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Radlobiologists have been struggling to estimate the health
risks from low doses of radiation in humans for decades. Health
risks involve not only neoplastic diseases but also somatic
mutations that may contribute to other illnesses (inclUding birth
defects and ocular maladies) and heritable mutations that may
Increase the risk of diseases in future generations. Low dose
radiation-Induced cancer in humans depends on several
variables, and most of these variables are not possible to
correct for in any epidemiologic study. Some of the confounding
factors include (I) interaction of radiation with other physical (UV
light), chemical, and biological mutagens and carcinogens in a
synergistic manner; (II) variation In repair mechanisms that
depend on dose; (iii) variation in sensitivity of bystander cells to
SUbsequent radiation exposure that depends on whether they
have been pre- or postlrradiated; and (iv) variation in adaptive
response that depends on radiation doses and protective
substances (antioxidants). In our opinion, both the linear no-
threshold-response and the threshold-response models might
not be suitable in predicting cancer risk at low radiation doses in
a quantitative sense. Low doses of ionizing radiation should not
be considered Insignificant for risks of somatic and heritable,
mutations and neoplastic and nonneoplastic diseases in
humans. Exp Bioi Med 229:378-382, 2004
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adiObiOIOgists have been struggling to estimate the
health risks from low doses of radiation in humans
for decades. This is evidenced by the fact that six
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have extensively discussed this issue referencing in vitro,
animal and human studies on somatic and heritable
mutations, and the incidence of neoplastic diseases and
birth defects following radiation exposures. Heritable
mutations are of particular concern, especially among
women, because the number of oocytes are fixed at birth,
and mutations, if not repaired, are cumulative. At present,
two opposing hypotheses on the potential risks of low-dose
radiation in humans are being debated among radiobiolo-
gists, geneticists, and health physicists because of their
enormous impact on the health of current and future
generations. The first hypothesis, supported by most radio-
biologists and geneticists, proposes that there is no dose of
radiation that can be considered completely safe and that the
use of radiation must always be determined on the basis of
risk versus benefit. The second hypothesis suggests that the
health risks of diagnostic doses less than 10 cGy are not
measurable and may even be nonexistent (1). Health risks
involve not only neoplastic diseases but also somatic
mutations that may contribute to other illnesses (including
birth defects and ocular maladies) and heritable mutations
that may increase the risk of diseases in future generations.
Unfortunately, general statements on the health risks of low-
dose radiation are usual1y made by the analysis of data on
the risk of cancer alone.

Risk of Cancer
Human cancers arise from the accumulation of multiple

genetic abnormalities (overexpression of genes, deletion of
genes, or gene mutations), some of which must occur in
critical genes that regulate proliferation and differentiation.
Radiation-induced cancer in humans has long latent
periods; 10 years for leukemia and over 30 years for solid
tumors (2). Thus, there is a long period between radiation
exposure and the appearance of tumors. This implies that
radiation-induced mutations (due to gene mutations and/or
chromosomal damage) that can be detected within 24 hrs of
radiation exposure are not directly responsible for initiating
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carcinogenesis in normal human cells. However, such
mutations induce genetic instability that make cells more
sensitive to accumulation of additional genetic abnormal-
ities caused by exposure to additional radiation doses,
chemical mutagens and carcinogens, tumor promoters,
oncogenic viruses, or their combinations. Cells may
Continue to carry genetic abnormalities for a long time until
the expression of genes regulating differentiation is altered.
This could lead to a cell immortalization phase, the first step
In carcinogenesis. Immortalized cells can continue to
proliferate until some key cellular genes, oncogenes, or
antioncogenes are altered by additional exposure to
carcinogens and/or tumor promoters. These cells then
become fully transformed and can induce cancer when
tested in appropriate hosts (3).

Dose-Response Models to Estimate Cancer Risk

Two opposing dose-response models have been used to
estimate cancer risk in humans. The first model proposes
that cancer risk following exposure to low doses of radiation
00 cGy or less) may be best estimated by a linear no-
threshold relationship since any dose has the potential to
induce cancer (4-6). The second model suggests that there
is a threshold dose below which radiation may not induce
cancer in humans (l, 7, 8). Both models have relied on
mathematical modeling and human radioepidemiologic
studies. The second model also utilizes data that support
hormesis (8). "Radiation hormesis" is the name given to the
PUtative stimulatory/adaptive effects of low-level ionizing
radiation (generally in the range of 1-50 cGy of low-LET
radiation). Based on historical and pharmacologic principles
reminiscent of some of the major tenets of homeopathy,
most of these effects are now generally ascribed to
protective feedback systems that, on exposure to low
concentrations of toxins, proceed to stimulate metabolic
detoxification and repair networks. The activation of these
networks may then result in net beneficial effects on the cell,
organism, or species (9-21).

Mathematical modeling may assume certain constant
physical factors such as body weight (7) that may not reflect
the inherent biological variability associated with radiation-
induced carcinogenesis. This variability includes differences
in radiosensitivity with respect to age, organs, body mass,
and differences in the efficacy of repair mechanisms.
Numerous epidemiologic studies are available in the
literature (2, 4, 22-27) and, if selectively used, can support
both hypotheses. Radioepidemiologic studies have so many
Confoundingfactors that it is not possible to quantify purely
radiation-induced cancer risk in humans. These confound-
ing factors include environment, diet, and lifestyle-related
factors that contribute mutagens, carcinogens, and tumor
promoters as well as cancer-protective substances. The
efficacy of cellular repair systems may vary from one
indiVidual to another because of variation in age, environ-
ment, and diet and lifestyle-related factors. Other confound-

ing factors include (i) interaction of radiation with other
physical (UV light), chemical, and biological mutagens and
carcinogens in a synergistic manner; (ii) variation in repair
mechanisms that depend on dose; (iii) variation in
sensitivity of bystander cells to subsequent radiation
exposure that depends on whether they have been pre- or
postirradiated; and (iv) variation in adaptive response that
depends on radiation doses and protective substances
(antioxidants). Thus, humans are simultaneously exposed
to varieties of mutagens, carcinogens, and tumor promoters
as well as to cancer-protective agents in addition to radiation.
Therefore, low dose radiation-induced cancer in humans
depends on several variables, and most of these variables are
not possible to correct for in any epidemiologic study. This
may explain why radioepidemiologic studies have produced
inconsistent results. Thus, constructing a dose-response
relationship for cancer based on epidemiologic data and on
any mathematical modeling that cannot take into account the
biological variability described previously may not provide
meaningful data on the estimation of low dose radiation-
related cancer risk in humans.

Adaptive Response and Hormesis

The use of data on radiation hormesis in support of the
second hypothesis as was used in a recent publication (8)
may not be very helpful. Some, but not all, analyses of data
from various sources, including the Japanese survivors of
the atomic bombs and residential radon studies, suggest that
low levels of ionizing radiation may be beneficial to human
health. The evidence, however, has not been viewed as
compelling for the following reasons: (i) data in support of
radiation hormesis in human populations are limited, and
much of it is based on reevaluation of selected epidemio-
logical data that has been used to test a different hypothesis;
(ii) hormetic effects are weak and inconsistent and are
subject to large statistical uncertainties as is the case for
carcinogenic effects at small doses; (iii) a consensus is
lacking on how hormesis should be defined and quantified;
and (iv) it is unclear how hormesis can be incorporated into
the regulatory framework when beneficial health effects
exceed the requirement for protection of health (28, 29). It
should be noted that adaptive responses are commonly
observed with tissue insults regardless of the source of the
insult. For example, hyperthermia and acute trauma also
induce adaptive responses. Unlike other injurious agents,
such as heat and trauma, ionizing radiation is a potent
mutagen and carcinogen, and measuring radiation-induced
adaptive responses does not reflect the mutagenic changes
that might occur. Therefore, adaptive responses based on
certain biological criteria following exposure to low doses
of radiation may not be compelling evidence for the
statement that such doses are beneficial to humans. On the
contrary, they simply reflect that cells have been exposed to
injurious agents and that attempts are being made to repair
some of the damage.
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Delayed Cell Death, Genomic Instability, and the
Bystander Effect

Currently, human health risks associated with radiation
exposures are based primarily on the assumption that the
detrimental effects of radiation occur in irradiated cells.
Over the years, a number of nontargeted effects of radiation
exposure in vivo have been described that challenge this
concept. These include radiation-induced genomic insta-
bility, bystander effects, clastogenic factors produced in
plasma from irradiated individuals that can cause chromo-
somal damage when cultured with nonirradiated cells, and
transgenerational effects of parental irradiation that can
manifest in the progeny (30). Radiation-induced genomic
instability is characterized by an increased rate of genetic
alterations, including cytogenetic rearrangements, muta-
tions, gene amplifications, transformation, and cell death in
the progeny of irradiated cells multiple generations after the
initial insult. Chromosome breakage syndromes are defined
by chromosome instability, and individuals with these
diseases are cancer prone. Consequently, chromosomal
instability as a phenotype may underlie some fraction of
those changes leading to cancer (31). Delayed expression of
lethal mutations in the progeny of cells that survived a toxic
insult was first shown for ionizing radiation and is one of the
signs of induced genomic instability. The effect appears to
be related to DNA strand breakage or repair but not to the
physical break itself. The results clearly linked expression of
delayed lethal mutations with radiation-induced DNA
strand breaks, known also to induce oxidative stress.
Alkylating agents or microtubule poisons that do not permit
repair of DNA damage did not cause any delayed death. It is
concluded that delayed cell death may be caused by
widespread radical damage to DNA that is either signaled,
thereby inducing an apoptotic response, or (mis-)repaired,
yielding a weak or unstable genome. It is likely that the
process may be an important factor in determining the long-
term response of populations to "sublethal" levels of
ionizing radiation (32-36).

Interaction Between Radiation-Induced Adaptive
Response and Bystander Effects

It has been reported that cells lethally irradiated with et-
particles could induce mutations in cells that were not
exposed to o-particles and that reactive oxygen species
(ROS) were not directly involved (37). A recent study
showed that pretreatment of cells with low-dose x-rays
before ce-particle irradiation reduced et-particle-induced
bystander mutagenesis (38). However, bystander cells
exhibited increased radiosensitivity after a subsequent
irradiation with x-rays (38). These data further complicate
the interpretation of any dose-response model. It is
unknown how long beneficial effects in reducing subse-
quent radiation damage or worsening subsequent damage to
bystander cells is mediated by the adaptive response. How
both adaptive response and bystander effects are influenced

by repair mechanisms at low radiation doses remains
unknown.

Interaction of Radiation with Other Carcinogens
and Tumor Promoters

Human cancer is caused by the interaction between
several carcinogens and tumor promoters, by the interaction
between carcinogenic agents and anticarcinogenic substan-
ces, and by the efficacy of repair systems. While assessing
the effect of low doses of radiation on cancer risk,
fundamental radiobiological studies that show that radiation
can interact with other carcinogens and tumor promoters in
a synergistic manner are often ignored. For example, x·
radiation enhances chemical carcinogen-induced transfor-
mation in normal mammalian cells by about 9-fold (39) and
UV-induced transformation by about 12-fold (40). x-
irradiation also enhances the level of ozone- (41) and
viral-induced (42) transformation in cell culture. Radiation
doses that alone do not transform normal fibroblasts do so
when combined with a tumor promoter (43). Ionizing
radiation in combination with tobacco smoking increases
the risk of lung cancer by about 50% (2). A low dose of
radiation (2 cGy) does not produce detectable levels of
mutations as measured by chromosomal damage; however,
in the presence of caffeine (which inhibits repair of DNA
damage), mutations become detectable (44). Low doses of
radiation (2 and 5 cGy) can act as a mitogen (45), and even
lower doses (about 1 mcGy) do not activate double-strand
DNA break repair mechanisms (46). This lack of repair can
lead to accumulation of mutations. Thus, it is nearly
impossible to estimate the health risks of low doses of
radiation alone in a real human population.

Using a microbeam technology, it was found that below
200 mGy, the survival potential was dominated by the
bystander effect and that at higher doses, the direct effect of
radiation on cell killing becomes dominant (47, 48). The cell
survival data exhibited a linear-quadratic response when all
cells were x-irradiated (with evidence for hypersensitivity at
lower doses). When only a single cell was irradiated, 10%
cell kill was observed (48). Below 200 mGy, the response
after irradiation of a single cell was not significantly
different from the response when all cells were irradiated
(46). This observation is particularly significant because, at
low doses, certain repair mechanisms are not activated.
These results further support the suggestion that no dose of
radiation can be insignificant or totally safe.

Risk of Cancer in Children of Women Exposed to
Low-Dose Radiation Before and After Conception

In recent debates, issues of radiation damage to children
of women who have been exposed to diagnostic doses of
radiation before and after conception have been ignored.
Since the number of oocytes is fixed at birth, radiation
damage to oocytes, one of the most radiosensitive cells, may
be cumulative and therefore may be very crucial for
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inducing heritable genetic damage. Although radioepide-
Illiologic studies are not considered very reliable, they have
addressed these issues in women. Stewart and Kneale (26)
have reported that an increase in cancer risk is directly
prOportional to the number of x-ray films or fetus doses
received. It was estimated that I cGy delivered to the fetus
shortly before birth would cause in increase of 300-800
deaths per million before the age of 10 years due to cancer.
A. significant increase (25) in malignancy has been found
eVen after 2.0-2.5 mGy to human fetuses (relative incidence
of cancer = 1.25). One of the most surprising results was
PUblished showing an increased cancer risk by a factor of
1.6-2.0 among women who received diagnostic doses of
radiation before conception (49). Another study (27)
reported that diagnostic doses (0.5-7 cGy) to the gonads
before conception induced aneuploidy in 10 children (eight
Illongoloid and two trisomy) among 975 exposed women in
comparison to one aneuploidy case among unexposed
women. Gonadal exposure of 5 cGy increased eye defects
(23) and of 3 cGy increased the mutation rate by 1% (24).

Intermediate Health Risk Factors in Children
Exposed to Low Doses of Radiation

The incidence of nonneoplastic diseases and intermedi-
ate health risk biochemical markers were studied in children
living in radiation-contaminated areas near the Chemobyl
nuclear accident site. The incidence of thyroid gland
enlargement and vision disorders, mostly dry eye syndrome,
Was closely related to the levels of contamination (50).
Increased levels of oxidized conjugated dienes, products of
lipid peroxidation, were found among these children. In
another report, increased levels of spontaneous chemilumi-
nescence, an indicator of enhanced oxygen radical activity,
in leukocytes of children living in contaminated areas were
observed (51). These epidemiologic data have limitations
sUch as those described previously. However, in subsets of
the population with relatively increased exposure to other
Carcinogens and tumor promoters compared to cancer-
protective agents and relative suboptimal repair systems,
radiation doses even lower than the previously given
examples may cause similar damage.

Conclusion
In our opinion, the health risks of 10 cGy or less in

humans may not be accurately estimated by any current
mathematical model because of numerous inherent environ-
mental, dietary and biological variables that cannot be
accounted for in epidemiologic studies. In addition, the
expression of radiation-induced damage depends not only
On dose, dose rate, LET, fractionation, and protraction but
also on repair mechanisms, bystander effects, and exposure
to chemical and biological mutagens, carcinogens, tumor
promoters, and other toxins as well as radioprotective
SUbstances, such as antioxidants. Therefore, low doses of
ionizing radiation may not be considered insignificant risks

for somatic and heritable mutations and disease (neoplastic
and nonneoplastic) in humans. We continue to support the
well-established radiobiological concept that no radiation
doses can be considered completely safe and that all efforts
must be made to reduce both the radiation dose and damage,
no matter how small.
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