimate of excess relative risk
of leukemia before age 15 yr for
children exposed during prenatal
x-ray exams

0.49
(0.33-0.67)

Monson and MacMahon (1984)
estimate of excess relative risk
of leukemia before age 15 yr for
children exposed during prenatal
x-ray exams

0.52
(0.18-0.95)

Ecologic study, childhood
cancer incidence and
mortality, 1988-1997, age
< 10 yr; compared county
rates national mortality
and SEER incidence rates;
analysis of leukemia
incidence limited to
Pennsylvania (482 cases);
754 leukemia deaths in all
exposed counties

49 counties within 48 km
of nuclear facilities in
eastern USA

Leukemia incidence rate in
exposed counties in
Pennsylvania about 11% above
SEER rate (SIR, exposed
counties vs SEER)

1.11
(p < 0.01)

Age, sex

1.0

As above

Association

DR

after 1973 and on Detroit
and Alameda County
registries for earlier years
(Wakeford and
Little 2003),
Japan, UK

(Mangano et al.
2003), eastern
states, USA

Leukemia mortality rate in
exposed counties same as US
national rate (rate ratio or
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Reference,
location

Design

Exposure

Results

Association

16

17

DR

Covariates

relative risk)
(Infante-Rivard
2003),
Montreal,
Canada

Population-based casecontrol study, 701 ALL
cases, age 0-14 yr, 701
matched controls; assessed
polymorphisms in 4 DNA
repair genes in 207 cases

Parent-reported
information on exposures
incl prenatal x-rays

ALL associated with prenatal
abdominal and pelvimetry xrays (odds ratios for 1 or 2+ vs 0
x-rays)

Polymorphism in
apurinic/apyrimidinic
endonuclease DNA repair
enzyme interacted positively
with prenatal x-rays re ALL risk
in boys but negatively among
girls (odds ratios for 1 or 2+ vs 0
x-rays)(note wide CIs)
(McKinney et
al. 2003), UK
Childhood
Cancer Study

Case-control study, 1737
leukemia, 687 CNS and
1414 other incident cancer
cases, 1991-1996, 7629
matched controls, age 0-14
yr

Parent-reported
information including
occupations at conception,
birth and cancer diagnosis;
coded job titles and
associated industries

Leukemia not associated with
paternal periconceptual
occupational exposure to
ionizing radiation (odds
ratio)(only 3 exposed case
fathers); only 1 exposed case
mother

girls
1.1 (0.8-1.8)
1.7 (1.0-2.7)

Matched for age, sex,
region of residence at
diagnosis

boys
1.2 (0.8-1.7)
1.4 (1.0-2.0)
girls
0
0.4 (0.1-1.7)
0.1 (0.0-0.7)
boys
4.1 (0.9-17)
2.8 (0.9-8.6)
1.0
(0.3-3.7)

Matched for sex, age,
residential region at
diagnosis

Leukemia: summary
General conclusions
An expert panel concluded that there is a linear-quadratic dose-response relationship between leukemia risk and radiation dose (National Academy of Sciences
1990).
Prenatal maternal diagnostic x-rays
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Childhood leukemia and other childhood cancer deaths were first associated with prenatal abdominal x-rays by Alice Stewart and colleagues (Stewart et al. 1956,
1958). The radiation dose from pelvimetry at that time frequently exceeded 2.5 cGy. A hospital-based case-cohort study in 9 northeastern states showed similar
associations but the author questioned causality because of the similar associations for leukemia and other childhood cancers (MacMahon 1962). Both studies
showed dose-response relationships between leukemia and number of prenatal x-ray films (MacMahon discounted a dose-response relationship but analysis of
data in his report shows one – see MacMahon 1962 above). The MacMahon study used information on x-ray exposure from hospital record rather than selfreporting and should have avoided this potential source of bias. Both acute lymphatic and acute myeloid leukemia childhood deaths were associated with
prenatal abdominal x-rays (Bithell and Stewart 1975). Nested case-control studies in Connecticut and Sweden found non-significant associations between
childhood leukemia and prenatal x-ray exposure (Harvey et al. 1985, Rodvall et al. 1990). A small case-control study showed no association between childhood
leukemia and non-Hodgkin’ s lymphoma and prenatal abdominal x-rays but there were only five exposed case mothers (Gardner et al. 1990). A Swedish casecontrol study found a dose-response relationship between childhood leukemia and number of prenatal abdominal x-rays among children of non-smoking mothers;
this study also found an association between leukemia and maternal smoking, especially among women who had prenatal abdominal x-rays (Stjernfeldt et al.
1992). A large case-control study in the UK showed an association between childhood leukemia deaths and prenatal obstetric x-rays (Sorahan and Roberts
1993). A case-control study in areas near UK nuclear facilities found a borderline association between childhood leukemia before age 5 years and prenatal
abdominal x-rays (Roman et al. 1993). A large German case-control study of childhood leukemia showed no association with self-reported maternal prenatal
diagnostic x-ray exposure (Meinert et al. 1999). A Swedish case-control study found no association between mixed types of childhood leukemia and medical
record documented prenatal abdominal x-rays but did find a borderline association between ALL and 2nd trimester x-ray exposure (Naumburg et al. 2001). A
large case-control study of ALL in USA and Canada found no overall association with prenatal diagnostic x-rays; it did find a non-significant association
between the subgroup of T-cell ALL and x-ray pelvimetry (Shu et al. 2002). A large population-based case-control study of ALL in Quebec showed a doseresponse relationship with number of prenatal abdominal/pelvimetry x-rays (Infante-Rivard et al. 2003). A review by Linet et al. (2003) concluded that there is
sufficient evidence for an association between childhood ALL and prenatal maternal diagnostic x-rays. A review by Wakeford and Little (2003) noted that the
excess relative risk of childhood leukemia was about 0.5 per prenatal x-ray examination in both the Stewart and MacMahon studies in the UK and USA.
Other parental diagnostic x-rays
A case-control study in USA and Canada showed dose-response relationships between both acute lymphatic and acute myeloid childhood leukemia and paternal
but not maternal preconceptual diagnostic x-rays (Shu et al. 1994). A more recent case-control study of ALL in USA and Canada, however, found no association
with paternal or maternal preconceptual lower abdominal x-rays (Shu et al. 2002). A large German case-control study of childhood leukemia showed a
borderline association with paternal preconceptual diagnostic abdominal x-ray exposure (Meinert et al. 1999).
Childhood diagnostic x-rays
A large German case-control study of childhood leukemia showed a non-significant association with childhood diagnostic x-ray exposure (Meinert et al. 1999).
A case-control study in Montreal showed an association between ALL and childhood diagnostic x-rays; the relationship was stronger among girls; this study
showed statistically non-significant interactions between x-ray exposure and DNA repair gene polymorphisms (Infante-Rivard et al. 2000). A large case-control
study of ALL in USA and Canada found a dose-response relationship between the subgroup of pre-B cell ALL and childhood diagnostic x-rays (Shu et al. 2002).
Radioactive fallout from nuclear tests
An ecologic study in a region exposed to radioactive fallout from the Nevada nuclear test site showed an increased risk of leukemia but data for children were not
reported (Johnson 1984). An ecologic study showed increased risks of leukemia death among persons of any age living in regions most exposed to radioactive
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fallout from the Nevada nuclear test site; the association was substantially stronger among children age 0-14 years (Machado et al. 1987). A large populationbased case-control study in Utah showed a borderline dose-response relationship between acute lymphatic leukemia deaths and estimated bone marrow radiation
dose from radioactive fallout from the Nevada nuclear test site; the risk was largely limited to those exposed before age 20 years (Stevens et al. 1990). An
ecologic study in northern Europe found no association between childhood leukemia and regional levels of radioactive fallout from Soviet nuclear weapons tests
during the 1950s and 1960s (Darby et al. 1992). A review by Gilbert et al. (2002) concluded that there is limited evidence of an association between leukemia
and exposure to fallout from the Nevada nuclear tests.
Radioactive fallout from the Chernobyl nuclear power plant explosion
A Swedish ecologic study showed a borderline association between childhood leukemia and regional radioactive fallout levels after the Chernobyl nuclear power
plant explosion (Ericson and Kallen 1994) but a later ecologic study found no relation to average radiation levels in parish of residence (Tondel et al. 1996). A
larger ecologic study in 23 European countries found no association between childhood leukemia and regional radioactive fallout levels after the Chernobyl
disaster (Parkin et al. 1996). An ecologic study found an increased risk of leukemia among children born during the year of the Chernobyl disaster and resident
in regions exposed to radioactive fallout (Noshchenko et al. 2001). Three reviews of ecologic studies of leukemia and radiation from Chernobyl concluded that
there is inadequate evidence to assess leukemia risk related to this disaster (Sali et al. 1996, Bard et al. 1997, Moysich et al. 2002). A case-control study of
childhood leukemia in contaminated regions showed a dose-response relationship with estimated radiation dose from cesium radionuclide deposition
measurements; the association was strongest for children age 0-4 years at the time of the disaster (Noshchenko et al. 2002).
Atomic bomb radiation
Miller (1995a, 1995b) reviewed atomic bomb survivor studies and concluded that persons exposed as children had increased risks of acute lymphatic and chronic
myeloid leukemia. Miller also noted that childhood leukemia was associated with prenatal exposure to diagnostic x-rays but not atomic bomb radiation. The
excess relative risk of adult leukemia among atomic bomb survivors was similar for those exposed at age 10 or 30 years (Pierce et al. 1996). A review by Preston
(1998), however, concluded that the excess relative risk per unit exposure was greater among persons exposed before age 10 years. Preston also concluded that
there was clear evidence of a dose-response relationship between leukemia and atomic bomb radiation dose; data supported a linear-quadratic model and no
evidence of a protective effect at low dose levels; excess leukemia cases occurred within 2 years of exposure and peaked at 5-10 years post-exposure and
remained above background levels during follow-up to date. A pooled analysis of three highly exposed cohorts (atomic bomb survivors and ankylosing
spondylitis and cervical cancer patients) showed dose-response relationships between total leukemia and each of the three main subtypes (ALL, AML, CML) and
radiation exposure (Little et al. 1999). An UNSCEAR expert panel concluded that atomic bomb survivors had increased risks of most types of leukemia but not
lymphomas or multiple myeloma (United Nations Scientific Committee on the Effects of Atomic Radiation 2000).
Nuclear facility proximity
An ecologic study in the UK found a borderline association between incident childhood leukemia and residence within 10 km of a nuclear facility; among
children age below 5 years, the association was stronger (Roman et al. 1987). A much larger ecologic study in the USA showed no association between incident
or fatal childhood leukemia and proximity to nuclear facilities (Jablon et al. 1991). An ecologic study in Ontario found weak associations of borderline statistical
significance between incident and fatal childhood leukemia and residential proximity to nuclear facilities (McLaughlin et al. 1993a). A subsequent case-control
study in Ontario found no association between childhood leukemia and paternal employment in the nuclear industry, paternal preconceptual whole body
occupational radiation dose or residential proximity to a nuclear facility; this study did find a non-significant association with paternal occupational radon
exposure (McLaughlin et al. 1993b). A review by Laurier and Bard (1999) concluded that the limited available epidemiologic studies do not support an
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association between leukemia and residential proximity to or paternal occupation in nuclear facilities. An UNSCEAR expert panel concluded that there was
inadequate evidence for an association between childhood leukemia and residential proximity to nuclear facilities (United Nations Scientific Committee on the
Effects of Atomic Radiation 2000). A French ecologic study found a non-significant increased risk of leukemia among persons age 0-24 years residing within 10
km of a nuclear waste reprocessing plant (Guizard et al. 2001). An ecologic study of incident childhood cancer in Pennsylvania and childhood cancer deaths in
the USA observed slightly elevated leukemia incidence rates in counties close to nuclear facilities in Pennsylvania but normal childhood leukemia death rates in
US counties within 48 km of nuclear facilities (Mangano et al. 2003).
Paternal preconceptual occupational radiation exposure
A small case-control study showed an association between childhood leukemia and paternal preconceptual occupational radiation exposure (Gardner et al. 1990).
A somewhat larger case-control study that included the region studied by Gardner et al. (1990) showed an association with self-reported paternal preconceptual
occupational radiation exposure (McKinney et al. 1991). A much larger case-control study in the UK showed no association between childhood leukemia deaths
and paternal preconceptual occupational external radiation dose; this study did, however, find an association with paternal preconceptual occupational exposure
to radionuclides (Sorahan and Roberts 1993). A case-control study in areas near UK nuclear facilities found a borderline association between childhood
leukemia before age 5 years and paternal preconceptual employment at a nuclear facility (Roman et al. 1993). A review by Little et al. (1995) concluded that the
weight of epidemiologic and animal evidence indicates that childhood leukemia is not associated with paternal preconceptual radiation exposure. A cohort study
of children of UK radiologists showed a non-significant association between childhood leukemia or non-Hodgkin’ s lymphoma and paternal occupation as a
radiologist (based on only 7 cases) (Roman et al. 1996). A large population-based case-control study of childhood cancer in the UK showed that childhood
leukemia or non-Hodgkin’ s lymphoma was associated with paternal occupation as a radiation worker; risk was also related to paternal radiation dose treated as a
continuous variable (Draper et al. 1997). A review by Doll (1998) concluded that there is inadequate evidence for an association between childhood leukemia
and paternal preconceptual radiation exposure. A large German case-control study of childhood leukemia showed an association with self-reported paternal
occupational radiation exposure during the year before conception (Meinert et al. 1999). A cohort study of leukemia among children of UK nuclear industry
employees found no excess risk before age 15 years but did find an association between leukemia at ages 0-24 years and paternal cumulative radiation dose
(Roman et al. 1999). A review by Laurier and Bard (1999) concluded that the limited available epidemiologic studies do not support an association between
leukemia and residential proximity to or paternal occupation in nuclear facilities. An UNSCEAR expert panel concluded that there was inadequate evidence for
an association between childhood leukemia and paternal occupational radiation exposure (United Nations Scientific Committee on the Effects of Atomic
Radiation 2000). A case-control study of incident childhood cancer in the UK found no association between leukemia or NHL and paternal cumulative
preconceptual radiation exposure based on a national registry of radiation workers; only 5 case fathers had cumulative exposures of 50 mSv or more (Sorahan et
al. 2003). A UK case-control study showed that childhood leukemia was not associated with paternal periconceptual occupational exposure to ionizing radiation
but there were only 3 exposed case fathers (McKinney et al. 2003).
Maternal preconceptual occupational radiation exposure
A UK case-control study of childhood leukemia showed no association with self-reported maternal preconceptual occupational radiation exposure (McKinney et
al. 1991). A cohort study of children of UK radiologists showed no association between childhood leukemia or non-Hodgkin’ s lymphoma and maternal
occupation as a radiologist but there were only 7 cases (Roman et al. 1996). A large population-based case-control study of childhood cancer in the UK showed
that childhood leukemia or non-Hodgkin’ s lymphoma was not associated with maternal occupation as a radiation worker (Draper et al. 1997). A large German
case-control study of childhood leukemia showed a borderline association with maternal prenatal occupational radiation exposure (Meinert et al. 1999).
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Radiotherapy
A cohort study in Israel showed increased risk of leukemia death among persons exposed as children to radiotherapy for ringworm of the scalp (Ron et al. 1988).
A pooled analysis of three highly exposed cohorts (atomic bomb survivors and ankylosing spondylitis and cervical cancer patients) showed dose-response
relationships between total leukemia and each of the three main subtypes (ALL, AML, CML) and radiation exposure (Little et al. 1999). A New York cohort
study of persons given radiotherapy for tinea capitis (ringworm of the scalp) during childhood showed an increased risk of leukemia; the estimated average skull
bone marrow radiation dose was about 4 Gy (Shore et al. 2003).
Radon in air or water
An ecologic study showed associations between myeloid leukemia (all ages) and childhood leukemia incidence rates and average indoor radon levels in several
countries/provinces (Henshaw et al. 1990). An ecologic study in North Carolina showed an association between childhood leukemia deaths and community
groundwater radon levels (Collman et al. 1991). UK ecologic studies of childhood leukemia found no consistent associations with indoor radon levels (Foreman
et al. 1994, Richardson et al. 1995, Thorne et al. 1996). A Swedish ecologic study showed an association between ALL but not other childhood cancers and
average outdoor radon levels in the region of birth (Kohli et al. 2000).
Case-control studies of childhood ALL in USA and Canada and mixed types of childhood leukemia in Germany found no association with indoor radon levels
(Lubin et al. 1998, Kaletsch et al. 1999). A case-control study of childhood acute myeloid leukemia in USA and Canada found a dose-response relationship with
indoor radon levels among the subset age 2-17 years with complete lifetime residential radon levels; this study found an inverse dose-response relationship
among cases age less than 2 years (Steinbuch et al. 1999). An expert panel concluded that there was inadequate evidence to estimate the risks to infants, children
or pregnant women from radon in drinking water (National Academy of Sciences 1999b). An UNSCEAR expert panel concluded that there was inadequate
evidence for an association between childhood leukemia and residential radon exposure (United Nations Scientific Committee on the Effects of Atomic
Radiation 2000). A large UK case-control study found no association between ALL and indoor radon levels (United Kingdom Childhood Cancer Study 2002a).
Residential -radiation levels from building materials
$8.HFRORJLFVWXG\RIFKLOGKRRGOHXNHPLDIRXQGQRDVVRFLDWLRQZLWKLQGRRU -radiation levels (Richardson et al. 1995). A small case-control study in France
showed a weak association between leukemiaEHIRUHDJH\HDUVDQGGXUDWLRQRIUHVLGHQFHLQDJUDQLWHKRXVHRULQDJUDQLWLFDUHD DSUR[\IRULQGRRU -radiation
from granite) (Pobel and Viel 1997). A population-based case-control study of ALL in Sweden found a borderline association with ever living in an alum shale
concrete house (the alum shale contained uranium) and an irregular dose-UHVSRQVHUHODWLRQVKLSZLWKFXPXODWLYHLQGRRU -radiation exposure (Axelson et al.
2002). A large UK case-control study found no association between ALL and indoor -radiation levels (United Kingdom Childhood Cancer Study 2002b).
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9. Childhood lymphoma
Reference,
Design
location

18

Exposure

Results

Association

(Bithell and
Stewart 1975),
Oxford Survey of
Childhood
Cancers, UK

Case-control study, childhood
cancer deaths, 1953-1967, 8,513
matched pairs, age < 16 yr

Self-reported prenatal
maternal diagnostic x-ray
exposure

Childhood lymphomas
associated with maternal
prenatal abdominal x-rays
(odds ratio, exposed vs
unexposed)

1.4 (1.1-1.7)

(Gardner et al.
1990), West
Cumbria health
district, UK

Case-control study, 52 leukemia
cases, 22 non-Hodgkin’s lymphoma
(NHL) and 23 Hodgkin’s disease
cases, age < 25 yr; 1001 controls
matched for sex and DOB, some
controls were matched for region
and others for parish of residence;
subjects resided in region near
Sellafield nuclear plant

Self-reported and recordbased information on
prenatal maternal x-rays
and parental occupational
exposures including
employment and radiation
exposure levels at nuclear
plant

Leukemia and NHL
associated with paternal
preconceptual radiation
dose P6Y RQO\
cases and 5 controls in
this exposure category)

6.4 (1.6-26)

Leukemia and NHL not
associated with maternal
prenatal abdominal x-ray
exposure (odds ratios
using local and regional
controls)(only 5 case
mothers exposed)

1.3 (0.5-3.9)
1.2 (0.4-3.3)

Ecologic study, 1194 leukemia and
213 lymphoma deaths, age < 15 yr,;
used data from surveys of radon in
308 groundwater community

Counties ranked into
tertiles by GM radon
concentration (< 229, 2291375 and  1376 pCi/L)

Relative risk of lymphoma
death increased in
communities with high
groundwater radon levels

1.1 (0.8-1.6)

(Collman et al.,
1991), North
Carolina

18

19

DR

Covariates

1.4 (1.0-2.0)

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
19
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

drinking water supplies

Results

18

Association

19

DR

Covariates

(respective relative risks,
communities with 2nd or
3rd vs 1st tertile radon
levels)

(Sorahan and
Roberts 1993),
Oxford Survey of
Childhood
Cancers, UK

Case-control study, 15,279 casecontrol pairs comprising childhood
cancer deaths and matched controls,
age < 16 yr; 6515 leukemia, 1016
non-Hodgkin’ s lymphoma and 7338
other childhood cancer deaths

Self-reported paternal
occupations; radiation
exposure category inferred
from 200 job titles
identified by a medical
physicist (1-4, 5-9 and 10
mSv per 6 mos)

Risk estimate not
presented because only 2
exposed case fathers and 2
exposed control fathers

(Thorne et al.
1996), UK

Ecologic study, 301 incident
cancers among children age < 15 yr
in 283 postal code sectors of 2
counties with variable indoor radon
levels; used data from survey of
indoor radon levels in 13% of
dwellings in 2 counties

Compared postcode
sectors with avg indoor
radon levels 100 Bq/m3
vs < 100 Bq/m3

Non-significant
differences in total
lymphoma incidence rates
in high vs low radon
regions (respective
incidence rates per 106
child years)

14 vs 10
(p = 0.34)

(Meinert et al.
1999), Germany

Population-based case-control
study, 2,358 cancer cases
(leukemias, lymphomas, other
cancers), 2,588 controls, age < 15
yr; included a substudy of
childhood acute leukemia and nonHodgkin’ s lymphoma (NHL) within
15 km of nuclear power facilities

Self-reported prenatal
parental and childhood
radiation exposure
(occupational, diagnostic
x-rays)

Association between
childhood NHL and
maternal occupational
radiation exposure during
pregnancy (7 exposed
cases)

3.9 (1.5-10)

Sex, YOB, age at
diagnosis,
proximity to
nuclear power
facility, SES,
urbanization

No association between
childhood NHL and
maternal diagnostic x-rays
during pregnancy (12
exposed cases)

1.2 (0.6-2.4)

As above
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Reference,
location

Design

(Modan et al.
2000), Israel

Cohort study, 674 children age 0-18
yr exposed to fluoroscopy during
cardiac catheterization for
congenital heart disease during
1950-1970; followed for an avg of
29 yr

(United Nations
Scientific
Committee on the
Effects of Atomic
Radiation,
2000), United
Nations

Expert committee review of
epidemiologic evidence of
radiation-induced cancer

Exposure

Avg bone marrow dose
about 1.1 cGy

Results

18

Association

Among children born
during 1988-1994, nonsignificant association
with childhood diagnostic
x-rays (odds ratio, YV
x-rays)

3.4 (0.6-18)

Increased risk of
lymphomas in males
(standardized incidence
ratio)(only 4 exposed
cases); no cancers
observed among females

5.7 (1.5-15)

19

DR

Covariates

Data from atomic bomb
survivors showed
increased risks of most
types of leukemia but not
lymphomas or multiple
myeloma

Childhood lymphomas: summary
Parental occupational exposure
A German case-control study of childhood NHL showed an association with self-reported maternal occupational radiation exposure during pregnancy but not
with paternal preconceptual occupational radiation exposure (Meinert et al. 1999).
Radon
An ecologic study in North Carolina showed an association between childhood lymphoma deaths and community groundwater radon levels (Collman et al.
1991). A UK ecologic study of childhood lymphomas found no association with indoor radon levels (Thorne et al. 1996).
Prenatal diagnostic x-rays
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Childhood lymphoma deaths were associated with prenatal abdominal x-rays in a large population-based case-control study (Bithell and Stewart 1975). A
German case-control study of childhood NHL showed no association with self-reported maternal prenatal diagnostic x-ray exposure (Meinert et al. 1999).
Childhood diagnostic x-rays
A German case-control study of childhood NHL showed a non-significant association with childhood diagnostic x-ray exposure (Meinert et al. 1999). A small
cohort study of children exposed to fluoroscopy during cardiac catheterization before age 19 years found an increased risk of lymphomas in males (only 4 cases
and none in females) (Modan et al. 2000).
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10. Thyroid tumors
Reference,
location

Design

Exposure

Results

(Johnson 1984),
six towns in
Utah, Arizona,
and Nevada

Cohort study, 4,125
Mormons living in areas with
high fallout from atmospheric
nuclear tests and venting of
underground tests; selfreported information from
parents on children and their
health

High exposure defined as
Mormon families who lived
in towns with high fallout
during 1951-1962

Thyroid cancer incidence higher than
expected based on all Mormons in
Utah (observed and expected
numbers)

(Ron et al.
1987),
Connecticut

Population-based casecontrol study, 159 cases
thyroid cancer, 285 controls,
age < 80 yr

Self-reported exposure to
radiotherapy for benign
conditions of the head and
neck

20

Association

20

21

DR

Covariates

O = 20/E =2.7

Age, sex

Thyroid cancer associated with
history of head and neck
radiotherapy for benign conditions
(odds ratio)

2.8 (1.2-6.9)

Sex, age,
thyroid
nodules,
goitre

Thyroid cancer risk inversely related
to age at exposure (odds ratio for
exposure at ages <10, 10-19 and 20
yr)(p-trend = 0.015)

23, 1.8, 2.8

+

Borderline association between
thyroid cancer and number of
diagnostic chest x-rays (odds ratio
for 5-9, 10-14 and 15 vs 0-4)(ptrend = 0.09)

1.6, 0.9, 1.7

(+)

Borderline inverse association
between thyroid cancer and number

1.4, 1.1, 0.7,
0.5

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
21
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

Results

Association

20

21

DR

Covariates

+

Sex,
ethnicity,
attained age

of dental x-rays (odds ratio for 5-9,
10-19, 20-29 and 30 vs 0-4)(p-trend
= 0.05)
(Ron et al.
1989), Israel

Cohort study, 10,834 persons
who received x-ray therapy
of the head for tinea capitis
(ringworm) at age < 16 yr
during 1948-1960 (avg age at
exposure was 7.4 yr), 10,834
non-exposed persons from
general population (matched
for sex, age, country of birth,
year of migration to Israel),
5,392 unexposed siblings of
exposed persons; identified
thyroid cancer and adenoma
cases through national cancer
registry – 98 thyroid tumours
among exposed and 57
among unexposed
comparison group

Prescribed exposure was
350-400 rads; estimated avg
thyroid dose was 9.3 cGy
(range 4.5-49.5); exposure
higher among younger
children because of reduced
distance between thyroid and
x-ray treatment fields

Dose-response relationships between
benign and malignant thyroid
tumours and radiation dose (adjusted
relative risks for 0, 4-7, 8-14 and 1550 cGy)

Relative risk of benign and malignant
thyroid tumours higher for persons
exposed before age 5 yr (relative
risks for age <5, 5- 9 and 10-15 yr)

Benign
1.0, 1.1, 3.0,
4.5
Malignant
1.0, 3.3, 4.2,
6.1

Benign
4.3, 2.1, 1.3
Malignant
(Israeli-born)
3.0, 1.7, 13.7
Malignant
(non-Israeliborn)
7.7, 3.7, 3.7
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Reference,
location
(Pottern et al.
1990), Boston

(Mettler et al.
1992),
Chernobyl,
Ukraine

Design
Cohort study, 1,590 persons
treated before age 18 yr
during 1938-69 with
radiotherapy for lymphoid
hyperplasia, 1,499 surgeryonly comparison group;
thyroid examinations
conducted during 1981-1983
on 59% of exposed and 52%
of comparison group –
outcome defined as thyroid
nodules (benign or
malignant)

Cross-sectional study, 870
persons age 5, 10, 40 or 60 yr
living in 7 villages
contaminated by the 1986
Chernobyl nuclear power
plant explosion and 6
relatively uncontaminated
comparison villages; thyroid
examinations and sonograms,
found 18 thyroid nodules by
physical examination and 75

Exposure
Estimated thyroid doses
from reason for treatment,
age at treatment, treatment
dates, regions treated, air
dose, field size; avg thyroid
dose 24 cGy

137

Cs deposition levels in
exposed and unexposed
villages, respectively, were
>555 or <37 kBq/m2

Results

Association

20

21

DR

Covariates

Dose-related increased risk of thyroid
nodules (relative risk of nodules at
examination for 1-19, 20-24, 25-29
and 30-59 vs 0 cGy)

2.9 (1.2-6.6)
1.7 (0.7-3.7)
3.0 (1.6-5.7)
4.1 (1.7-9.6)

+

Excess relative risk per cGy

0.07
(0.03-0.15)

+

Year of
treatment,
sex, age

Excess relative risk of thyroid
nodules inversely associated with age
at exposure (excess relative risk per
cGy for exposure at ages <4, 4-6 and
7-17 yr)(p-trend = 0.06)

0.27, 0.10,
0.01

+

As above

Prevalence of ultrasound-detected
thyroid nodules similar in exposed
and relatively unexposed villages

45/479
(9.4%)
vs
36/391
(9.2%)
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Reference,
location

Design

Exposure

Results

Association

20

21

DR

Covariates

+

Sex,
attained age

+

Sex,
attained age

+

Attained
age, sex,
calendar
year

by ultrasound
(Shore et al.
1993b),
Rochester, New
York

(Shore et al.
1993a),
Rochester, New
York

Cohort study, 2,657 infants
treated with x-rays for
enlarged thymus gland during
1926-1957 (95% treated
before age 34 wk, median age
5 wk), 4,833 unexposed
siblings; restricted to subjects
with at least 5 yr follow-up

Median thyroid dose was 0.3
Gy (range 0.03-10+ Gy)

See Shore et al. 1993 above;
37 thyroid cancers in exposed
group and 5 in control group
during follow-up (19731987)

Note – 95% exposed before
age 34 wk, median age at
exposure was 5 wk

Strong exposure-risk relationship
between thyroid adenomas and
radiation dose (relative risks and
90% for 0.01-0.24, 0.25-0.49, 0.51.99, 2.0-3.99, 4.0-5.99 and 6 vs 0
Gy)
Excess relative risk of thyroid
adenomas per Gy

6.3
(90% 3.7-11)

Very strong exposure-risk
relationship between thyroid cancer
and radiation dose (relative risks and
90% for 0.01-0.24, 0.25-0.49, 0.51.99, 2.0-3.99, 4.0-5.99 and 6 vs 0
Gy)

5.0 (0.9-23)
12 (2.9-53)
4.2 (0.4-23)
22 (9.0-57)
44 (18-116)
63 (21-189)

Dose-response relationship between
thyroid cancer and radiation down to
and including the range 0-0.5 Gy but
only 5 cases in this range

+

Excess relative risk per Gy
(Schneider et
al. 1993),
Michael Reese
Hospital,
Chicago

Cohort study, 2,634 persons
who had radiotherapy during
1939-1962 for benign head
and neck conditions at age <
116 yr; active follow-up with
thyroid examinations, 309

Thyroid dose estimated from
size and location of fields,
kVp, filter, exposure in air,
number and date of
treatments; avg dose 59 cGy
(SD 34)

3.5 (1.4-8)
17 (9.34)
13 (5.8-29)
20 (11-38)
45 (25-84)
26 (10-62)

Dose-response relationships between
thyroid nodules and cancers and
radiation dose (excess relative risk
per cGy for thyroid nodules and
cancers)

9.0
(90% 4.2-22)
0.08
(0.03-0.37)
0.03
(0.01-0.40)
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Reference,
location

Design

Exposure

cancers and 555 nodules
detected

(dos Santos
Silva and
Swerdlow
1993), England
and Wales

Ecologic study, thyroid
cancer incidence (1962-1984)
and mortality trends in
relation to potential radiation
exposure from atmospheric
nuclear test fallout during the
late 1950’ s and early 1960’ s;
assessed thyroid cancer rates
by birth cohort and county

Used rainfall data for 19551964 as an indicator of
exposure to fallout

20

DR

Excess relative risk of thyroid cancer
inversely related to age at exposure
(excess relative risks for exposure at
ages <1, 1- and 5-9 yr)(p-trend =
0.03)

0.036, 0.028,
0.014

+

Borderline inverse association
between excess relative risk of
thyroid nodules and age at exposure
(excess relative risks for exposure at
ages <1, 1- and 5-9 yr) (p-trend =
0.11)

0.071, 0.078,
0.058

Results

Thyroid cancer incidence rates for
age 0-44 yr increased among female
birth cohorts from 1920 onwards
with a sudden rise in risk for birth
years 1952-55 followed by a
decrease for more recent cohorts

Irregular increase of thyroid cancer
incidence among males age 0-44 yr
in successive birth cohorts
Thyroid cancer incidence rates for
age 0-44 yr not associated with heavy
rainfall regions
Regions with high thyroid cancer
incidence rates had high death rates

Association

21

Covariates

As above

As above

107

Reference,
location

Design

Exposure

Results

Association

20

21

DR

Covariates

from exophthalmic goitre during the
1940’ s
(Kerber et al.
1993), Utah,
Nevada,
Arizona

(Thompson et
al. 1994), Japan

Cohort study, 2,473 children
age 9-19 yr and in grades 512 during 1965-1967, i.e.,
they were age 0-7 yr during
1953 when fallout from the
Nevada nuclear test site
peaked in SW Utah; thyroid
examinations conducted at
least once during 1965-1970
and again during 1985-1986;
8 cancers, 11 adenomas and
38 non-neoplastic nodules
diagnosed during 1965-1986

Cohort study, 79,972 atomic
bomb survivors; assessed
incidence of solid cancers

Estimated thyroid doses
from radioiodine deposition
data and parent-reported
breastfeeding and dietary
history for child (during
1987 survey); estimated avg
thyroid dose was 17 cGy
(range 0-460) in Utah
residents

Modeled body organ
radiation doses

Non-significant dose-response
relationship between non-neoplastic
thyroid nodules during 1965-1986
and estimated thyroid radiation dose
(relative risks for 50-249, 250-399
and 400 vs <50 mGy)( 1, p =
0.16)

0.9 (0.4-2.1)
1.9 (0.5-6.1)
2.3 (0.6-8.0)

Dose-response relationship between
thyroid neoplasia (adenomas or
cancers) during 1965-1986 and
estimated thyroid radiation dose
(relative risks for 50-249, 250-399
and 400 vs <50 mGy) 7, p =
0.02)

0.8 (0.1-6.3)
2.8 (0.4-23)
3.4 (0.5-27)

+

As above

Borderline dose-response
relationship between thyroid cancer
during 1965-1986 and estimated
thyroid radiation dose (relative risks
for 50-249, 250-399 and 400 vs <50
mGy)( 0.008, p = 0.1)

- (0 cases)
3.8 (0.2-111)
1.7 (0.1-139)

(+)

As above

Dose-response relationship between
thyroid cancer incidence and
estimated radiation dose (crude

1.4, 3.4

Age, sex,
state of
residence
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Reference,
location

Design

Exposure

during 1958-1987

(Inskip et al.
1995), Sweden

(Ron et al.
1995), Japan,
USA, Israel

Population-based casecontrol study, 484 cases
thyroid cancer, 484 matched
controls, all ages

Pooled analysis, 5 cohort and
2 case-control studies of
thyroid cancer that included
estimated thyroid radiation
doses: atomic bomb
survivors, persons irradiated
during childhood for enlarged
thymus, tinea capitis, enlarge
tonsils/adenoids or childhood
cancer and women irradiated

Results

Association

20

21

DR

Covariates

relative risk of thyroid cancer for
0.01-0.99 and  1 vs < 0.01 Sv)

Exposure to diagnostic xrays based on hospital
radiology records and avg
thyroid dose for specific xray procedures

Avg thyroid dose in 7 studies
ranged from 0.09 Gy (tinea
capitis cohort) to 12.5 Gy
(childhood cancer cohort)

Excess relative risk of thyroid cancer
per Sv (values for persons exposed at
age 0-9, 10-19, 20-39 and 40 yr)

9.5, 3.0, 0.3, 0.2

Thyroid cancer not associated with
number of x-rays of various body
regions (odds ratios for 1-5 and 6 vs
0 x-rays of the head or neck
regions)(p-trend = 0.5)

1.0 (0.8-1.4)
1.2 (0.5-3.3)

Matched for
age, sex,
county of
residence

Thyroid cancer not associated with
cumulative thyroid radiation dose
(odds ratios for 0.003-0.16, 0.17-0.68
and 0.70-7.53 vs 0 cGy)

1.0 (0.7-1.5)
1.0 (0.7-1.6)
1.1 (0.7-1.5)

As above

Thyroid cancer not associated with
number of x-rays before age 20 yr
(mean number of x-rays of head,
neck, chest/shoulders or upper GI
tract, cases vs controls)

0.28 vs 0.24

As above

All 5 cohorts showed linear
exposure-risk relationships between
thyroid cancer and radiation dose
among persons exposed before age
15 yr; this included the tinea capitis
cohort in which the dose-response
relationship spanned the dose range
from about 0.075 to 0.25 Gy

109

Reference,
location

Design

Exposure

for cervical cancer; 436
thyroid cancers among
persons exposed before age
15 yr and 92 among those
exposed at age \U

(Zheng et al.
1996),
Connecticut,
USA

Descriptive study, ageperiod-cohort analysis of
thyroid cancer incidence in
Connecticut during 19351992

Results

20

Excess relative risk per Gy for
exposure before age 15 yr varied
from 1.1 (0.4-29) to 33 (14-57) in the
5 cohort studies (pooled estimate
shown)

7.7 (2.1-29)

Excess relative risk per Gy of thyroid
cancer among females exposed
before age 15 yr was double that for
males (ratio of male to female excess
relative risk per Gy)

0.5
(p = 0.07)

Excess relative risk per Gy of thyroid
cancer decreased with age at
exposure (ratio of excess relative risk
per Gy among those exposed at age
1-4, 5-9 and 10-14 vs < 1 yr)

1.0, 0.5, 0.2
(p-trend =
0.004)

Thyroid cancer incidence rates
increased during 1935-39 to 1990-92
from 1.3 to 5.8 (females) and from
0.3 to 2.8 per 105 person-years
(males); this increase was mainly
from papillary carcinomas
High-risk birth cohorts were
those during period when
radiation treatment for
benign conditions of the

Association

Increase occurred mainly among
birth cohorts born between 1915 and
1945; incidence rates have decreased
among those born since 1945

21

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

20

head and chest (e.g., alleged
enlarged thymus,
tonsils/adenoids) was
common
(Sali et al.
1996), Europe

Review of literature on
cancer incidence trends in
European countries in
relation to the 1986
Chernobyl nuclear power
plant explosion

Descriptive epidemiologic studies of
thyroid cancer incidence rates in 4
European countries and a study of
thyroid cancer mortality rates in
Hungary showed no increases
attributable to radiation from
Chernobyl

(Pacini et al.
1997), Belarus

Ecologic study, childhood
thyroid cancer incidence (age
 20 yr) in relation to the
1986 Chernobyl nuclear
power plant explosion;
evaluated 472 cases
diagnosed from mid-1986 to
1995

Numbers of childhood thyroid
cancers in Belarus increased from a
baseline of 3-8 per yr during 19861989 to 31-96 per yr during 19901995; children age 0-5 yr at exposure
comprised most of the cases

(Lomat et al.
1997), Belarus

Ecologic study, childhood
thyroid cancer incidence (age
 20 yr) during 1987-1995 in
relation to the 1986
Chernobyl nuclear power
plant explosion; 424
childhood thyroid cancers
diagnosed during this period

20% of children in Belarus
lived in regions with 137Cs
fallout > 37 kBq/m2

Thyroid cancer incidence rate in
children increased from 0.2 to 4.0 per
100,000 during 1987-1995

(Takahashi et
al. 1997),
Marshall

Cross-sectional study, 1062
persons born before 1959 and
260 born in 1959 or later;

Atmospheric nuclear tests
conducted during 19461958; fallout from the 1954

Non-significant inverse association
between thyroid nodules and distance
from test site in bivariate analysis

r = -0.29
(p = 0.12)

21

DR

Covariates
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Reference,
location

Results

20

Design

Exposure

Islands

examined during 1993 and
1996 – clinical thyroid
examination, sonograms,
biopsies; 317 thyroid nodules
including 19 cancers in the
group born before 1959 and
32 thyroid nodules including
4 cancers in those born in
1959 or later

Bravo H-bomb test caused
estimated thyroid doses of
10-40 Gy in adults and 50200 Gy in infants age 1 yr on
the most exposed atoll
(Rongelap)

(Bard et al.
1997),
Chernobyl,
Ukraine

Review of literature on health
effects of 1986 Chernobyl
nuclear power plant
explosion

(Astakhova et
al. 1998),
Belarus

Case-control study, 107 cases
thyroid cancer, 107 controls
from exposed region of
Belarus, 107 controls with
same opportunity for
diagnosis (screening or
routine examination in a
clinic), both control groups
matched for age, sex and
urban/rural residence, age <
17 yr

Thyroid radiation dose
inferred from a large survey
of adult thyroid radioactivity
measurements soon after the
disaster

Thyroid cancer associated with
estimated thyroid radiation dose
(odds ratios for 0.30-0.99 and 1 vs
< 0.3 Gy)(p-trend < 0.001)

3.1 (1.7-5.8)

(Gilbert et al.
1998), United
States

Ecologic study, countyspecific and birth cohortspecific thyroid cancer
incidence (194 counties,
1973-1994) and mortality
rates (entire USA, 19571994)

US NCI estimates of avg
thyroid dose from
radionuclide fallout from the
Nevada nuclear tests during
the 1950’ s by county (whole
USA), age and sex

Borderline associations between
county-level thyroid cancer mortality
and incidence rates and avg radiation
doses among those exposed before
age 1 yr (excess relative risk per Gy)

Incidence
2.4
(-0.5 to 5.6)

Association

21

DR

(Pearson’ s r)

Sufficient evidence that exposure
caused increased thyroid cancer
incidence among children and
adolescents

5.8 (2.0-17)

Mortality
11
(-1.1 to 29)

+

Covariates
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Reference,
location

Design

Exposure

Results

Association

20

County-level thyroid cancer
mortality but not incidence rates
associated with county-level avg
radiation doses among those born
during 1950-1959 (when most of the
atmospheric nuclear tests were
conducted); excess relative risk per
Gy

Incidence
0.3
(-0.7 to 1.4)

Dose-response relationship between
county level thyroid cancer mortality
but not incidence rates and county
level avg thyroid radiation doses
(relative risk for 4-8.9 and  9 vs <4
cGy)

Incidence
1.0 (0.9-1.1)
1.1 (1.0-1.2)
Mortality
1.6 (1.1-2.4)
1.7 (1.0-2.8)

Much higher thyroid cancer
incidence risk among persons
exposed at age < 10 yr; excess
relative risk for 1 Sv by age at
exposure

age < 10 yr
9.5 (4.1-19)

(Heidenreich et
al. 1999),
Belarus

Descriptive study, childhood
thyroid cancer incidence rates
in Belarus in relation to 1986
Chernobyl nuclear power
plant explosion

Childhood thyroid cancer incidence
rates increased beginning about 3 yr
after the accident (incidence rates
1986-1995 vs 1986-1989)

21.2 vs 2.8

(Lund and
Galanti 1999),
Norway and

Ecologic study, thyroid
cancer incidence rates (age 724 yr) among birth cohorts

Thyroid cancer risk higher among
children age 7-14 yr born during
1947-1950 (low early life exposure)

1.6 (0.7-3.5)
1.7 (1.0-3.0)
1.0

Estimated cumulative
thyroid dose for successive
birth cohorts from 1945 to

Covariates

Mortality
12
(2.8-31)

Reviewed risk of solid
cancers among atomic bomb
survivors using incidence and
mortality data

(Ron et al.
1998), USA

21

DR

age > 20 yr
0.1 (-0.2 to
0.8)

Sex,
country,
interaction
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Reference,
location

Design

Sweden

potentially exposed to
radioactive fallout from
nuclear testing in northwest
Russia during 1957-1962;
526 histologically proven
thyroid cancers among
persons age < 25 yr born
during 1947-1970

(Jacob et al.
2000), Belarus

Ecologic study, thyroid
cancer incidence rates in
relation to 1986 Chernobyl
nuclear power plant
explosion

20

Exposure

Results

1963; dose based on
radioactivity in milk, milk
consumption of 1L milk/day,
30% uptake of iodine from
milk to gland, age-specific
weight of thyroid gland,
absorbed dose of 120
rad/mCi/g; maximum
cumulative thyroid dose was
about 1.8 cGy for those born
during 1957-1958

and 1951-1962 (high early life
exposure) compared to those born in
1963-1970 (relatively unexposed);
respective relative risks

(reference)

Childhood thyroid cancer incidence
rates increased dramatically in
Belarus during 1990-93 especially
for those born during 1971-1986
(observed vs expected cases, Belarus,
1991-1996)

657 vs 88

Association

Rate of increase slowed during 199496
(de Vathaire et
al. 2000),
French
Polynesia

Ecologic study, 539 thyroid
cancers among indigenous
population during 1985-1995

41 atmospheric nuclear
weapon tests during 196674; very low consumption of
fresh cow’ s milk (main
source of 131I exposure for
children in studies conducted
in USA and Europe)

Thyroid cancer incidence rates higher
than those of New Zealand Maoris
(standardized incidence ratios);
similar excess when compared to
Hawaiians

females
2.7 (2.0-5.0)

Thyroid cancer incidence rates for
persons born during 1950-1975
higher than those of New Zealand
Maoris (standardized incidence
ratios); similar excess when

females
2.5 (1.7-4.8)

males
3.4 (2.0-13)

males
5.2 (1.7 to 

21

DR

Covariates
term
between age
and birth
cohort
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Reference,
location

Design

Exposure

Results

Association

20

compared to Hawaiians
Borderline inverse association
between thyroid cancer and distance
of birthplace from test site among
females but not males born during
1950-75 (relative risks for >1000,
500-1000 and <500 km)(p-trend)
(United Nations
Scientific
Committee on
the Effects of
Atomic
Radiation,
2000), United
Nations

Expert committee review of
epidemiologic evidence of
radiation-induced cancer

females
1.0, 2.1, 2.2
(p = 0.1)
males
1.0, 2.0, 0
(p > 0.05)

By 1998, about 1800 thyroid cancer
cases had occurred among children
age < 17 yr at the time of the 1986
Chernobyl nuclear power plant
explosion; childhood thyroid cancer
incidence during 1991-1994 was
about 10-fold higher than that in
preceding 5 yr; a case-control study
showed a strong dose-response
relationship between thyroid cancer
and estimated exposure to 131I and
other iodine radioisotopes
Lifetime risk of thyroid
cancer is substantially larger
for those exposed as children
age < 15 yr compared to
those exposed as adults

Lifetime risk of thyroid cancer for
children exposed at age 0-5 yr is
about 5-fold that of those exposed at
age 5-14 yr

Highest excess relative risk
of thyroid cancer occurs
about 15-30 years after
childhood exposure and
remains elevated for at least

Excess relative risk of thyroid cancer
per Gy among children exposed
before age 15 yr

7.7 (2.1-29)

21

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

20

21

DR

Covariates

40 yr
Limited and inconsistent evidence for
an association between thyroid
cancer and childhood exposure to 131I
from atmospheric nuclear tests and
released from nuclear reactors
(Shibata et al.
2001), Belarus

Cross-sectional study,
screened 21,601 children
born during 3 periods:19871989, April 27/86 to Dec
31/86 and 1983 to April
26/86; thyroid examinations
including ultrasound and
biopsy, found 32 thyroid
cancers

Residents within 150 km of
Chernobyl nuclear power
plant explosion

Thyroid cancer risk highest for
children born during 1983 to April
1986 (thyroid cancer prevalence per
10,000 children age 11-13 yr at
examination)(calculated from data in
report)

0.0, 4.8, 30.5

(Cotterill et al.
2001), northern
England

Ecologic study, 75 thyroid
cancer cases, age < 25 yr;
compared incidence rate
trends during 1987-1997 vs
1968-1986 in relation to
fallout from the Chernobyl
nuclear power plant
explosion

UK survey data on 137Cs
levels in vegetation; levels
highest in northwestern
England

Thyroid cancer incidence rates
increased among children and young
adults (incidence rate ratios for 19871997 vs 1968-1986, ages < 15 and
15-24 yr)

2.7 (0.6-12)

Thyroid cancer incidence rates
increased most in the highest
exposed region (incidence rate ratios
for 1987-1997 vs 1968-1986, ages <
25 yr)(only 1 case during 1968-1986
and 6 cases during 1987-1997)

2.2 (1.3-3.6)

12 (1.5-101)

Sex, age
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Reference,
location
(Gilbert et al.
2002), USA

(Moysich et al.
2002),
Chernobyl,
Ukraine

Design
Review of literature on
cancer and fallout from
atmospheric nuclear tests

Review of literature on
cancer and radiation from the
1986 Chernobyl nuclear
power plant explosion

Exposure

Results

Highly exposed Marshall
Islanders had avg external
doses of about 1.1-1.9 Sv

A small population of highly exposed
Marshall Islanders had an increased
risk of thyroid nodules (prevalence
among highly exposed vs comparison
group)

Children living in 3 regions
near the Nevada test site had
avg thyroid doses of 0.013
(Arizona), 0.05 (Nevada)
and 0.17 Gy (Utah)

Limited evidence of associations
between thyroid disease and
relatively low-level exposure to
fallout from Nevada nuclear tests

Major radionuclides released
were 131I, 137Cs and 90Sr;
thyroid doses of children in
contaminated region <0.02
to >2 Gy

Childhood thyroid cancer incidence
rates increased from 1990 to 1998
(most recent data) in the most
contaminated areas in Belarus,
northern Ukraine and SW Russian
Federation; increase was mainly
among children exposed at age < 5 yr
Higher prevalence of benign thyroid
nodules among children in
contaminated regions
The only case-control study showed
and association between thyroid
cancer in children age 4-16 yr and
estimated thyroid dose

(Linet et al.
2003), USA

Review of epidemiologic
literature on childhood cancer

Concluded that there is sufficient
epidemiologic evidence for an
association between thyroid cancer
and exposure during childhood to
ionizing radiation from

Association
34 vs 4%

20

21

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

20
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environmental or medical sources
(Shore et al.
2003), New
York

Cohort study, 2244 persons
exposed to radiation at age 115 yr during 1940-1959,
comparison group of 1380
persons given drugs but not
radiation for tinea capitis;
cancer incidence during
follow-up; expected number
of cancers based on SEER
after 1973 and on Detroit and
Alameda County registries
for earlier years

Exposed group received xray treatment of scalp; avg
brain dose about 1.4 Gy, avg
thyroid dose about 0.06 Gy,
avg skull bone marrow dose
about 4 Gy

Thyroid tumours (2 cancers, 11
adenomas, 2 non-neoplastic nodules)
increased among exposed persons;
SIR for thyroid cancer based on
SEER and relative risk of thyroid
adenomas based on comparison of
exposed and unexposed groups (11
exposed cases, 1 case in unexposed
group)

Females had greater risk of radiationrelated thyroid tumours than males
(relative risk)

thyroid
cancer
1.0

Age, sex

thyroid
adenomas
8.7 (1.5-190)

5.5 (1.8-16)

Thyroid cancer: summary
General considerations
A review by Linet et al. (2003) concluded that there is sufficient evidence for an association between thyroid cancer and childhood exposure to radiation from
environmental and medical sources.
Radioactive fallout from nuclear tests
A cohort study using parent-reported information on cancer outcomes showed an increased risk of thyroid cancer among persons living in regions exposed to
fallout from the Nevada nuclear test site; no data on risks by age at exposure were reported (Johnson 1984). An ecologic study of thyroid cancer incidence by
birth cohort in the UK showed increasing rates among female cohorts born after 1920 with a sudden rise in the 1952-1955 birth cohort, possibly related to
radioactive fallout from the nuclear tests in the late 1950s and early 1960s; among male birth cohorts, thyroid cancer incidence rates increased irregularly over
time (dos Santos Silva and Swerdlow 1993). There was, however, no association between thyroid cancer incidence among persons below age 45 years and highrainfall regions (a proxy for radioactive fallout levels). A cohort study of children age 9-19 years in 1965-1967 and living in regions contaminated by radioactive
fallout from the Nevada nuclear test site showed a dose-response relationship between thyroid adenomas or cancers and estimated thyroid radiation dose from
fallout (Kerber et al. 1993). A cross-sectional study of Marshall Islanders showed a non-significant inverse association between thyroid nodules and distance
from the nuclear weapon test site (Takahashi et al. 1997). An ecologic study at the county level in the USA showed borderline associations between thyroid
cancer incidence and mortality rates among persons exposed during infancy and estimated average thyroid doses from Nevada nuclear test radioactive fallout
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(Gilbert et al. 1998). This study showed associations between thyroid cancer mortality but not incidence rates and average county radiation doses for persons
born during 1950-1959, the period when most of the atmospheric nuclear tests were conducted. An ecologic study of thyroid cancer incidence rates in Sweden
and Norway showed that thyroid cancer incidence rates among children age 7-14 years were higher for those born during 1947-1962 compared to those born in
1963-1970; peak thyroid radiation doses from nuclear test fallout occurred during 1957-1958 (Lund and Galanti 1999). An ecologic study among indigenous
persons in French Polynesia showed that they had 3-fold higher thyroid cancer incidence rates compared to New Zealand Maoris or Hawaiians (de Vathaire et al.
2000). There was a borderline inverse association between thyroid cancer among females but not males born during 1950-1975 and distance of birthplace from
the Polynesian nuclear test site where France conducted 41 atmospheric nuclear weapon tests during 1966-1974. An UNSCEAR expert panel (United Nations
Scientific Committee on the Effects of Atomic Radiation 2000) concluded that there is limited and inconsistent evidence of an association between thyroid
cancer and childhood exposure to radioiodides from atmospheric nuclear tests or releases from nuclear reactors. A review by Gilbert et al. (2002) concluded that
there was limited evidence for an association between thyroid disease and relatively low-level exposure to fallout from the Nevada nuclear test site.
Radioactive fallout from the Chernobyl nuclear power plant explosion
A cross-sectional study of persons showed a similar prevalence of ultrasound-detectable thyroid nodules in villages exposed to radioactive fallout from the 1986
Chernobyl nuclear power plant explosion compared to unexposed villages (Mettler et al. 1992). Ecologic studies of thyroid cancer in Belarus showed sharp
increases among children after the Chernobyl disaster (Pacini et al. 1997, Lomat et al. 1997). A review by Sali et al. (1996) concluded that thyroid cancer
incidence rates in 4 European countries showed no increases attributable to fallout from the Chernobyl disaster. However, a review by Bard et al. (1997)
concluded that childhood thyroid cancer increased among children and adolescents in regions most contaminated by the Chernobyl disaster. A case-control study
of childhood thyroid cancer in Belarus showed a dose-response relationship with estimated thyroid radiation dose from Chernobyl radioactive fallout (Astakhova
et al. 1998). Two ecologic studies of childhood thyroid cancer incidence rates in Belarus reported sharp increases beginning about 3-4 years after the Chernobyl
accident (Heidenreich et al. 1999, Jacob et al. 2000). An UNSCEAR expert panel noted that there was a 10-fold increase in thyroid cancer incidence rates during
1991-1994, compared to the preceding 5 years, among children age 0-16 years in 1986 and living in the most contaminated regions of the former USSR (United
Nations Scientific Committee on the Effects of Atomic Radiation 2000). This panel also noted the results of Astakhova et al. (1998) described above. A large
cross-sectional thyroid gland screening study of children living within 150 km of the Chernobyl explosion site found that thyroid cancer prevalence was much
higher among children born during 1983 to mid-1986 compared to those from mid-1986 to 1989; although it is not clear from this report that prevalence rates
were adequately adjusted for age at examination, these results are consistent with the higher risk of radiation-induced thyroid cancer among children age less than
five years (Shibata et al. 2001). A UK ecologic study found that thyroid cancer incidence rates increased among children and young adults after the Chernobyl
explosion, especially in the most exposed region in northwestern England (Cotterill et al. 2001). A review by Moysich et al. (2002) concluded that childhood
thyroid cancer incidence increased from 1990 to 1998 in the most contaminated regions of the former USSR with most of the increase among children age less
than five years when exposed. This review also noted the higher prevalence of benign thyroid nodules among children in contaminated regions and the
association with thyroid dose in the case-control study by Astakhova et al. (1998).
Radiotherapy
A population-based case-control study in Connecticut showed an association between thyroid cancer and self-reported exposure to radiotherapy for benign head
and neck conditions during childhood; there was an inverse dose-response relationship between thyroid cancer and age at radiation exposure (Ron et al. 1987). A
cohort study of persons given radiotherapy during childhood for tinea capitis (ringworm of scalp) showed dose-response relationships between benign and
malignant thyroid tumours and radiation dose; relative risks of benign and malignant tumours were higher for persons treated before age 5 years compared to
those treated at age 5-9 years (Ron et al. 1989). Three cohort studies in USA of persons given radiotherapy during infancy or childhood for lymphoid
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hyperplasia (enlarged thymus or tonsils/adenoids) showed dose-related increased risks of benign or malignant thyroid tumours (Pottern et al. 1990, Shore et al.
1993a, 1993b, Schneider et al. 1993). The excess relative risk of thyroid tumours per cGy was inversely related to age at exposure (Pottern et al. 1990, Schneider
et al. 1993). Among persons exposed as infants, there were particularly strong dose-response relationships between thyroid adenomas or cancer and radiation
doses extending to the range below 0.5 Gy (Shore et al. 1993a, 1993b). A pooled analysis of 5 cohort and 2 case-control studies showed linear dose-response
relationships between thyroid cancer and radiation dose among persons exposed before age 15 years, including the dose range from about 0.075 to 0.25 Gy (Ron
et al. 1995). The latter study showed that the excess relative risk of thyroid cancer per Gy among females exposed before age 15 years was about double that for
similarly exposed males and was greatest for persons exposed before age 5 years. A descriptive study of thyroid cancer incidence rates in Connecticut during
1935-1992 showed that annual rates per 100,000 persons increased from 1.3 to 5.8 among females and from 0.3 to 2.8 among males; the increases occurred
mainly among birth cohorts from 1915 to 1945, the period when radiotherapy for benign conditions of the head and neck regions was greatest (Zheng et al.
1996). A recent report of the cohort studied by Shore et al. (2003) showed an increased risk of thyroid adenomas among person exposed as children to
radiotherapy for tinea capitis; the risk was markedly higher for females compared to males.
Diagnostic x-rays
A population-based case-control study in Connecticut showed an irregular dose-response relationship between thyroid cancer and self-reported exposure to
diagnostic chest x-rays and an inverse association with number of dental x-rays (Ron et al. 1987). A Swedish population-based case-control study of thyroid
cancer found no associations with medical record documented diagnostic x-ray exposure indices including cumulative thyroid dose and number of x-rays before
age 20 years (Inskip et al. 1994).
Atomic bomb radiation
A cohort study of atomic bomb survivors showed a dose-response relationship between incident thyroid cancer and radiation dose; the excess relative risk per Sv
was substantially higher for persons exposed before age 10 years (Thompson et al. 1994). A review of studies of atomic bomb survivors by Ron et al. (1998)
concluded that persons exposed before age 10 years had a much higher risk of thyroid cancer.
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11. Childhood central nervous system tumours
Reference,
Design
location

Exposure

Results

Association

22

23

DR

Covariates

(Stewart et al.
1958), UK

Population-based casecontrol study, 1299
childhood cancer deaths
(incl 212 CNS cancer
deaths), age < 10 yr, 19531955, 1299 matched
controls; physicians
interviewed parents

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Childhood CNS cancer deaths
associated with prenatal
abdominal x-rays (odds ratio
calculated from data in report)

1.9 (1.2-3.0)

Matched for age,
sex, locality

(MacMahon
1962), 9 NE
states, USA

Hospital-based case-cohort
study, 734,243 live births,
1947-1954; 584 cancer
deaths among children age
0-12 yr (304 leukemia,
120 CNS, 132 other)

11% of all births and 19%
of first births had prenatal
pelvic or abdominal x-rays
(usually involving at least
3 films); medical record
information on x-ray
exposure for 1% sample of
all births and for all cancer
deaths

Childhood CNS deaths associated
with prenatal maternal pelvic or
abdominal x-rays (odds ratio,
exposed vs unexposed)(confidence
interval calculated from data in
report)

1.6 (0.9-2.6)

Matched for period
of birth

(Bithell and
Stewart 1975),
Oxford Survey
of Childhood
Cancers, UK

Case-control study,
childhood cancer deaths,
1953-1967, 8,513 matched
pairs, age < 16 yr,
included 1332 CNS cancer
deaths

Self-reported prenatal
maternal diagnostic x-ray
exposure

Childhood CNS tumours
associated with maternal prenatal
abdominal x-rays (odds ratio,
exposed vs unexposed)

1.4 (1.2-1.7)

(Nasca et al.

Case-control study, 338

Mother-reported parental

Childhood CNS tumours

1.7 (1.2-2.5)

22

YOB, sex, race

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
23
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location
1988), New
York State

(Ron et al.
1988a), Israel

Design
CNS tumours, age < 15 yr,
1968-1977, 676 controls

Cohort study, 10,834
children treated for
ringworm of the scalp with
x-rays at age < 15 yr,
comparison groups of

Exposure
occupational exposures

Avg brain radiation dose
was 1.5 Gy

Results
associated with paternal
employment in industries with
potential for ionizing radiation
exposure (odds ratio for industries
with less or more vs no potential
for exposure)

Association

22

23

DR

Covariates

2.2 (1.2-3.8)

Childhood CNS tumours not
associated with paternal job titles
with potential for ionizing
radiation exposure (odds ratio for
job titles with less or more vs no
potential for exposure)

1.1 (0.7-1.8)

Childhood CNS tumours
associated with maternal
employment in industries with
potential for ionizing radiation
exposure (odds ratio for industries
with less or more vs no potential
for exposure)

1.2 (0.8-2.0)

Childhood CNS tumours not
associated with maternal job titles
with potential for ionizing
radiation exposure (odds ratio for
job titles with less or more vs no
potential for exposure)

1.2 (0.7-2.3)

Exposed persons had increased
risk of death from CNS cancers
(relative risk based on comparison
groups)

2.5 (0.9-7.4)

1.0 (0.6-1.8)

1.1 (0.6-1.9)

1.5 (0.4-6.2)

Population sample
matched for sex,
age, ethnicity, year
of migration to
Israel
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Reference,
location

Design

Exposure

Results

Association

22

23

DR

Covariates

5,392 unexposed siblings
and a matched unexposed
population sample of
10,834 children; assessed
risks of cancer death
during 1950-1982
(Ron et al.
1988b), Israel

Cohort study (see Ron et
al. 1988a above); assessed
benign and malignant CNS
tumour incidence during
1950-1982 (60 cases in
exposed group)

Avg brain radiation dose
was 1.5 Gy

(Henshaw et al.
1990),
international

Ecologic study, myeloid
leukemia, kidney cancer,
melanoma and childhood
cancer incidence rates in
15 countries and in 10
provinces of Canada

Avg indoor radon (range
9-100 Bq/m3) and
EDFNJURXQG -radiation
(range 270-950 µSv/yr)
levels by country
estimated from national
surveys

Childhood CNS tumour incidence
rates by country associated with
avg indoor radon levels

r = 0.62, p <
0.02

(Collman et al.,
1991), North
Carolina

Ecologic study, 454 brain
and other CNS cancer
deaths, age < 15 yr; used
data from surveys of radon
in
308
groundwater
community drinking water
supplies

Counties ranked into
tertiles by GM radon
concentration (< 229, 2291375 and  1376 pCi/L)

Relative risk of brain cancer death
somewhat increased in
communities with higher
groundwater radon levels
(respective relative risks,
communities with 2nd or 3rd vs 1st
tertile radon levels)

1.3 (1.0-1.6)

(McCredie et
al. 1994),

Population-based
casecontrol study, childhood

Mother-reported exposures
including diagnostic x-rays

Non-significant association
between childhood brain cancer

2.3 (0.5-11)

Strong dose-response relationship
between CNS tumours and
radiation exposure (relative risk
for <1.3, 1.3-1.3, 1.4-1.9, 2.0-2.9
and 3-6 vs 0 Gy)
Excess relative
tumours per Gy

risk of

CNS

5.1, 8.4, 6.1,
26, 28

+

Population sample
matched for sex,
age, ethnicity, year
of migration to
Israel

3.0

1.2 (0.9-1.5)

Matched for age,
sex
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Reference,
location

Design

Australia

brain cancer, 82 cases, age
0-14 yr, 164 matched
controls

(Thompson et
al. 1994), Japan

Cohort study, 79,972
atomic bomb survivors;
assessed incidence of solid
cancers during 1958-1987

Exposure

Results

Association

22

and x-rays of head (odds
ratio)(only 4 exposed cases)
Modeled body organ
radiation doses

No dose-response relationship
between brain and other CNS
cancer incidence and estimated
radiation dose (crude relative risk
of brain and other CNS cancer for
0.01-0.99 and  1 vs < 0.01 Sv)

1.5, 0.3

Excess relative risk of brain and
other CNS cancer per Sv (values
for persons exposed at age 0-9, 1019, 20-39 and 40 yr)

1.1, 1.0, 0.1,
0.0

(Lindberg et al.
1995), Sweden

Cohort study, 11,807
persons exposed to x-ray
therapy for skin
hemangiomas during
infancy (1930-65); 34
CNS cancers during
follow-up to 1989

Estimated average brain
dose was 0.08 Gy

Exposed persons had increased
risk of CNS cancers (excess
relative risk per Gy)

11 (3.7-21)

(Tondel et al.
1996), Sweden

Ecologic study of
childhood leukemia, brain
and other cancer incidence
rates in areas most
exposed to fallout from the
Chernobyl nuclear power
plant explosion; assessed
cancer incidence trends
during 1978-1992; 746
cancer cases, age < 20 yr

Categorized 374 parishes
into estimated radiation
exposure categories of <3,
3-39 and  40 kBq/m2
using data from aerial
mapping of ground 137Cs
radiation levels

Childhood brain cancer incidence
rates during 1987-1992 not
associated with avg radiation level
in parish of residence (relative
risks for 3-39 and 40 vs <3
kBq/m2)

0.7 (0.4-1.1)
1.0 (0.5-1.8)

23

DR

Covariates
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Reference,
location

Design

Exposure

Results

Association

22

(Thorne et al.
1996), UK

Ecologic study, 301
incident cancers among
children age < 15 yr in 283
postal code sectors of 2
counties with variable
indoor radon levels; used
data from survey of indoor
radon levels in 13% of
dwellings in 2 counties

Compared postcode
sectors with avg indoor
radon levels 100 Bq/m3
vs < 100 Bq/m3

Marginally lower incidence of
brain tumours in high vs low
radon
regions
(respective
incidence rates per 106 child years)

19 vs 30
(p = 0.09)

(Karlsson et al.
1998), Sweden

Pooled analysis of two
cohorts, 28,008 infants
exposed to radiotherapy
for treatment of
hemangiomas; 86 brain
tumour cases during 19581993

Avg brain dose was 7 cGy
(range 0-11.5)

Dose-response relationship
between brain cancer and radiation
dose (excess relative risk per Gy)

2.7 (1.0-5.6)

Excess relative risk per Gy
decreased with age at exposure
(excess relative risk per Gy for
exposure at age <5, 5-7 and 8+
mos)

4.5, 1.5, 0.4

(Kaletsch et al.
1999), northern
Germany

Population-based casecontrol study, 41 CNS
tumour cases, 209
controls, age < 15 yr

Radon exposure measured
using detectors placed in
homes for one year;
assessed risk of radon
levels above 70 Bq/m3
relative to lower levels

CNS tumours associated with
indoor radon levels (odds ratio for
>70 vs 70 Bq/m3)

3.9 (1.3-12)

(United Nations
Scientific
Committee on

Expert committee review
of epidemiologic evidence
of radiation-induced

Therapeutic radiation of the head
or neck during childhood is a
proven cause of brain cancer

23

DR

Covariates

+

Sex,
DOB,
urbanization and
SES
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Reference,
location
the Effects of
Atomic
Radiation,
2000), United
Nations

Design

Exposure

Results

Association

22

23

DR

Covariates

cancer

Inconsistent evidence for an
association between brain cancer
and dental x-ray exposure during
childhood
An association between brain
cancer and prenatal maternal x-ray
exposure was based mainly on the
Oxford Survey of Childhood
Cancers

(Schuz et al.
2001),
Germany

(Preston et al.
2002b), Life
Span Study,
Japan

Population-based casecontrol study, 466 CNS
tumour cases, age < 15 yr,
2,458 controls

Parent-reported
information on
occupational and other
exposures

Cohort study, atomic
bomb survivors, 80,160
persons with organ dose
estimates and alive/cancerfree in 1958 when cancer
registries established in
Hiroshima and Nagasaki;
228 CNS tumours during
follow-up to 1995

Brain dose estimated from
DS86 algorithm; 3.5% had
brain doses  1 Sv

CNS tumours not associated with
childhood diagnostic x-rays (odds
ratio, 1+ vs 0)

0.7 (0.6-0.9)

Family net income,
parental education,
urban/rural

CNS tumours not associated with
prenatal maternal x-rays (odds
ratio, 1+ vs 0)

0.8 (0.4-1.4)

As above

Excess relative risk per Sv for
total CNS tumours

1.2 (0.6-2.1)

Excess Schwannoma tumour

6.0 (2.1-14)
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Reference,
location

Design

Exposure

Results

Association

22

relative risk per Sv for persons age
<20, 20-39 and 40 yr at exposure

2.6 (-0.2 to
10)
3.3 (0.3-11)

Excess relative risk per Sv of nonSchwannoma CNS tumours for
persons age <20, 20-39 and 40 yr
at exposure

1.2 (0.3-2.9)
0.3 (-0.2 to
1.6)
0.1 (-0.2 to
1.2)

Excess meningioma relative risk
per Sv for persons age <20, 20-39
and 40 yr at exposure

1.3 (0.01-4.5)
0.5 (-0.05 to
2.8)
0.3 (-0.1 to
2.0)

23

DR

Covariates

(United
Kingdom
Childhood
Cancer Study
2002a), UK

Case-control study, 2226
childhood cancer cases,
1992-1996, 3773 matched
controls, age 0-14 yr

Parent-reported
information, 2 etched track
radon detectors per home
lived in for at least 6 mos,
left in homes for 6 mos

CNS tumours not associated with
radon levels (odds ratios for 0-24,
25-49, 50-99, 100-199 and 200
Bq/m3)

1.0 (referent)
1.1 (0.8-1.3)
0.8 (0.5-1.3)
0.6 (0.2-1.5)
1.1 (0.3-3.8)

Matched for age,
sex, health
authority region;
adjusted for
deprivation score
for enumeration
district of residence
(based on % of
households with no
car, crowding and
unemployed
persons)

(United
Kingdom
Childhood
Cancer Study
2002b), UK

Case-control study, 2165
childhood cancer cases,
1992-1996, 5086 matched
controls, age 0-14 yr

Parent-reported
information, 2
WKHUPROXPLQHVFHQW 
dosimeters per home lived
in for at least 6 mos, left in

No association between childhood
&16 WXPRXUV DQG LQGRRU 
radiation levels (odds ratios IRU 
quintiles: <650, 650-798, 799-916,
916-1044, 1045 µGy/yr)

1.0 (referent)
0.9 (0.6-1.6)
1.0 (0.6-1.7)
1.3 (0.8-2.2)
1.3 (0.8-2.2)

Matched for age,
sex, health
authority region;
adjusted for
deprivation score
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Reference,
location

Design

Exposure

Results

KRPHVIRUPRVDYJ 
dose of 843 µGy/yr (range
< 100 to 2027)

Association

22

p-trend = 0.15

(Linet et al.
2003), USA

Review of epidemiologic
literature on childhood
cancer

(Shore et al.
2003), New
York

Cohort study, 2244
persons exposed to
radiation at age 1-15 yr
during 1940-1959,
comparison group of 1380
persons given drugs but
not radiation for tinea
capitis; cancer incidence
during follow-up;
expected number of
cancers based on SEER
after 1973 and on Detroit
and Alameda County
registries for earlier years

Exposed group received xray treatment of scalp; avg
brain dose about 1.4 Gy,
avg thyroid dose about
0.06 Gy, avg skull bone
marrow dose about 4 Gy

Intracranial tumours (7 brain
cancers, 4 meningiomas, 5
acoustic neuromas) increased
among exposed persons; SIR for
brain cancer based on SEER and
relative risk of meningiomas and
acoustic neuromas based on
comparison of exposed and
unexposed groups (9 exposed
cases, 1 case in unexposed group)

(McKinney et
al. 2003), UK
Childhood
Cancer Study

Case-control study, 1737
leukemia, 687 CNS and
1414 other incident cancer
cases, 1991-1996, 7629

Parent-reported
information including
occupations at conception,
birth and cancer diagnosis;

CNS tumours not associated with
paternal periconceptual
occupational exposure to ionizing
radiation (odds ratio)(only 3

23

DR

Covariates
for enumeration
district of residence
(based on % of
households with no
car, crowding and
unemployed
persons)

Concluded that there is limited
epidemiologic evidence for an
association between childhood
brain tumours and paternal
occupational exposure to ionizing
radiation
brain cancer
3.0 (1.3-5.9)

Age, sex

meningiomas
and acoustic
neuromas
5.7 (1.0-126)

0.8 (0.1-6.3)

Matched for sex,
age,
residential
region at diagnosis
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Reference,
location

Design
matched controls, age 0-14
yr

Exposure
coded job titles and
associated industries

Results

Association

22

23

DR

Covariates

exposed case fathers); only 1
exposed case mother

Childhood central nervous system tumours: summary
Prenatal diagnostic x-rays
Case-control studies in the UK and USA showed associations between childhood brain cancer deaths and prenatal abdominal/pelvic x-rays (Bithell and Stewart
1958, 1975, MacMahon 1962). An UNSCEAR expert panel noted that an association between brain cancer and prenatal diagnostic x-ray exposure is based
mainly on the Oxford Survey of Childhood Cancers (United Nations Scientific Committee on the Effects of Atomic Radiation 2000). A German populationbased case-control study of CNS tumours showed no association with prenatal maternal x-rays (Schuz et al. 2001).
Childhood diagnostic x-rays
An UNSCEAR expert panel concluded that there is inadequate evidence for an association between brain cancer and childhood dental x-rays (United Nations
Scientific Committee on the Effects of Atomic Radiation 2000). A German population-based case-control study of CNS tumours showed no association with
childhood diagnostic x-rays (Schuz et al. 2001).
Radiotherapy
A cohort study of persons exposed as children to radiotherapy for tinea capitis (ringworm of scalp) showed an increased risk of CNS cancer deaths, compared to
unexposed siblings and a population comparison group, and a strong dose-response relationship with estimated brain radiation dose (Ron et al. 1988a, 1988b). A
pooled analysis of two Swedish cohorts given radiotherapy during infancy for skin hemangiomas showed a dose-response relationship between brain cancer and
radiation dose; the excess relative risk of brain cancer per Gy decreased substantially over the age at exposure categories <5, 5-7 and 8+ months (Karlsson et al.
1998). An UNSCEAR expert panel concluded that radiotherapy of the head or neck region during childhood is a proven cause of brain cancer (United Nations
Scientific Committee on the Effects of Atomic Radiation 2000). A recent report showed increased risks of malignant brain tumours and meningiomas or acoustic
neuromas among a cohort of persons given radiotherapy during childhood for tinea capitis (Shore et al. 2003).
Radon
An ecologic study showed an association between childhood CNS cancer incidence rates and average indoor radon levels in several countries/provinces
(Henshaw et al. 1990). An ecologic study in North Carolina communities showed borderline associations between childhood brain cancer deaths and
groundwater radon levels (Collman et al. 1991). A UK ecologic study at the postal code sector level showed no association between childhood brain cancer
incidence rates and average indoor radon levels (Thorne et al. 1996). A small population-based case-control study showed an association between incident
childhood brain cancer and indoor radon levels (Kaletsch et al. 1999). A large UK case-control study of childhood CNS tumours showed no association with
indoor radon levels (United Kingdom Childhood Cancer Study 2002a).
5HVLGHQWLDO -radiation levels
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A large UK case-control study of childhood CNS tumours showed a weak statistically non-VLJQLILFDQWDVVRFLDWLRQZLWKLQGRRU -radiation levels (United
Kingdom Childhood Cancer Study 2002a).
Atomic bomb radiation
A cohort study of atomic bomb survivors showed no dose-response relationship between incident brain or other CNS cancers and radiation dose or age at
exposure (Thompson et al. 1994). A more recent cohort study of atomic bomb survivors showed dose-response relationships between total and specific types of
CNS tumours and radiation dose; excess relative risks per Sv were highest for persons exposed before age 20 years (Preston et al. 2002b).
Radioactive nuclear fallout
A Swedish ecologic study at the parish level showed no relation between local childhood brain cancer incidence rate trends and local radioactive fallout levels
based on aerial mapping of 137Cs ground deposition levels (Tondel et al. 1996).
Parental occupational radiation exposure
A case-control study of childhood CNS tumours in New York State found an association with paternal but not maternal employment in industries with potential
for ionizing radiation exposure; this study found no association with paternal or maternal job titles with potential for ionizing radiation exposure (Nasca et al.
1988). A review by Linet et al. (2003) concluded that there is limited epidemiologic evidence of an association between childhood brain tumours and paternal
occupational radiation exposure. A UK case-control study found no association between childhood CNS tumours and paternal periconceptual occupational
ionizing radiation exposure but there were only 3 exposed case fathers (McKinney et al. 2003).
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12. Bone tumours
Reference, location

Design

Exposure

Results

Association

24

(Tucker et al.
1987), Late Effects
Study Group, USA

Case-control study, nested within
cohort of childhood cancer
survivors diagnosed at least 2 yr
previously, 64 cases of bone
cancer, 209 matched apparently
healthy cancer survivors as
controls; assessed risk of bone
cancer in relation to radiotherapy

Estimated radiation
dose at site of bone
tumour and same
location in controls

Strong dose-response
relationship between bone
cancer and therapeutic
radiation dose (relative risks
for 0, <10, 10-29, 30-39, 4059 and  Gy)

1.0, 0.6, 6.0,
17, 21, 38

(Ron et al. 1988a),
Israel

Cohort study, 10,834 children
treated for ringworm of the scalp
with x-rays at age < 15 yr,
comparison groups of 5,392
unexposed siblings and a matched
unexposed population sample of
10,834 children; assessed risks of
cancer death during 1950-1982

Avg skull bone marrow
dose was 4 Gy

Exposed persons had
increased risk of death from
bone cancer (relative risk
based on comparison groups)

9.0 (1.3-208)

(Collman et al.,
1991), North
Carolina

Ecologic study, 108 bone cancer
deaths, age < 15 yr; used data
from surveys of radon in 308
groundwater community drinking
water supplies

Counties ranked into
tertiles by GM radon
concentration (< 229,
229-1375 and  1376
pCi/L)

Relative risk of bone cancer
death not increased in
communities with higher
groundwater radon levels
(respective relative risks,
communities with 2nd or 3rd
vs 1st tertile radon levels)

1.2 (0.8-2.0)

(Thorne et al.
1996), UK

Ecologic study, 301 incident
cancers among children age < 15

Compared postcode
sectors with avg indoor

Marginally lower incidence
of bone tumours in high vs

2.2 vs 8.3
(p = 0.08)

24

25

DR
+

Covariates
Matched for
histology,
duration of
follow-up, age at
diagnosis of first
tumour, sex, race

Population
sample matched
for sex, age,
ethnicity, year of
migration to
Israel

1.1 (0.6-1.8)

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
25
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference, location

Design
yr in 283 postal code sectors of 2
counties with variable indoor
radon levels; used data from
survey of indoor radon levels in
13% of dwellings in 2 counties

(Finkelstein and
Kreiger 1996),
Ontario

Population-based case-control
study, 238 cases of bone tumours,
432 controls, age  25 yr;
determined residential history
since birth

Exposure
radon levels 100
Bq/m3 vs < 100 Bq/m3

Measured radium in
drinking water samples
from previous
residences; estimated
cumulative lifetime
radium activity in bone

Results

Association

24

low radon regions (respective
incidence rates per 106 child
years)

Osteosarcomas but not
Ewing’ s sarcoma of bone
were associated with
drinking water radium levels
(respective odds ratios for 
7 vs < 7 mBq/L)(20 and 9
exposed cases, respectively)

1.8 (1.0-3.0)

Risk of osteosarcoma
elevated in middle but not
highest cumulative radium
exposure levels (respective
odds ratios for middle and
high cumulative exposure
categories)

1.6 (0.8-3.2)

(National
Academy of
Sciences 1999b),
USA

Risk assessment of radon in
drinking water

Concluded that there was
inadequate evidence to
estimate the risks to infants,
children or pregnant women
from radon in drinking water

(United Nations
Scientific
Committee on the
Effects of Atomic
Radiation, 2000),
United Nations

Expert committee review of
epidemiologic evidence of
radiation-induced cancer

Increased bone cancer risk
among persons exposed to
high doses of external LET
radiation; risk appears to be
greater for those exposed as
children; excess relative risk
per Sv

1.3 (0.6-2.5)

1.1 (0.5-2.4)

0.1-0.2

25

DR

Covariates
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Reference, location

Design

Exposure

Results

Association

24

25

DR

Covariates

Bilateral retinoblastoma
survivors treated with
radiation have much higher
bone cancer risks than
unilateral cases
(Guse et al. 2002),
Wisconsin

Population-based case-control
study, 319 cases osteogenic
sarcoma of bone, 3198 controls,
all ages; 43% of cases were age <
20 yr but these were not analyzed
separately

Survey data on 226Ra
and 228Ra in drinking
water supplies of
municipalities in which
subjects resided

Osteosarcoma not associated
with maximum radium levels
in drinking water (odds ratios
for 2.5-4.9, 5-20.6, 20.7-29.2
and 29.3 vs < 2.5 pCi/L)

0.7, 0.8, 1.1,
0.5

Osteosarcoma not associated
with median radium levels in
drinking water (odds ratios
for 2.5-4.9, 5-7.6, 7.7-8.95
and 8.96 vs < 2.5 pCi/L)

0.9, 0.9, 0.5,
1.0

Bone tumours: summary
Radiotherapy
A case-control study nested within a cohort of childhood cancer survivors showed a strong dose-response relationship between bone cancer and radiation dose at
the bone tumour site (Tucker et al. 1987). A cohort study showed an increased risk of bone cancer among persons given radiotherapy during childhood for tinea
capitis (ringworm of scalp) (Ron et al. 1988a). An UNSCEAR expert panel concluded that high-dose external LET radiation causes bone cancer with risks being
greater for persons exposed as children (United Nations Scientific Committee on the Effects of Atomic Radiation 2000).
Radon, radium
Ecologic studies in North Carolina and UK showed no association between childhood bone tumours and groundwater or indoor radon levels (Collman et al.
1991, Thorne et al. 1996). An expert panel concluded that there is inadequate evidence to assess the risks to infants, children or pregnant women from radon in
drinking water (National Academy of Sciences 1999b).
A population-based case-control study of childhood bone tumours in Ontario showed a borderline association between osteosarcomas but not Ewing’ s sarcoma
and drinking water radium levels; there was, however, no dose-response relationship between osteosarcomas and drinking water radium levels (Finkelstein and
Kreiger 1996). A similar study in Wisconsin found no association between childhood osteosarcomas and drinking water radium levels (Guse et al. 2002).
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13. Other cancers of children or young adults
Reference,
Design
location

Exposure

Results

Association

26

27

DR

Covariates

(Stewart et al.
1956), UK

Population-based case-control
study, 547 childhood cancer
deaths (incl 278 non-leukemia
deaths), age < 10 yr, 1953-1955,
547 matched controls;
physicians interviewed parents

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Non-leukemia childhood
cancer deaths associated with
prenatal abdominal x-rays
(odds ratio calculated from
data in report)

2.2 (1.3-4.1)

Matched for age,
sex, locality

(Stewart et al.
1958), UK

Population-based case-control
study, 1299 childhood cancer
deaths (incl 680 non-leukemia
deaths), age < 10 yr, 1953-1955,
1299 matched controls;
physicians interviewed parents

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Leukemia associated with
prenatal abdominal x-rays
(odds ratio calculated from
data in report)

2.2 (1.6-3.0)

Matched for age,
sex, locality

(Bithell and
Stewart 1975),
Oxford Survey
of Childhood
Cancers, UK

Case-control study, childhood
cancer deaths, 1953-1967, 8,513
matched pairs, age < 16 yr

Self-reported prenatal
maternal diagnostic x-ray
exposure

Wilm’ s tumour associated
with maternal prenatal
abdominal x-rays (odds ratio,
exposed vs unexposed)

1.6 (1.3-2.0)

Neuroblastomas associated
with maternal prenatal
abdominal x-rays (odds ratio,
exposed vs unexposed)

1.5 (1.2-1.8)

Testicular cancer not
associated with x-rays below

1.0 (0.6-1.6)

(Brown et al.
1987),
26

Hospital-based case-control
study, 271 cases testicular

Self- and mother-reported
exposure information

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
27
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Washington, DC

cancer, 259 cancer controls
(cancers other than genital
tract), age 18-42 yr

(Preston-Martin
et al. 1988), Los
Angeles County

Population-based case-control
study, 269 benign parotid gland
tumors, 139 malignant parotid
gland tumors, 408 matched
neighbourhood controls, age 2564 yr

(Thorne et al.
1996), UK

(Linet et al.
2003), USA

Ecologic study, 301 incident
cancers among children age <
15 yr in 283 postal code sectors
of 2 counties with variable
indoor radon levels; used data
from survey of indoor radon
levels in 13% of dwellings in 2
counties
Review of epidemiologic
literature on childhood cancer

Exposure

Results

Association

26

27

DR

Covariates

the waist (47 exposed cases)

Self-reported dental and
medical x-ray exposure
including diagnostic
procedures and treatment
of benign conditions such
as acne; estimated parotid
gland dose based on year
and type of x-ray

Compared postcode
sectors with avg indoor
radon levels 100 Bq/m3
vs < 100 Bq/m3

Dose-response relationship
between parotid gland cancer
and cumulative radiation dose
(odds ratios for <5, 5-24, 3549 and 50 cGy) (p-trend <
0.01)

1.0, 1.6, 2.2,
5.6

Benign but not malignant
parotid tumours associated
with exposure before age 20
yr to full-mouth or panoramic
dental x-rays or medical xrays of the head (respective
odds ratios)

1.8 (1.1-2.9)

Increased incidence of
neuroblastoma in high vs low
radon regions (respective
incidence rates per 106 child
years)

12 vs 3.6
(p = 0.02)

Concluded that there is
limited epidemiologic
evidence for an association
between soft tissue sarcomas
and germ cell tumours and

1.5 (0.7-3.4)

+

Matched for
neighbourhood,
sex, race, birth
year

As above
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Reference,
location

Design

Exposure

Results

Association

26

27

DR

Covariates

prenatal maternal diagnostic
x-rays
Concluded that there is
limited epidemiologic
evidence for an association
between germ cell tumours
and paternal occupational
exposure to x-rays
Other tumours of children or young adults: summary
Wilm’s tumour
The Oxford Survey of Childhood Cancer showed an association between Wilm’ s tumour and prenatal abdominal x-rays (Bithell and Stewart 1975).
Neuroblastomas
The Oxford Survey of Childhood Cancer showed an association between neuroblastomas and prenatal abdominal x-rays (Bithell and Stewart 1975). An UK
ecologic study at the postal code sector level showed an increased incidence of neuroblastomas in high radon regions (Thorne et al. 1996).
Testicular cancer
A case-control study among men age 18-42 years showed no association between testicular cancer and postnatal x-rays below the waist (Brown et al. 1987).
Parotid gland tumours
A population-based case-control study of parotid gland cancer in Los Angeles showed a dose-response relationship with cumulative parotid gland dose from
dental and medical x-rays (Preston-Martin et al. 1988). This study also showed an association between benign but not malignant parotid gland tumours and
exposure before age 20 years to dental x-rays or medical x-rays of the head.
Soft tissue sarcomas
A literature review by Linet et al. (2003) concluded that there is limited evidence for an association between childhood soft tissue sarcomas and prenatal maternal
diagnostic x-rays.
Germ cell tumours
A literature review by Linet et al. (2003) concluded that there is limited evidence for an association between childhood germ cell tumours and prenatal maternal
diagnostic x-rays or paternal occupational exposure to x-rays.
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14. Childhood cancer (all sites combined)
Reference,
Design
location

Exposure

Results

Association

28

29

DR

Covariates

(Stewart et al.
1956), UK

Population-based casecontrol study, 547
childhood cancer deaths,
age < 10 yr, 1953-1955,
547 matched controls;
physicians interviewed
parents

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Childhood cancer death associated
with prenatal abdominal x-rays
(odds ratio calculated from data in
report)

2.1 (1.4-3.1)

Matched for age,
sex, locality

(Stewart et al.
1958), UK

Population-based casecontrol study, 1299
childhood cancer deaths,
age < 10 yr, 1953-1955,
1299 matched controls;
physicians interviewed
parents

Self-reported and hospital
record information on
prenatal x-ray exposure;
radiation doses from
pelvimetry often exceeded
2.5 cGy

Childhood cancer death associated
with prenatal abdominal x-rays
(odds ratio calculated from data in
report)

2.1 (1.6-2.7)

Matched for age,
sex, locality

(MacMahon
1962), 9 NE
states, USA

Hospital-based casecohort study, 734,243 live
births, 1947-1954; 584
cancer deaths among
children age 0-12 yr

11% of all births and 19%
of first births had prenatal
pelvic or abdominal x-rays
(usually involving at least 3
films); medical record
information on x-ray
exposure for 1% sample of
all births and for all cancer
deaths

Childhood cancer deaths
associated with prenatal maternal
pelvic or abdominal x-rays (odds
ratio, exposed vs
unexposed)(confidence interval
calculated from data in report)

1.5 (1.2-1.9)

Matched for period
of birth

(Bithell and

Case-control study,

Self-reported prenatal

All childhood cancers combined

1.47

28

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
29
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location
Stewart 1975),
Oxford Survey
of Childhood
Cancers, UK

Design
childhood cancer deaths,
1953-1967, 8,513
matched pairs, age < 16
yr

Exposure
maternal diagnostic x-ray
exposure

Results

Association

28

associated with maternal prenatal
abdominal x-ray exposure (odds
ratio, exposed vs unexposed)

(1.34-1.62)

Exposure-risk relation between all
childhood cancers combined and
number of prenatal x-rays (odds
ratios for 1, 2, 3, 4 and 5+
abdominal x-rays vs none)

1.3 (1.1-1.5)
1.4 (1.1-1.7)
1.5 (1.1-2.1)
2.2 (1.4-3.4)
2.3 (1.5-3.6)

29

DR

Covariates

+

p-trend <
0.05

(Harvey et al.
1985),
Connecticut

(Stjernfeldt et

Nested case-control
study, 31 cases
childhood cancer among
twins born during 19301969, 124 matched twin
controls; during study
period, twins often
exposed to prenatal xrays to confirm diagnosis
and assess fetal positions

Medical records searched
for histories of prenatal
maternal x-rays – 39% of
cases and 26% of controls
exposed

Case-control study, 15

Measured indoor radon and

Risk greatest for 1st trimester
exposure (odds ratio for exposure
during 1st, 2nd and 3rd trimesters)

9.0(3.5-23)
1.3 (0.9-1.8)
1.4 (1.3-1.6)

Childhood cancer associated with
prenatal x-ray exposure (12
exposed case mothers)

2.4 (1.0-5.9)

Association strongest for older
cases (odds ratios for cases
diagnosed at ages 0-4, 5-9 and 1014 yr)(6, 1 and 5 exposed case
mothers)

1.4 (0.5-4.6)
1.7 (0.1-8.9)
3.7 (0.8-18)

No association between childhood

cases

Matched for sex,
YOB, race
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Reference,
location
al. 1987),
Sweden

Design
cancer cases, 15 age/sexmatched healthy friends
as controls, age 0.4-13 yr

Exposure
-radiation levels in all
residences between
conception and cancer
diagnosis

Results
cancer and avg radon or radiation levels (avg levels for
cases and controls, respectively)

0HGLDQFXPXODWLYHUDGRQDQG radiation exposures similar in
cases and controls

Association

28

29

DR

Covariates

57 Bq/m3
0.37 mGy
controls
61 Bq/m3
0.36 mGy
cases
120 Bq.yr/m3
0.80 mGy.yr
controls
150 Bq.yr/m3
0.75 mGy.yr

(Henshaw et
al. 1990),
international

Ecologic study, myeloid
leukemia, kidney cancer,
melanoma and childhood
cancer incidence rates in
15 countries and in 10
provinces of Canada

Avg indoor radon (range 9100 Bq/m3) and background
-radiation (range 270-950
µSv/yr) levels by country
estimated from national
surveys

Childhood cancer incidence rates
by country associated with avg
indoor radon levels

r = 0.78, p <
0.01

(Rodvall et al.
1990), Sweden

Nested case-control
study, within national
cohort of Swedish twin
births born during 19361967, 95 cases childhood
cancer, 190 matched
controls, age < 16 yr

Prenatal x-ray exposure
based on medical records;
estimated ovarian doses for
abdominal and pelvimetry
x-rays before 1958 were 510 and 5-45 mSv

Non-significant association
between all childhood cancers
combined and maternal abdominal
x-rays (25 exposed case mothers)

1.4 (0.8-2.5)

Matched for DOB,
sex, sex of co-twin

Non-significant association
between all childhood cancers
combined and maternal abdominal
x-rays during 2nd trimester

8.0 (0.9-72)

As above
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Reference,
location

Design

Exposure

Results

Association

28

29

DR

Covariates

(exposed in 2nd trimester vs no xrays)(4 exposed case mothers)
Association between all childhood
cancers combined and maternal
abdominal x-rays stronger for
earlier years (relative risks for
exposed vs unexposed born during
1936-1959 or 1960-1967)

1.6 (0.8-3.4)

Association between all childhood
cancers combined and maternal
abdominal x-rays stronger for
boys than girls (relative risks for
exposed vs unexposed)

boys
1.7 (0.8-4.0)

As above

1.1 (0.4-2.7)

girls
1.1 (0.5-2.5)

(Stjernfeldt et
al. 1992),
Sweden

Case-control study, 128
cases acute lymphatic
leukemia (ALL), 88 cases
solid tumours, 301
diabetic controls, children
age 0-16 yr

Self-reported prenatal
maternal exposure to
diagnostic x-rays

Solid tumors not associated with
combined exposure to prenatal
maternal x-rays and maternal
smoking (odds ratio for x-rays and
10+ cigarettes/d vs neither
exposure)

0.9

(Sorahan et al.
1995), Oxford
Survey of
Childhood
Cancers, UK

Case-control study,
14,869 case-control pairs
comprising childhood
cancer deaths and
matched controls, age <
16 yr; 109 cases and 77
controls had fathers in
potentially exposed
occupations

Self-reported paternal
occupations potentially
exposed to radiation incl
radiologists, surgeons,
anesthetists, veterinary
surgeons, dental surgeons,
nuclear industry workers,
industrial radiographers

Childhood cancer deaths (all sites
combined) associated with
paternal employment in any of the
occupations selected as potentially
exposed to radiation (crude odds
ratio – calculated from data in
publication)

1.4

(Foreman et al.

Ecologic study, childhood

2 counties had highest radon

Childhood cancer incidence rates

115 vs 119

As above
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Reference,
location

Design

Exposure

1994),
southwest
England

cancer incidence in five
counties with large
differences in radon
exposure and degree of
urbanization, age < 15 yr

levels in UK (12% of homes
had indoor air radon > 200
Bq/m3)

(Roman et al.
1996), UK

Cohort study, 5509
radiologists; compared
birth defect and
childhood cancer rates
among their offspring
with those in the general
population
Case-control study,
35,949 cancer cases
(1952-1986), 38,323
controls, age < 15 yr

(Draper et al.
1997), UK

(Doll and
Wakeford
1997),

Review of epidemiologic
studies of childhood
cancer and prenatal
radiation exposure

(Kallen et al.
1998), Sweden

Cohort study, 19,494
infants born to 17,393
women treated with

Assessed parental radiation
exposure by linking to a
national registry of radiation
workers; 82 case and 79
control fathers and 15 case
and 3 control mothers were
radiation workers

Results

Association

28

similar in high and low radon
counties (respective rates per 106
child years)

(p = 0.71)

Borderline association between
childhood cancer and paternal but
not maternal occupation as
radiologist (respective relative
risks)

2.7 (0.9-6.5)

Borderline association between all
childhood cancers combined and
paternal occupation as radiation
worker

1.3 (0.9-1.9)

Association between all childhood
cancers combined and maternal
occupation as radiation worker

5.0 (1.4-27)

29

DR

Covariates

1.0 (0.5-1.8)

Matched for area of
birth, sex, DOB

There is strong evidence that lowdose prenatal radiation exposure
(esp in 3rd trimester) causes
increased childhood cancer risk;
pooled relative risk is about 1.4
for prenatal abdominal x-rays
Regions of hemangiomas
included head and neck
(41%), thorax (27%), lower

Childhood cancer syndrome not
associated with maternal early-life
ovarian radiation exposure; only 2

0.9 (0.6-1.2)
p-trend =

YOB
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Reference,
location

(Doll 1998),
UK

(Meinert et al.
1999),
Germany

Design

Exposure

radiation for skin
hemangiomas at age 18
mos; exposed cohort
records linked to birth,
congenital malformation
and cancer registries to
identify pregnancy
outcomes and childhood
cancer incidence

trunk (13%) and extremities
(19%); median ovarian dose
3.0 cGy (range up to 8.6
Gy)

Review of literature on
effects of low-dose
radiation

Population-based casecontrol study, 2,358
cancer cases, 2,588
controls, age < 15 yr

Results
case mothers had ovarian dose
>20 cGy, no dose-response
relationship

Association

28

29

DR

Covariates

0.40

Dose-response relationships
between cancer risk and radiation
doses; appear to be linear over the
range 0.5-4 Gy (50-400 rads)(for
ALL and myeloid leukemia, the
relationship between risk and dose
appears to be linear quadratic, i.e.,
proportional to dose squared)

Self-reported prenatal
parental and childhood
radiation exposure
(occupational, diagnostic xrays)

There is compelling evidence that
the risk of childhood cancer is
increased after prenatal exposure
to acute LET radiation at doses of
about 1 cGy; pooled relative risk
from all epidemiologic studies

1.38
(1.31-1.47)

No association between childhood
solid cancers and preconceptual
paternal occupational radiation
exposure (involving dosimetry)(6
case fathers exposed)

1.0 (0.3-3.6)

Sex, YOB, age at
diagnosis, proximity
to nuclear power
facility, SES,
urbanization

No association between childhood
solid cancers and maternal

1.1 (0.6-2.0)

As above
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Reference,
location

Design

Exposure

Results

Association

28

29

DR

Covariates

occupational radiation exposure
during pregnancy (15 exposed
cases)

(United
Kingdom
Childhood
Cancer Study
2002a), UK

Case-control study, 2226
childhood cancer cases,
1992-1996, 3773 matched
controls, age 0-14 yr

Parent-reported information,
2 etched track radon
detectors per home lived in
for at least 6 mos, left in
homes for 6 mos

No association between childhood
solid cancers and paternal
diagnostic x-rays (abdomen or
intestinal tract) during 2 yr before
pregnancy (6 exposed cases)

0.8 (0.3-2.1)

As above

No association between childhood
solid cancers and maternal
diagnostic x-rays during
pregnancy (40 exposed cases)

0.9 (0.6-1.4)

As above

Inverse dose-response relationship
between childhood cancer and
radon levels (odds ratios for 0-24,
25-49, 50-99, 100-199 and 200
Bq/m3)

1.0 (referent)
0.8 (0.7-1.0)
0.9 (0.7-1.1)
0.6 (0.4-0.9)
1.0 (0.5-1.8)

Matched for age,
sex, health authority
region; adjusted for
deprivation score for
enumeration district
of residence (based
on % of households
with no car,
crowding and
unemployed
persons)

p-trend =
0.008

(United
Kingdom
Childhood
Cancer Study
2002b), UK

Case-control study, 2165
childhood cancer cases,
1992-1996, 5086 matched
controls, age 0-14 yr

Parent-reported information,
2 thermoluminescent 
dosimeters per home lived
in for at least 6 mos, left in
homes for 6 mos; avg GRVH
of 843 µGy/yr (range < 100
to 2027)

No association between childhood
FDQFHUDQGLQGRRU UDGLDWLRQ
levels (odds ratios for TXLQWLOHV
<650, 650-798, 799-916, 9161044, 1045 µGy/yr)

1.0 (referent)
1.1 (0.9-1.4)
1.2 (1.0-1.4)
1.0 (0.8-1.3)
1.0 (0.8-1.2)

As above
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28

Reference,
location

Design

Exposure

Results

(Wakeford and
Little 2003),
Japan, UK

Review of childhood
cancer and prenatal
radiation exposure among
atomic bomb survivors
and subjects in the
Oxford Survey of
Childhood Cancers; these
studies examined prenatal
radiation doses in most
detail

Oxford study – because of
its size, contributes over
70% of the global statistical
information on childhood
cancer and prenatal x-ray
exposure; radiation dose per
x-ray film decreased
substantially between 1945
and 1965

Excess relative risk of cancer
before age 16 yr for exposure to a
prenatal x-ray examination; most
x-rays occurred in 3rd trimester

0.39
(0.30-0.49)

(Mangano et
al. 2003),
eastern states,
USA

Ecologic study, childhood
cancer incidence and
mortality, 1988-1997, age
< 10 yr; compared county
rates national mortality
and SEER incidence
rates; 3669 childhood
cancer cases in exposed
counties

49 counties within 48 km of
nuclear facilities in eastern
USA

Cancer incidence rate in exposed
counties about 12% above SEER
rate (SIR, exposed counties vs
SEER)

1.12
(p < 0.001)

(Sorahan et al.
2003), UK

Case-control study,
35,949 incident cancer
cases (1952-1986),
38,323 matched controls,
age < 15 yr (see Draper et
al. 1997)

Revised radiation dose
estimates for occupationally
exposed persons

No association between all
childhood cancers combined and
cumulative preconceptual paternal
radiation dose (relative risks for
<0.1, 0.1-49, 50-99 and 100
mSv, relative to unexposed
workers)(6, 57, 6 and 4 exposed
case fathers)

6.0 (0.7-276)
1.2 (0.8-1.8)
1.8 (0.5-8.0)
0.9 (0.2-4.0)

Association

29

DR

Covariates

Age, sex

Matched for area of
birth, DOB, sex
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15. Breast cancer
Reference,
location
(Hrubec et al.
1989),
Massachusetts

(Hildreth et al.
1989), Monroe
County, New
York

30

30

Design

Exposure

Results

Cohort study, 1,742
females (including
children) treated for
tuberculosis during
1930-56; assessed risk
of breast cancer
incidence during
follow-up to 1980, used
population rates to
estimated expected
numbers

1,044 women were examined an avg
of 101 times with x-ray fluoroscopy
during lung collapse therapy –
estimated average breast dose was
1.0 Gy

Dose-response
relationship between
breast cancer and radiation
dose (relative risks for < 1,
1.0-1.9, 2.0-2.9 and  3 vs
0 Gy)

1.7, 2.4, 1.9,
5.0

Excess relative risk of
breast cancer per Gy was
highest for women
exposed before age 20 yr
(excess relative risk per
Gy for women exposed at
age <20, 20-29 and 30
yr)

1.6
(0.4-3.8)

Cohort study, 1,201
women given
radiotherapy as infants
for alleged enlarged
thymus (during 1926-

Estimated mean breast radiation dose
was 0.7 Gy; 90% exposed before age
6 mos

Dose-response
relationship between
breast cancer and
estimated breast radiation
dose (relative risks for <

Association

31

DR

Covariates

0.4
(-0.3 to 1.6)
1.5
(-0.6 to 6.5)
2.7 (1.1-6.7)
6.7 (2.4-19)
4.7 (1.9-12)

+

Time since
exposure, age at
first birth,
nulliparity

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
31
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference,
location

Design

Exposure

(Thompson et al.
1994), Japan

(Land et al.
1994b), Life Span

Association

30

Excess relative risk per Gy

2.5 (1.1-5.2)

Absolute excess risk per
104 person-years per Gy

5.7 (2.9-9.5)

Cohort study, 1,030
women diagnosed with
scoliosis before 1965
and at age < 20 yr (avg
age at diagnosis was 12
yr); compared cancer
risk to general
population

Women were frequently x-rayed
during childhood and adolescence;
avg of 42 spinal x-rays per woman
(range 0-618); estimated breast
radiation dose from number of x-ray
films, type of examination, machines
and techniques used; avg dose to
breast was 0.13 Gy (range 0-1.6)

Dose-response
relationship between
breast cancer and
estimated breast radiation
dose (relative risks for 00.09, 0.1-0.19 and 0.2
Gy)(p-trend = 0.08)

1.3 (0.4-2.9)

Cohort study, 79,972
atomic bomb survivors;
assessed incidence of
solid cancers during
1958-1987

Modeled body organ radiation doses

Dose-response
relationship between
breast cancer incidence
and estimated radiation
dose (crude relative risk of
breast cancer for 0.01-0.99
and  1 vs < 0.01 Sv)

1.2, 3.7

Excess relative risk of
breast cancer per Sv
(values for persons
exposed at age 0-9, 10-19,
20-39 and 40 yr)

3.2, 2.6, 1.2,
0.6

Case-control study
nested in cohort of

31

DR

Covariates

0.5, 0.5-1.99 and  2 vs 0
Gy)

1957) and 2,469
unexposed sisters

(Hoffman et al.
1989), Minnesota

Results

Purpose was to identify factors that
might interact with radiation dose

Pre- and post-menopausal
breast cancer were

1.8 (0.5-4.7)

(+)

Age, calendar
year

3.4 (1.2-7.8)

Matched for city,
age in 1945,
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Reference,
location

Design

Exposure

Results

Association

30

Study, Japan

atomic bomb survivors,
196 cases breast cancer,
566 matched controls;
self-reported
information on known
or potential breast
cancer risk factors

(see Land et al. 1994b below)

associated with age at first
term pregnancy, number
of births, cumulative
lactation duration; postmenopausal disease was
also associated with BMI
and history of thyroid
disease, dysmenorrhea and
gynecologic surgery

(Land et al.
1994a), Life Span
Study, Japan

Case-control study
nested in cohort of
atomic bomb survivors
(see Land et al. 1994a
above)

DS86 dosimetry estimates

Multiplicative interactions
between age at first term
pregnancy and radiation
dose and breast cancer risk
(odds ratio multiplier per
unit risk factor increment)

1.09
(1.04-1.13)

Multiplicative interaction
between number of births
and radiation dose and
breast cancer risk (odds
ratio multiplier per unit
risk factor increment)

0.79
(0.71-0.88)

Multiplicative interaction
between cumulative
lactation duration (yrs)
and radiation dose and
breast cancer risk (odds
ratio multiplier per unit
risk factor increment)

0.78
(0.69-0.87)

Finding suggests that early
pregnancy after radiation exposure

Breast cancer risk among
women exposed to atomic

31

DR

Covariates
exposure class,
estimated breast
tissue dose
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Reference,
location

Design

Exposure
during early life may reduce excess
breast cancer risk

(Howe and
McLaughlin
1996), Canada

(Little and Boice
1999),
Massachusetts and
Japan

(Doody et al.
2000), 14

Cohort study, 31,917
women, first treated for
tuberculosis during
1930-52; assessed risk
of breast cancer death
during 1950-1987
(n=688) relative to
women in general
population

Comparative analysis of
two cohort studies,
Massachusetts
tuberculosis
fluoroscopy cohort and
atomic bomb survivors;
compared breast cancer
incidence risks
Cohort study, 5,466
females diagnosed with

Estimated breast radiation dose from
radiographic examination date, field,

Results

Association

30

31

DR

Covariates

+

Age, calendar
year

+

Age, calendar
year

bomb radiation before age
17 yr was inversely
associated with age at first
pregnancy
Strong linear exposurerisk relationship between
breast cancer death and
estimated breast radiation
dose (relative risks for
0.01-0.49, 0.50-0.99, 1.001.99, 2.00-2.99, 3.00-3.99,
4.00-6.99, 7.0-9.99 and
YV6Y p-trend
< 0.0001)

1.1, 1.1, 1.4,
1.7, 2.4, 1.9,
7.6, 28

Excess relative risk per Sv
higher for younger age at
exposure (values for
women age 0-9, 10-14,
15-19, 20-29, 30-39, 4049 and \UDWH[SRVXUH

1.25, 0.17,
0.37, 0.22,
0.04, -0.01, 0.03

Excess relative risk per Sv
of breast cancer among
women exposed before
age 20 yr (respective
values for fluoroscopy,
atomic bomb survivor and
combined cohorts)

0.06
(0.0005-0.9)

Dose-response
relationship between

2.5, 2.3, 4.8

1.7
(0.8-3.0)
1.3
(0.7-2.1)
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Reference,
location
orthopedic
medical centers,
USA

(United Nations
Scientific
Committee on the
Effects of Atomic
Radiation, 2000),
United Nations

Design

Exposure

Results

scoliosis during 19121965 at age < 20 yr;
compared breast cancer
mortality up to 1996 to
U.S. population

view (e.g., anteroposterior vs other)
and position (standing/supine),
radiograph size, breast in radiograph
beam, machine parameters and
estimated breast radiation doses for
each type of examination during
1920-39, 1940-59, 1960-75 and
1976-89; avg cumulative breast
radiation dose among exposed
women was 12.4 cGy (range 0-170)

breast cancer death and
estimated cumulative
breast radiation dose
(relative risks for 1-9, 1019 and YVF*\ ptrend = 0.002)

Expert committee
review of epidemiologic
evidence of radiationinduced cancer

Association

30

31

DR

Covariates

Breast cancer risk among
women with similar
cumulative radiation doses
not associated with age at
first exposure (relative
risks for YV-9 cGy
among women 1st exposed
at age <10, 10-11, 12-13
and \U

1.7, 1.7, 2.1,
1.9

As above

Excess relative risk of
breast cancer per Gy with
and without adjustment for
age at first radiograph
(respective estimates)

2.5 (-0.3 to
8.9)

Age/calendar
year at diagnosis
of scoliosis,
surgery, type of
treatment,
degree of
curvature

Strong dose-response
relationship between
breast cancer and
radiotherapy for childhood
Hodgkin’ s disease
(relative risk for 20-40 and

5.4 (1.2-14)

5.9 (1.2-30)
24 (3.7-152)
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Reference,
location

Design

Exposure

Results

Association

30

31

DR

> 40 relative to < 20 Gy)
Excess relative risk of
breast cancer is greater for
exposure during childhood
compared to adulthood
(Preston et al.
2002a), USA,
Sweden

(Land et al. 2003),
Japan

Pooled analysis, 8
cohort studies of breast
cancer incidence and
ionizing radiation; total
of 1502 breast cancer
cases (almost half were
atomic bomb survivors)

Cohort study, atomic
bomb survivors, 1059
women developed
incident breast cancer
during 1950-1990

Exposures/cohorts included atomic
bomb survivors, Massachusetts
fluoroscopy (2 cohorts), NY postpartum mastitis, Rochester infant
thymic radiation, Sweden benign
breast disease, Swedish skin
hemangiomas (2 cohorts)

DS86 radiation dose algorithm used
to compute individual breast tissue
doses; neutron doses in Gy were
weighted 10-IROGKLJKHUWKDQ -ray
doses

In pooled analyses, excess
relative risk of incident
breast cancer decreased
with age at exposure

+

Excess relative risks per
Gy were lowest in the
fluoroscopy and
hemangioma cohorts,
possibly due to lower dose
rates (range of excess
relative risks)

0.06-1.94

Pooled excess relative risk
per Gy

0.34 (0.1-0.7)

+

Minimum latent period for
excess risk was 12 yr;
excess relative risk of
incident breast cancer with
a minimum latency of 12
yr per Sv

1.8
(90% 1.4-2.3)

+

Excess relative risk per Sv

3.9 (1.8-7.6)

+

Covariates
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Reference,
location

Design

Exposure

Results

Association

30

decreased with age at
exposure (excess relative
risks and 90% CIs for
women exposed at ages 04, 5-14, 15-19, 20-39 and
40 yr)

2.8 (1.7-4.3)
2.7 (1.6-4.2)
1.3 (0.9-1.9)
0.5 (0-1.4)

Excess relative risk per Sv
decreased with attained
age at follow-up (excess
relative risks and 90% CIs
for women followed to
ages 20-34, 35-49, 50-59
and 60 yr)

17 (5.7-76)
2.2 (1.5-3.1)
2.0 (1.2-2.9)
0.9 (0.5-1.5)

31

DR

Covariates

+

Breast cancer: summary
Atomic bomb radiation
A cohort study of atomic bomb survivors found a dose-response relationship between incident breast cancer and radiation dose; the excess relative risk per Sv
was inversely related to age at exposure, being highest for those exposed at age 0-9 years (Thompson et al. 1994). Case-control studies of breast cancer nested
within the cohort of atomic bomb survivors showed multiplicative interactions between radiation dose and age at first term pregnancy, number of births and
lactation duration; the findings indicated that breast cancer risk from radiation may be increased by delayed first pregnancy, reduced number of births and
reduced lactation duration (Land et al. 1994a, 1994b). A pooled analysis of 8 cohort studies (atomic bomb survivors, fluoroscopy cohorts, postpartum mastitis,
infant enlarged thymus, benign breast disease and skin hemangioma) showed a dose-response relationship and an inverse relation between excess relative risk per
unit radiation dose and age at exposure (Preston et al. 2002a). A cohort study of atomic bomb survivors showed a minimum latent period of 12 years and inverse
relationships between excess relative risk per Sv and both age at exposure and attained age during follow-up (Land et al. 2003).
Diagnostic x-rays
Three cohort studies of women repeatedly exposed to x-ray fluoroscopy while treated for tuberculosis showed strong dose-response relationships between breast
cancer and cumulative radiation dose; the excess relative risk per Gy was greatest for women exposed before age 15-20 years (Hrubec et al. 1989, Howe and
McLaughlin 1996, Little and Boice 1999). Two cohort studies of women with scoliosis diagnosed before age 20 years and incurring high cumulative radiation
doses from frequently repeated spinal x-rays showed dose-response relationships between breast cancer and cumulative radiation dose (Hoffman et al. 1989,
Doody et al. 2000). A pooled analysis of 8 cohort studies (atomic bomb survivors, fluoroscopy cohorts, postpartum mastitis, infant enlarged thymus, benign
breast disease and skin hemangioma) showed a dose-response relationship and an inverse relation between excess relative risk per unit radiation dose and age at
exposure (Preston et al. 2002a).
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Radiotherapy
A cohort study of women given radiotherapy during infancy for enlarged thymus showed a dose-response relationship between breast cancer and radiation dose
(Hildreth et al. 1989). An UNSCEAR expert panel concluded that there is a strong dose-response relationship between breast cancer and radiotherapy for
childhood Hodgkin’ s disease and that the excess relative risk of breast cancer per unit radiation exposure is higher for children than adults (United Nations
Scientific Committee on the Effects of Atomic Radiation 2000). A pooled analysis of 8 cohort studies (atomic bomb survivors, fluoroscopy cohorts, postpartum
mastitis, infant enlarged thymus, benign breast disease and skin hemangioma) showed a dose-response relationship and an inverse relation between excess
relative risk per unit radiation dose and age at exposure (Preston et al. 2002a).
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16. Cancer: general issues
Reference, location
(National Academy
of Sciences 1990),
USA

Design

Exposure

Assessed cancer risks

Results

Association

32

34

DR

Covariates

Available data support a linear
dose-response relationship
between cancers other than
leukemia and radiation dose
including the range below 4 Sv
(400 rem)
Available data support a relative
risk model – the number of excess
cancers per unit dose induced by
radiation increases with attained
age while the excess relative risk
of radiogenic cancer is relatively
constant
Lifetime excess risk of cancer
death after an acute whole-body
dose of 0.1 Sv (0.1 Gy of low LET
radiation)

(Thompson et al.
1994), Japan

32

Cohort study, 79,972 atomic bomb
survivors; assessed incidence of solid
cancers during 1958-1987

Modeled
body organ
radiation
doses

Dose-response relationship
between total solid cancer
incidence and estimated radiation
dose (crude relative risk of solid
cancers for 0.01-0.99 and  1 vs <

adults
0.8%
children
1.6%
1.2, 1.9

Entries in this column include odds ratios, relative risks and certain other statistical measures of association as published in original epidemiologic studies; an
entry of ‘+’ means the measure of association was not an odds ratio or relative risk and was statistically significant at the 0.05 level; an entry of ‘(+)’ means the
association was almost statistically significant.
34
‘DR’ refers to a dose-response relationship in an epidemiologic study; an entry of ‘+’ means the measure of dose-response relationship used in the citation was
statistically significant at the 0.05 level; an entry of ‘(+)’ means the association was almost statistically significant.
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Reference, location

Design

Exposure

Results

Association

32

0.01 Sv)

(Pierce et al. 1996),
Japan

Cohort study, 86,572 atomic bomb
survivors followed to 1990; assessed cancer
mortality risks

About 60%
had doses 
mSv

Excess relative risk of solid
cancers per Sv (values for persons
exposed at age 0-9, 10-19, 20-39
and 40 yr)

1.9, 1.2, 0.6,
0.4

Dose-response relationship
between ovarian cancer incidence
and estimated radiation dose
(crude relative risk of ovarian
cancer for 0.01-0.99 and  1 vs <
0.01 Sv)

1.1, 2.4

Excess relative risk of ovarian
cancer per Sv (values for persons
exposed at age 0-9, 10-19, 20-39
and 40 yr)

3.5, 0.5, 0.2,
2.6

Radiation caused life-long
elevations of background agespecific risks for solid tumours
Avg excess relative risks of solid
cancers after an acute dose of 1 Sv
among persons exposed at age 10
yr were double those of persons
exposed at age 30 yr (ERR/Sv for
males/females age 10 or 30 yr at
exposure)
Excess lifetimes risks of solid
cancers after an acute dose of 1 Sv
among persons exposed at age 10
yr were almost double those of

M/F, age 10
yr
0.81/1.67
M/F age 30 yr
0.38/0.77
M/F, age 10
yr
0.18/0.25

34

DR

Covariates
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Reference, location

(Delongchamp et al.
1997), Japan

(Ron et al. 1998),
USA

Design

Exposure

Results

Association

32

persons exposed at age 30 yr
(excess risks for males/females age
10 or 30 yr at exposure)

M/F age 30 yr
0.10/0.14

Cohort study, 807 persons exposed to
atomic bomb radiation P6Y
prenatally, 5,545 persons exposed 
mSv at age 0-5 yr, comparison groups of
2211 persons in utero and 8242 persons age
0-5 yr at time of atomic bomb explosions
and having exposures of nil or < 10 mSv ;
assessed cancer mortality during 1950-92
(at age 17-46 yr); numbers of solid cancer
deaths in prenatally and postnatally
exposed groups and comparison group were
8, 56 and 57

Solid cancers among persons age
17-46 yr associated with radiation
dose (excess relative risk per Sv
and 90% CIs, in utero and
childhood exposure)

Exposed in
utero
2.4 (0.3-6.7)

Numbers of leukemia deaths in prenatally
and postnatally exposed groups and
comparison group were 2, 24 and 4

Leukemia associated with prenatal
or postnatal exposure (relative
risk)(too few prenatally exposed
cases for separate analysis)

4.9
(p = 0.05)

Reviewed risk of solid cancers among
atomic bomb survivors using incidence and
mortality data

Significant excess risks for
incidence of all solid cancers
combined; excess relative risk for
1 Sv (100 rem) by age at exposure

age < 20
1.53

Significant excess risks for
mortality from all solid cancers
combined; excess relative risk for
1 Sv (100 rem) by age at exposure
Excess absolute risk of incident
solid cancers per 10,000 personyear sievert by age at exposure

Exposed at
age 0-5 yr
1.4 (0.4-3.1)

age > 20
0.44
age < 20
0.70
age > 20
0.41
age < 20
22.4

34

DR

+

Covariates
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Reference, location

Design

Exposure

Results

Association

32

age > 20
33.9
Excess absolute risk of death from
solid cancers per 10,000 personyear sievert by age at exposure

Excess risks of incident or fatal cancers of
esophagus, stomach, colon, liver, lung,
breast, ovary, urinary bladder, skin (nonmelanoma), salivary gland, thyroid; large
excess relative risk of thyroid cancer
incidence at doses as low as 25 cGy (25
rads)

Much higher thyroid cancer
incidence risk among persons
exposed at age < 10 yr; excess
relative risk for 1 Sv by age at
exposure

(Leenhouts 1999),

assessed lung cancer risk in relation to
smoking and radon; used data from British
doctors study, Colorado uranium miners
study, and population smoking habits; used
a two-mutation radiation carcinogenesis
model

Lung cancer risk attributable to
radon is about 10-fold higher for
persons first exposed at age 15 yr
compared to age 50 yr

(National Academy
of Sciences 1999b),
USA

Risk assessment of radon in drinking water

Lifetime risks of stomach and lung
cancers related to ingestion or
inhalation of radon from drinking
water containing 1 Bq/m3

(National Academy
of Sciences 1999a),
USA

Risk assessment of radon (BEIR VI)

There was inadequate evidence to
assess whether lung cancer risk
was different for exposures during
childhood compared to adulthood

age < 20
3.8
age > 20
18.6
age < 10 yr
9.5
(4.1-19)
age > 20 yr
0.1
(-0.2 to 0.8)

stomach ca
0.2x10-8
lung ca
1.6x10-8

34

DR

Covariates
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Reference, location
(Boice and Miller
1999), USA

Design
Review of literature on childhood cancer
and prenatal x-ray exposure

Exposure

Results

Association

Evidence for causal relationship:
consistent association in repeated
studies, dose-response relationship,
lower risk after x-ray radiation
doses declined, persistent
association after control of
potential confounders and
avoidance of recall bias (by using
record-based exposure
information)
Evidence against causal
relationship: no excess childhood
leukemia in cohort studies
including atomic bomb survivors,
weak animal evidence

(United Nations
Scientific Committee
on the Effects of
Atomic Radiation,
2000), United
Nations

Expert committee review of epidemiologic
evidence of radiation-induced cancer

Data from the atomic bomb
survivors are consistent with linear
or linear-quadratic dose-response
relationships over a wide range of
doses

Persons exposed as children have higher
relative and absolute risks than older people
but this varies by cancer site; lifetime solid
cancer risk for persons exposed to an acute
radiation dose as children may be double
that for similarly exposed adults

Lifetime risk of solid cancer deaths
for a population exposed to an
acute dose of 1 Sv (100 rem) lowLET radiation

females
13%

Prenatal x-ray exposure can cause
childhood cancer; estimated risk
per Sv (100 rem)

about 5%

males
9%

32

34

DR

Covariates
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Reference, location

Design

(Gilbert et al. 2002),
USA

Review of literature on cancer and fallout
from atmospheric nuclear tests

(Preston et al. 2003),
Life Span Study,
Japan

Cohort study, atomic bomb survivors,
86,572 within 10 km of hypocenters of
bombs in Hiroshima and Nagasaki; 9,335
deaths from solid cancers during follow-up
1950-1997

(Brenner et al.
2003), USA, UK

Review of literature on cancer and lowdose ionizing radiation

Exposure

Results

Review of epidemiologic literature on
childhood cancer

32

Fallout from nuclear tests likely
caused a small excess cancer risk
in the general US population
Estimated
individual
radiation
doses based
on DS86
algorithm

Females: excess lifetime risk of
radiation-associated death from
solid cancers for persons age 10,
20 or 30 at time of exposure

2.2, 1.1, 0.4%

Males: excess lifetime risk of
radiation-associated death from
solid cancers for persons age 10,
20 or 30 at time of exposure

2.1, 0.9, 0.3%

Low LET ionizing radiation at
acute doses of 10-50 mSv or doses
of 50-100 mSv cumulated over
many years increases the risk of
several types of cancer
The dose-response relationship
between cancer and low LET
radiation at cumulated doses below
10 mSv is unknown but a linear
model is consistent with known
radiobiologic mechanisms

(Linet et al. 2003),
USA

Association

Concluded that there is sufficient
epidemiologic evidence for
associations between adult brain
tumours and exposure during
childhood to ionizing radiation

34

DR

Covariates
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