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THE DOSE WINDOW FOR RADIATION-INDUCED PROTECTIVE ADAPTIVE
RESPONSES

Ronald E. J. Mitchel � Radiation Protection Research and Instrumentation
Branch, Atomic Energy of Canada Limited, Chalk River Laboratories, Chalk River,
ON Canada

� Adaptive responses to low doses of low LET radiation occur in all organisms thus far
examined, from single cell lower eukaryotes to mammals. These responses reduce the
deleterious consequences of DNA damaging events, including radiation-induced or spon-
taneous cancer and non-cancer diseases in mice. The adaptive response in mammalian
cells and mammals operates within a certain window that can be defined by upper and
lower dose thresholds, typically between about 1 and 100 mGy for a single low dose rate
exposure. However, these thresholds for protection are not a fixed function of total dose,
but also vary with dose rate, additional radiation or non-radiation stressors, tissue type and
p53 functional status. Exposures above the upper threshold are generally detrimental,
while exposures below the lower threshold may or may not increase either cancer or non-
cancer disease risk.

Keywords: radiation, adaptive response, dose-threshold, risk, low-dose

INTRODUCTION

Radiation effects and radiation risks are assumed to be proportional to
dose at all exposure doses, without a threshold, for both the whole organ-
ism and for each tissue of a complex organism (ICRP 2006). This assump-
tion for stochastic, as opposed to deterministic effects, is known as the
Linear No-Threshold (LNT) hypothesis, and is used by national regulato-
ry agencies as the basis for radiation protection principles and practices
that apply to both humans and the environment. However, a wealth of
data from experiments using single and multi-cellular organisms, includ-
ing mammals, indicates that this hypothesis is biologically incorrect.

Inherent in the LNT hypothesis is the assumption that the nature of
the biological response to radiation damage is constant, irrespective of
dose. However, exposure of cells or organisms to low dose/low dose rates
of low LET ionizing radiation induces an adaptive response, such that
the detrimental effects of subsequent or previous damage or events,
including spontaneous events, are reduced. This induction of resistance
is part of a general cellular response to stress that appeared very early in
evolution and has subsequently been observed in all organisms thus far
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examined. A central feature of that induced resistance in prokaryotes is
the increased ability to correctly repair DNA double-strand breaks, and
this capability appears to have been tightly conserved during evolution,
appearing in single-cell eukaryotes, simple eukaryotes, insects, plants,
amphibians, and mammals, including human cells in tissue culture and
ex-vivo. Since this adaptive response to radiation is part of a general
response to stress, other stressors, such as heat and chemicals, can also
induce adaption to radiation and influence the outcome of the same or
other types of stresses, including radiation exposures (Mitchel, 2006).

Multicellular organisms have additionally evolved other protective
mechanisms inducible by an exposure to a low dose of low LET ionizing
radiation, including the induction of free radical scavengers to reduce
initial damage as well as increased immune surveillance and increased
apoptotic cell death to remove unrepaired, misrepaired or cancerous
cells. Feinendegen et al. (2007) have described the roles of these various
protective mechanisms that are stimulated by low doses, and how they
reduce the risk of cancer development.

Also integral to the LNT hypothesis is the assumption that effects and
cancer risks arise in cells as a result of radiation-generated ionization
tracks in those cells. However, at the low doses that are of greatest con-
cern for public or occupational exposure, not all cells are hit by radiation
(i.e. do not receive an ionization track) and therefore the assumption
predicts that there is no consequence of the exposure in those cells.
However, extensive recent evidence indicates that this fundamental
assumption is not correct, and that hit cells communicate with non-hit
cells and generate so-called bystander effects, sometimes (Morgan and
Sowa 2007) considered to increase detrimental effects. However, these
damaging events are often considered to be part of a signalling system
that leads to the removal of damaged cells, resulting in an adaptive or
beneficial response (Wang et al. 2004, Mothersill and Seymour 2006,
Bauer 2007, Portess et al. 2007) Therefore at low doses, bystander effects
which can appear to generally increase risk, can result in adaptive
responses which decrease risk. Both processes are highly non-linear.
There are some indications that, for some cell lines in culture, the ability
to induce an adaptive response for increased survival (after a second,
high dose) may be absent entirely, and that such cell lines only show detri-
mental bystander effects (Ryan et al. 2009).

Given the inherently non-linear characteristics of bystander and adap-
tive type biological responses to low doses, it seems highly unlikely that
the radiation protection assumption that risk is a linear function of dose
could be correct at low doses. Since low doses have been shown to induce
adaptive responses that reduce the in vivo effects and risks of existing
spontaneous cancer (Mitchel et al. 2003) as well as radiation-induced can-
cer (Mitchel et al. 1999), it would appear that, at least within a certain
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range of low doses, radiation-induced protective adaptive responses out-
weigh detrimental effects, including any detrimental bystander effects.
Outside that dose range, detrimental effects are assumed to predominate.
Scott (2008) has developed biologically based models that predict both
upper and lower dose thresholds of harm.

This review will consider the evidence examining the low LET radia-
tion dose range, and factors influencing it, within which protective adap-
tive responses outweigh detrimental effects, and therefore reduce rather
than increase risk, in contradiction to the LNT hypothesis.

CELL BASED MEASURES OF RISK

Upper dose thresholds

Since it is well established that high acute doses of radiation can
produce detrimental cellular effects, and equally well established that
low dose and dose rate exposures can produce protective adaptive
responses against those events, it follows that there must be a crossover
point where protection turns to detriment as dose increases. Most of the
studies examining this issue in mammalian cells have used endpoints
like chromosomal aberrations or micronucleus formation, measures
somewhat removed from the risk endpoints normally considered in
radiation protection and risk estimates. For example, Shadley and
Wiencke (1989) measured chromatid deletions in human lymphocytes
and showed that 10 mGy but not 500 mGy of X-rays given at high dose
rate protected against the effects of a 1.5 Gy challenge dose, indicating
an upper threshold for protective adaptive responses between those
doses. However, they also showed that 500 mGy could induce an adap-
tive response against the 1.5 Gy challenge dose, if the dose rate was low-
ered to less than 10 mGy/min, but could not at dose rates ≥100
mGy/min. Similar observations were reported by Broome et al. (2002)
using normal human fibroblasts.

Protection by low dose can also be detected against the naturally
occurring, spontaneous risk of deleterious events; i.e. events not induced
by a challenge dose. A report by de Toledo et al. (2006) showed that an
acute dose of 100 mGy increased micronucleus formation in normal
human cells but the same dose delivered over 48 hours reduced the fre-
quency to, or below, spontaneous levels. Those data, and the data of
Shadley and Wiencke (1989) and Broome et al. (2002) showed that the
upper threshold was dependent on both dose and dose rate, and sug-
gested that the critical parameter might be the number of lesions that
exist in the cell at a given point or points in time, implying that the rate
of lesion repair would also influence the upper dose threshold.

The adaptive response to radiation is part of a general cellular
response to stress, and other stressors can modify radiation risk and vice
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versa (Boreham et al. 1997; Mitchel, 2006). Likewise, the total stress on
the organism also influences the upper dose threshold for protective
effects. For example, exposure of fish cells in culture to a low dose of radi-
ation induced a protective adaptive response against a subsequent expo-
sure to a high dose. However, if the cells were also exposed to increasing
levels of chlorine, the total stress on the cells eventually reached a level
where the same low radiation dose was no longer able to induce protec-
tion against the high radiation dose (Mitchel 2007).

In cells, neoplastic transformation is an endpoint much closer to the
cancer risk endpoint normally used in radiation protection risk estimates.
Using mouse C3H10T1/2 cells, Azzam et al. (1996) showed a reduction
in spontaneous neoplastic transformation at doses from 1 to 100 mGy
given at 2.4 mGy/min (without a subsequent challenge dose), although
higher doses were not examined. There was no significant difference in
the magnitude of the reduction over this dose range, indicating that the
lowest dose produced the maximum protective response, and there was
no further increase (or decrease) in that protective response with increas-
ing dose up to 100 mGy. This lack of change in the magnitude of the pro-
tective response for neoplastic transformation over this dose range paral-
leled a similar lack of change with increasing dose in the magnitude of
protection against micronucleus formation in normal human fibroblasts
exposed to the same dose range (Broome et al. 2002). In a similar exper-
iment, using that same measure of risk in a human hybrid cell line,
Redpath et al. (2001) showed that doses up to 100 mGy alone (at 3.3
mGy/min) suppressed transformation as it did in the mouse cells.
However, at 300 mGy and above (at 41.3 mGy/min), transformation was
elevated to a rate consistent with a linear extrapolation through the spon-
taneous rate of the unexposed cells. Both reports therefore agree that the
upper dose threshold for protective adaptive responses against neoplastic
transformation is above 100 mGy, for both human and mouse cells.

Lower dose thresholds

Like the molecular and cellular end point data showing upper dose
thresholds for protective effects, there is also data describing the exis-
tence of lower dose thresholds for a radiation-induced adaptive response.

Wolff et al. (1988) showed that 10 mGy of X-rays could protect human
lymphocytes against chromosome breaks induced by various chemical
mutagens and cross-linking agents, indicating that the lower dose limit
for adaption was below this dose.

Shadley and Wiencke (1989) observed that 10 mGy induced an adap-
tive response against chromatid deletions produced by a 1.5 Gy challenge
exposure of human lymphocytes in culture, when the adapting dose was
given at 200 mGy/min but not at 5 mGy/min. That data suggested that a
lower dose threshold for adaption existed, and that like the upper dose
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threshold was also dependent on the number of lesions existing in the
cell over a given period of time. As observed for the upper dose thresh-
old, the data predict that the lower dose threshold would be sensitive to
the cellular rate of lesion removal.

In another study using normal human fibroblasts in culture, a single
dose of 1 mGy, but not 0.1 mGy, produced an adaptive response that
reduced the frequency of micronuclei after a subsequent large dose
(Broome et al. 2002). In that regard, a report by Rothkamm and Lobrich
(2003), using γ-H2AX foci formation as a measure of radiation-induced
DNA double strand breaks in non-dividing cultures of primary human
fibroblasts, showed that while DNA repair proceeded after single doses of
5 mGy or more, foci persisted for 24h or more after doses of 1.2 mGy.
However, if these cells were allowed to divide, they showed substantial cell
death by apoptosis. That result suggested that while the mechanism of
protection may depend on the dose, the lower dose threshold for pro-
tective effects was below 1.2 mGy in these cells.

The well reported phenomenon of low dose hyper-radiosensitivity fol-
lowed by high dose radioresistance could be considered evidence for a
lower dose threshold (at high dose rate) for cell killing of human cells in
tissue culture (Joiner et al. 2001), although adaptive responses do not nor-
mally occur at these doses (0.3-1.0 Gy) after high dose rate exposure.
However, in some cell lines, the absolute ability to induce an adaptive
response was linked to the ability of the cell to show a hyper-radiosensi-
tive response (Ryan et al. 2009)

A lower dose threshold has also been observed at the cellular level for
chromosomal inversions measured in cells from mice exposed in vivo
(Hooker et al. 2004; Zeng et al. 2006), where a dose of 1 mGy produced a
protective response and reduced spontaneous inversions, but a dose of
0.01 mGy did not, and actually increased spontaneous inversion frequen-
cy. This latter observation may reflect the disposition of persistent lesions
reported by Rothkamm and Lobrich (2003) in non-dividing cells.

Using a human hybrid cell line Elmore et al. (2008) have reported
that 100 mGy at dose rates of 1-4 mGy/day was able to induce an adaptive
response that protected against spontaneous neoplastic transformation.
However, at dose rates below about 1 mGy/day that suppression was lost,
again suggesting that the lower dose threshold for adaption depends on
the presence of a minimum number of lesions per unit time.

Since the presence of a certain number of lesions per unit time
reflects not only the dose rate but also the DNA repair capacity of a cell,
this result implies that the lower dose threshold will also reflect the inher-
ent repair capacity associated with different tissue cell types, contributing
to tissue specific differences. Additionally, genetic based DNA repair
differences between individuals would be expected to further modify
the lower dose threshold. Further, since the upper dose threshold for
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adaption is also known to be dose rate sensitive (Broome et al. 2002), sim-
ilar considerations and variability would likely apply there as well.

ANIMAL BASED MEASURES OF RISK

Upper dose thresholds

Exposure of either Trp53 normal or cancer prone Trp53 heterozygous
mice to doses from 1-4 Gy, given at high dose rate, resulted in a reduction
in median lifespan that was a linear function of the dose, indicating that
at high dose rate, the upper dose threshold for protective effects was
below 1 Gy (Carlisle et al. 2009, in press). That result was consistent with
the observations for malignant transformation of human cells in culture
(Redpath et al. 2001).

Exposure of mice to a dose of 100 mGy at low dose rate induced an
adaptive response that protected the mice by increasing latency for
myeloid leukemia induced by a 1 Gy exposure, indicating that any upper
dose threshold for adaption was above 100 mGy (at low dose rate) in
these Trp53 normal mice (Mitchel et al. 1999).

Both 10 and 100 mGy, given at low dose rate, reduced the risk of spon-
taneous lymphomas in cancer-prone Trp53 heterozygous mice, indicating
an upper dose threshold above 100 mGy for that tissue (Mitchel et al.
2003). However, in the same experiment, the 10 mGy but not the100 mGy
exposure protected against osteosarcomas. That result indicated that dif-
ferent tissues in the same animal display different upper dose thresholds,
and overall risk or protection for the whole animal will reflect the contri-
butions of all responding tissues. The existence of different upper dose
thresholds for different tissues implies that the overall protection of the
whole animal at low doses will transition gradually, rather than abruptly,
to overall increased risk as the dose rises.

Since the adaptive response to radiation is part of an evolutionarily
conserved general response to stress (Mitchel 2006), the upper dose
threshold for protective effects in animals is also influenced by the total
stress on the organism, just as it is in cells in culture. For example, in mice
that also received a high acute dose of 4 Gy, 10 mGy but not 100 mGy was
protective for lymphomas (Mitchel et al. 2004), while in the absence of
the additional 4 Gy stress, protection against the same cancer type was still
evident at 100 mGy (Mitchel et al. 2003).

Lower dose thresholds

In animals, the lifespan of immune compromised mice was extended
by continuous lifetime radiation exposure. However, exposure at 0.35
mGy/h was less effective than exposure at 1.2 mGy/h, and continuous
exposure that stopped after 5 weeks at either dose rate was less effective
than the lifetime exposure (Ina and Sakai 2004, 2005). Those results
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implied that at some even lower dose and/or dose rate there could be a
threshold below which the protective effects in mice could disappear.
That possibility has subsequently been tested for both the risk of cancer
and non-cancer disease in mice.

Cancer

Only one investigation has specifically tested for the existence of a
lower dose threshold for the induction of protective adaptive responses
against cancer in vivo (Mitchel et al. 2008). That report tested the influ-
ence of very low dose/low dose rate, chronic fractionated exposures (0.33
mGy/day, 0.7 mGy/h, 5d/week for 30, 60 or 90 weeks) on cancer risk in
C57BL/6 mice that were either normal for Trp53 or were cancer prone
due to heterozygosity for Trp53.

Exposures for less than 60 weeks were below the level necessary to
induce overall protective adaptive responses against cancer in Trp53 nor-
mal mice. In fact, exposure for 30 weeks increased risk (higher frequen-
cy, decreased latency) for some cancer types (lymphomas) but not others
(sarcomas), indicating that like the upper dose threshold, the lower dose
threshold is tissue type dependent and that risk will gradually transition
from no or increased risk to protection, as was observed (Mitchel et al.
2008). The increased cancer risk from exposures below the lower thresh-
old in vivo was similar to the increased risk of chromosomal inversions
seen at doses below the protective threshold in cells of mice exposed in
vivo (Hooker et al. 2004; Zeng et al. 2006).

Continuing the exposures for 60 weeks and hence increasing the total
dose, significantly decreased the risk of sarcomas (lower frequency and
increased latency) compared to the unexposed control mice, and expo-
sure for 90 weeks eliminated the increased risk of lymphomas. These
results indicated that in order to induce a protective adaptive response
against cancer in Trp53 normal mice, the dose had to exceed a lower dose
threshold, and doses below that threshold could produce either detri-
mental or no effects, depending on the specific tissue type. These obser-
vations suggest, therefore, that below the lower dose threshold for induc-
tion of protective adaptive responses in vivo, detrimental bystander effects
could outweigh protective effects in some tissue types, while above that
threshold the converse was true.

Like Trp53 normal mice, Trp53 heterozygous mice exposed to single
low doses also display a protective adaptive response against cancer
(Mitchel et al. 2003). However, in contrast to the Trp53 normal mice,
Trp53 heterozygous mice showed no influence, by any of the chronic 30,
60 or 90 week exposures, on overall life span in mice with or without can-
cer or on the frequency or latency of cancers of any tumor type (includ-
ing B- or T-cell lymphomas) (Mitchel et al. 2008). These results indicate
that the elevated risk seen in the Trp53 normal mice exposed to the lower
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(30 week) chronic fractionated doses was completely dependent on full
Trp53 gene function. They also indicate that reduced Trp53 functionality
elevated the lower dose threshold for both the known protective effects
and any possible detrimental effects.

The chronic fractionated exposures given to the Trp53 normal and
heterozygous mice totalled about 48, 97 and 146 mGy after 30, 60 or 90
weeks respectively (Mitchel et al. 2008). Previous data for the Trp53 het-
erozygous mice showed that single exposures of either 10 or 100 mGy
protected against spontaneous lymphoma formation in these mice
(Mitchel et al. 2003). In contrast, the lack of protection seen in the same
Trp53 heterozygous mice after fractionated doses up to 146 mGy clearly
indicates that “dose” thresholds for protective effects are not actually a
fixed function of dose, but rather depend upon the existence of a cer-
tain level of damage per unit of time, i.e. are dependent on dose rate.
This in vivo evidence for the dose rate dependency of protective adap-
tive response thresholds is therefore entirely consistent with the cell
based evidence (Shadley and Wiencke 1989; Broome et al. 2002; Elmore
et al. 2008).

Mathematical modelling of the adaptive response and dose thresh-
olds suggests that dose thresholds will be sensitive to the LET of the expo-
sure, since the dose per cell of a single radiation track will vary with this
parameter (Leonard 2008).

Non-cancer disease

Chronic ulcerative dermatitis is a severe, spontaneous, autoimmune-
related skin disease that appears in aging C57BL/6 mice (Andrews et al.
1994). Trp53 heterozygous mice had a significantly lower frequency of
severe disease, but it appeared significantly earlier than in Trp53 normal
mice, indicating a link between the appearance of this disease and the
level of Trp53 function (Mitchel et al. 2007). The link between chronic
ulcerative dermatitis and oxidative stress (Lawson et al. 2005) suggests
that in animals with fully or partially functional Trp53, radiation may act
on ulcerative dermatitis in a manner similar to its action in radiation car-
cinogenesis, where a low dose induces an adaptive response that protects
against the carcinogenic effects of an oxidative stress from a subsequent
radiation exposure (Mitchel et al. 1999, 2004).

Chronic exposure of Trp53 normal mice to fractionated doses, begin-
ning at 6 weeks of age and continuing for either 30, 60 or 90 weeks (total
doses 48, 97 or 146 mGy) showed that the 90-week exposure (but not the
30 or 60 week exposures) induced an adaptive response in the older mice
(>657 days of age), that significantly slowed the appearance and reduced
the severity of the disease and also significantly increased the life span of
animals that ultimately required euthanization as a result of severe skin
disease (Mitchel et al. 2007). Those data suggested that in Trp53 normal
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mice a lower dose threshold must be passed before a protective adaptive
response is initiated in vivo against this non-cancer disease.

However, reduced Trp53 functionality modified the dose thresholds
and extent of the adaptive response in vivo. The same chronic fractionat-
ed exposure of Trp53 heterozygous mice that stopped prior to (at 30 weeks
of age) or midway through ulcerative dermatitis disease development (at
60 weeks of age) increased (as compared to having no effect in the Trp53
normal mice) both the frequency and severity of the disease in older ani-
mals. Those results indicate that for these doses, detrimental effects out-
weighed any constitutive or induced protective mechanisms when Trp53
function was reduced. However, if the chronic, fractionated exposure was
continued past 60 weeks, for essentially the whole life span of the Trp53
heterozygous animals, the frequency or severity of the disease were not dif-
ferent from these observed in the unexposed control heterozygotes. That
result showed that even with reduced Trp53 function, a larger total dose
was able to induce adaptive responses that at least balanced the otherwise
detrimental effects of the exposure. Again, the results suggest that protec-
tive adaptive responses are activated only when a lower damage threshold
is surpassed, and that for this non-cancer disease, the threshold was simi-
lar in both Trp53 normal and heterozygous mice.

SIGNIFICANCE OF GENETICS

Radiation dose limits established by national bodies are assumed to
provide adequate protection for all persons, and typically do not consid-
er persons who may be at increased risk for genetic reasons. It is assumed
that a conservative approach to setting dose limits adequately compen-
sates for any quantitative differences. Inherent in this assumption is the
idea that the biological risk of radiation in genetically cancer prone indi-
viduals is qualitatively similar to that of genetically normal individuals.
These assumptions have not been tested in humans. However, if cancer
prone humans were abnormally sensitive to low doses, such as those typi-
cal of public and most occupational exposures, then those persons would
be at higher risk from such exposures.

Only one gene, Trp53, has been extensively investigated for its influ-
ence on the in vitro and in vivo effects of low dose adaptive responses. The
Trp53 gene is inducible by radiation, and functions in regulatory path-
ways for apoptosis, DNA repair and cell cycle delay, all processes consid-
ered critical for cellular responses to radiation damage (Mitchel 2005).
Using mouse cells and measuring dicentric frequency, Sasaki et al. (2002)
showed that the adaptive response to low doses of radiation was depend-
ent on the presence of functional p53. Cells that were Trp53 normal or
Trp53 heterozygous and were exposed to a low dose showed an adaptive
response to a challenge dose of radiation, but cells with no functional
Trp53 did not.
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The influence of the adaptive response on neoplastic transformation
in rodent and human cells has shown that exposures in vitro to low doses
reduced the frequency of spontaneous neoplastic transformation. This
could indicate that the repair system induced during the adaptive
response was an error-free system with the characteristics of homologous
recombination (Mitchel et al., 2004; Mitchel et al. 1997; Dolling et al.
1997). A report showing that the Trp53 protein channels radiation
induced DNA double-strand breaks into this pathway, as well as turning
off signals for the error-prone NHEJ recombinational pathway, supports
this hypothesis (Sasaki et al. 2002). Alternatively or additionally, low dose
exposure of non-transformed cells is known to induce intercellular sig-
nalling that specifically enhances induction of apoptosis of transformed
cells, as well as inducing autocrine self-destruction of the transformed
cells (Bauer 2007; Portess et al. 2007).

Animals with either partial or complete defects in Trp53 are cancer
prone (Harvey et al. 1993). Conversely, mice that have been modified to
have a constitutively activated Trp53 are nearly free of cancer risk (Tyner et
al. 2002). Similar to mice, humans with partial Trp53 defects are at increased
cancer risk. A single amino acid change in the p53 protein (proline for argi-
nine at codon 72) impaired apoptosis (Dumont et al., 2003) and human can-
cer mortality was increased 2.5 fold (van Heemst et al. 2005).

Adaptive responses occur in cancer-prone Trp53 heterozygous mice,
and those responses reduce risk in qualitatively the same way as in Trp53
normal mice, supporting the radiation protection assumption that radia-
tion risk is qualitatively the same in normal and cancer prone humans.
However, as might be expected from this genes’ apparently central role
in the adaptive response process, the Trp53 heterozygous mice showed
quantitative changes in the response compared to the normal mice.
Heterozygosity for Trp53 reduced the magnitude of the protective effect
against higher doses, reduced the upper dose threshold (Mitchel et al.
2004) and raised the lower dose threshold (Mitchel et al. 2008) for pro-
tective effects against radiation-induced and spontaneous cancer. At
doses below the lower dose protective threshold, reduced Trp53 function
eliminated the elevated cancer risk seen in Trp53 normal mice (Mitchel
et al. 2008), indicating that the cancer risk at these low doses was entirely
dependent on full Trp53 function, and not due to the dose itself. For a
non-cancer disease, the reverse was observed (Mitchel et al. 2007), where-
by reduced Trp53 function was associated with elevated risk below the
lower dose threshold, while the dose threshold itself was similar in mice
with normal or reduced Trp53 function.

DOSE THRESHOLDS AND HUMAN EPIDEMIOLOGY

The main source of information on radiation-induced human cancer
risks has been the epidemiological evaluation of data on the Japanese
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atomic bomb survivors, using a linear non-threshold model to fit the data.
It has been recognized that these estimates do not show an increased can-
cer risk in adult humans below about 100 mSv for the acute exposure
(Tubiana et al. 2006) and risk estimates at these lower doses are based on
a linear extrapolation from high doses. However, Hoel and Li (1998)
reported that “for both the incidence data and the mortality data, the
addition of a threshold term significantly improves the fit to the linear or
linear-quadratic dose response”. Doses below 100 mGy are those normal-
ly identified with an adaptive response, and 100 mGy is close to the
reported upper dose threshold for protective effects in both human cells
and mice in vivo.

For radiation protection purposes, a linear no-threshold extrapola-
tion has been used to estimate cancer risk at the lower doses relevant to
the general population and radiation workers (ICRP 2006). The result-
ing assumption of harm for humans exposed to low doses is controver-
sial and the difficulties with that assumption of risk, from both a physi-
cal and biological perspective, have recently been pointed out
(Feinendegen and Neumann, 2005). Interestingly, recent reports of
American and French national groups of experts have reached opposite
conclusions. The American National Academy of Sciences report
(National Research Council 2005) recommends the use of the LNT rela-
tionship for assessing the risks of small or very small doses. Conversely,
the Joint Report of the French National Academy of Sciences and
Medicine (Joint Report 2005) states that the use of LNT for assessing the
risks of doses below 20 mSv is unjustified and should be discouraged.
The relative merits of those reports have recently been compared by
Tubiana et al. (2006), who note that much animal data is not considered
by the American report. However, that comparison has not resolved the
controversy (see Letters 2008). This controversy is not new, and some
reports spanning a decade argue for positive health effects in the
Japanese A-bomb survivors and other exposed groups (Luckey, 1999,
2008). Other reports (using LNT assumptions) that warn of the
increased cancer risks with the increase in CT scans, (Hall and Brenner
2008) have met strong opposing views (Scott et al., 2008). Brenner and
Sachs (2006) argued that we do not understand the mechanisms
involved at low doses and therefore it is premature to revise the assump-
tion of linearity. In that context, however, it should be noted that the cur-
rent assumption of a LNT response was made without knowledge of
mechanisms. However, the debate has now broadened, and the general
assumption of linearity for most toxic agents has been challenged. It has
been argued that beneficial effects arise from exposure to low levels of a
wide variety of agents, not only ionizing radiation, that are generally con-
sidered to be detrimental to human health at high levels (Calabrese,
2005a,b; Calabrese and Baldwin, 2003a,b).
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Recent attempts to extend the risk estimates for humans to doses
below 100 mSv have had mixed results. One study (Cardis et al. 2005) of
six cohorts of nuclear workers with an average cohort cumulative dose of
about 20 mSv, showed no increase in leukemia or solid cancer risk for five
of the six cohorts, either individually or collectively. Inclusion of the sixth
cohort, which individually showed a large increase in solid cancer risk,
produced an overall significant increase in solid cancer risk. However,
this result would seem to point to problems with either the dose records
or assumptions associated with the sixth cohort rather than a real risk. In
contrast, another recent study of Canadian Nuclear Power industry work-
ers showed a significant reduction in risk in the 1–49 mSv category com-
pared to the lowest category (<1 mSv) with a relative risk of 0.699 (95%
CI: 0.548, 0.892). Above 100 mSv the risk “appeared to increase’’
(Zablotska et al., 2004). This latter finding is consistent with the upper
dose thresholds identified in both the in vivo animal data and the data for
mouse or human cells in culture noted above. Similarly, a review of the
literature for the risk of lung cancer in smokers reported a typical reduc-
tion in risk of about 40% in persons exposed to <100 mSv of low LET radi-
ation (Sanders 2008).

Two recent studies examined risks from low dose chronic occupa-
tional exposures. One (Zielinski et al. 2009a) examined Canadian med-
ical workers for cancer risk. While cancer and non-cancer mortality was
lower than the general Canadian population, thyroid cancer incidence
was significantly elevated both among males and females, with a com-
bined Standardized Incidence Ratio of 1.74. A second study (Zielinski et
al. 2009b) examined cardiovascular disease mortality risk in occupation-
ally exposed Canadian nuclear workers as well as medical, dental and
industrial workers, and reported a strong positive association between
dose and risk. Again, the risk was lower than in the general population.
Both studies suffer from uncertainties in dosimetry and adjustment for
non-radiation risk factors. Risks lower than the general population may
reflect a healthy worker effect, but could also reflect protection by low
doses, or some combination of the two. Unfortunately, it is not possible
to distinguish between these possibilities.

A current epidemiological focus on the effects of low dose is the esti-
mate of risks from people exposed in the Techa River area of the
Southern Urals. Aside from the acknowledged problems with the dose
estimates for this cohort (Cardis 2007), the people were exposed to a vari-
ety of mixed high and low LET radiation, both internally and externally.
Since radiation weighting factors that are used for high LET radiation
were developed from high dose studies and are generally unknown at low
doses, and the animal experiments indicate that there are likely to be tis-
sue specific differences, it will be difficult for classical epidemiological
studies of this mixed LET cohort to be helpful for informing about the
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low dose effects of low LET exposure. On the other hand, at least some
types of high LET particles are able to produce an adaptive response (Iyer
and Lehnert 2002) and it has also been shown that adaptive signals gen-
erated by γ-irradiated cells can protect against the bystander effects pro-
duced by α-irradiated cells (Sawant et al. 2001).

It is uncertain if conventional epidemiological studies of human pop-
ulations will ever be able to clarify the risks versus benefits of low dose
exposure. In addition to the issues above, other problems associated with
such studies include the comparison of the results obtained for different
exposure patterns (for example, acute external irradiation versus pro-
tracted internal irradiation). Aside from these inherent problems, some
methodological practices tend to obscure any observation of low dose
protective effects, presenting additional difficulties. These include dose
lagging (discarding some of the dose), averaging risk over wide dose
intervals and including low dose exposed individuals in the low dose con-
trol. It has been argued that using such practices may result in unwar-
ranted support for an LNT-type dose-response curve and obscure evi-
dence for risk thresholds or reduced risk at low doses and dose rates
(Scott, 2008; Scott et al. 2008). Nonetheless, the issue of whether the
underlying mechanisms and hence the risk from low or protracted dose
exposures are different from those of high dose exposures is now receiv-
ing increased attention, and recent reviews by Mullenders et al. (2009),
Little et al. (2009), Jaworowski (2009), Cohen (2008) and Tubiana et al.
(2009) consider those questions.

While the resolution of low dose responses from the human data will
undoubtedly be difficult, data from low dose experiments in cells and ani-
mals should be used as guidance for epidemiological studies. Figure 1
gives a schematic representation of that dose response. Based on all the
evidence obtained thus far, from lower organisms up to mammals in vivo,
it would appear that a linear non-threshold response to low LET radiation
is highly improbable on an evolutionary basis, and use of this dose
response model for humans would therefore appear to be unwarranted.
The animal data suggest that low doses are most likely to impact tumor
latency rather than incidence, and analysis of the human data should take
this into account. Additionally, any detrimental effects found will need to
be carefully considered for outcomes that are restricted to specific
human genetic variations, rather than effects applicable to the general
population. Those results suggest that molecular, rather than conven-
tional epidemiological techniques will be required. The animal data also
suggests that at low total doses (<100 mGy), different exposure doses and
times cannot be simply all considered together. Even at these low doses,
the dose range and dose rate for both protective and detrimental effects
of human exposures will likely be subject to both upper and lower thresh-
olds that are variable with genetics and tissue type, as well as with dose
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and dose rate. For specific human groups or individuals, epidemiological
analyses will also need to consider the influence of other, non-radiation
stressors that will impact on the ability of low doses to induce protective
responses, and/or modify the dose thresholds.
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