X- and γ-radiation
(b) Studies in exposed animals
Fission neutrons were reported to induce
germ-line mutations in mice, including visible
dominant mutations (Batchelor et al., 1966),
dominant lethal mutations (Grahn et al.,
1979, 1984, 1986), visible recessive mutations
(Russell, 1965, 1972), and specific locus mutations (Russell, 1967; Cattanach, 1971). Neutrons
have also been shown to induce Hprt mutations
in splenic lymphocytes of mice (Kataoka et al.,
1993). Point mutations in K-Ras and N-Ras oncogenes were found in malignant tissue from mice
exposed to neutrons, but the mutations could
not be directly ascribed to the exposure (Zhang
& Woloschak, 1998). Sister chromatid exchange
was induced in bone-marrow cells of young rats
exposed to fission neutrons (Poncy et al., 1988),
while micronuclei and chromosomal aberrations
were observed in splenocytes of mice exposed
to neutrons in vivo (Darroudi et al., 1992).
Reciprocal translocations were induced in stemcell spermatogonia of rhesus monkeys exposed
to neutrons (van Buul, 1989). In all these experiments, the fission neutrons were many-fold more
effective, on the basis of absorbed dose, than
sparsely ionizing radiation.
(c) Studies in cultured cells
DNA breaks induced by fast neutrons in
L5178Y mouse lymphoma cells were classified into three types on the basis of their repair
profiles: rapidly repaired breaks (half-time, 3–5
minutes), slowly repaired breaks (half-time, 70
minutes), and non-repaired breaks. Neutrons
induced less of the rapidly repaired damage, a
nearly equal amount of slowly repaired damage,
and more non-repaired damage when compared
with equal doses of X- or γ-radiation (Sakai et al.,
1987).
In mammalian cells, neutrons were more efficient than the same absorbed dose of X-rays or
γ-rays at inducing gene mutation and chromosomal aberrations (Fabry et al., 1985; Roberts &

Holt, 1985; Hei et al., 1988; Nakamura & Sawada,
1988; Kronenberg & Little, 1989; Kronenberg,
1991), and transformation (Balcer-Kubiczek et al.,
1988: Miller et al., 1989; Komatsu et al., 1993). In
addition, extensive measurements of the induction of chromosomal aberrations (dicentrics or
dicentric plus centric rings) in human lymphocytes as a function of the neutron energy have
been performed (Lloyd et al., 1976; Sevan’kaev
et al., 1979; Edwards, 1999; Schmid et al., 2003).

4.4 Synthesis
• The energy-deposition characteristics of
all sources of ionizing radiation are relatively well understood.
• All types of ionizing radiation, including
neutron radiation, transfer their energy to
biological material in clusters of ionization
and excitation events, primarily through
a free-electron-mediated mechanism.
• In cells, energy deposition from all types
of ionizing radiation results in a wide
variety of molecular damage; in DNA,
this includes base damage and single- and
double-strand breaks, some of which may
be clustered and form complex lesions.
Subsequent processing of these lesions
may lead to chromosomal aberrations
and mutations.
• Much evidence points to damage to DNA
being of primary importance in the biological outcome of exposure to ionizing
radiation, particularly the loss of cellular ability to form clones. It is generally
assumed that the same DNA damage
leads to tumorigenesis, and there is some
evidence to support this.
• How the cell processes the initially produced damage to DNA to yield tumours
is unknown; although many hypotheses
have been the subject of research, few
have gained wide consensus.
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• Genome-wide sequencing of tumours has
shown wide heterogeneity in constituent
mutations, indicating there may be multiple pathways to tumour formation.
• Tumours produced after exposure to
ionizing radiation have not been shown
to carry any characteristic molecular
markers.
• There is emerging consensus that epigenetic factors are important in tumorigenic
processes. Notably, radiation induces
effects such as genomic instability and
bystander effects, which are epigenetic in
origin.
• Also important are the interactions at the
tissue level between radiation-damaged
cells and normal cells, which may serve
to modulate the effects of radiation. In
addition, host factors such as age, gender, changes in immune status, telomere
dysfunction, and genetic variations in
specific genes may play a role, as well as
modulation of gene expression.

5. Evaluation
There is sufficient evidence in humans for the
carcinogenicity of X-radiation and of γ-radiation.
X-radiation and γ-radiation cause cancer of the
salivary gland, oesophagus, stomach, colon,
lung, bone, basal cell of the skin, female breast,
kidney, urinary bladder, brain and CNS, thyroid,
and leukaemia (excluding chronic lymphocytic
leukaemia). Also, positive associations have been
observed between X-radiation and γ-radiation
and cancer of the rectum, liver, pancreas, ovary,
and prostate, and non-Hodgkin lymphoma and
multiple myeloma.
In-utero exposure to X-radiation and
γ-radiation causes cancer.
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There is sufficient evidence in experimental
animals for the carcinogenicity of X-radiation
and of γ-radiation.
X-radiation and γ-radiation are carcinogenic
to humans (Group 1).

References
Academy of Sciences; National Academy of Medicine
(2005). Dose-effect relationships and estimation of the
carcinogenic effects of low doses of ionizing radiation.
France: NationalAcad Med, 1–58. PMID:15618082
Achille M, Boukheris H, Caillou B et al. (2009). Expression
of cell cycle biomarkers and telomere length in papillary
thyroid carcinoma: a comparative study between radiation-associated and spontaneous cancers. Am J Clin
Oncol, 32: 1–8. doi:10.1097/COC.0b013e3181783336
PMID:19194115
Ackers JG, den Boer JF, de Jong P, Wolschrijn RA (1985).
Radioactivity and radon exhalation rates of building
materials in The Netherlands. Sci Total Environ,
45:
151–156.
doi:10.1016/0048-9697(85)90215-3
PMID:4081710
AEC: Atomic Energy Commission (1971). Plutonium
in man: A twenty-five year review. Berkeley, CA: US
Atomic Energy Commission. UCRL20850.
AEC: Atomic Energy Commission (1974). Plutonium and
other transuranium elements: sources, environmental
distribution and biomedical effects. A compilation of
testimony presented before an EPA hearing board,
December 10–11, 1974. Washington, D.C: US Atomic
Energy Commission, Division of Biomedical Effects.
WASH-1359.
Åkerblom G, Falk R, Lindgren J et al. (2005). Natural
Radioactivity in Sweden, Exposure to External
Radiation. Radiological Protection in Transition.
Proceedings of the XIV Regular Meeting of the Nordic
Society for Radiation Protection, NSFS. Rättvik Sweden,
27-31 August 2005 - SSI rapport 2005:15. Stockholm:
Statens strålskyddsinstitut:207-210.
Al-Hajj M, Wicha MS, Benito-Hernandez A et al. (2003).
Prospective identification of tumorigenic breast
cancer cells. Proc Natl Acad Sci U S A, 100: 3983–3988.
doi:10.1073/pnas.0530291100 PMID:12629218
Allan JM (2008). Genetic susceptibility to radiogenic cancer
in humans. Health Phys, 95: 677–686. doi:10.1097/01.
HP.0000326339.06405.ea PMID:18849702
Altaner C (2008). Glioblastoma and stem cells. Neoplasma,
55: 369–374. PMID:18665745
Anderson RM, Papworth DG, Stevens DL et al. (2006).
Increased complexity of radiation-induced chromosome aberrations consistent with a mechanism of

