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linear regressions of the data obtained with exposures at high and low
dose rates.

Variations on the Theme

For many years there have been sporadic reports of increased effec-
tiveness at very low dose rates. The mechanism of such a phenomenon,
if true for cancer (most of the reports are for genetic effects), is an enigma
unless it represents one aspect of the complex dose response of the effects
of radiation on DNA repair. It is not an observation that the devotees of
hormesis have taken to heart!

Others have devoted some time to inverse dose-rate effects at some-
what higher doses seen in studies on cells in vitro. The same term has,
unfortunately, been applied to findings with radon where lower exposure
rates have resulted in a higher induction rate of lung cancer than with
higher exposure rates. Since the exposures are to a particles, the term
dose rate seems suspect. There are differences in protraction and dose
rate. Although low-dose-rate exposures are protracted, there can be dif-
ferent biological factors at play. Consider the simple example that a pro-
tracted exposure may be less effective purely because with an exposure
that is sufficiently protracted, the age-dependent reduction in susceptibil-
ity to induction of cancer may come into play. There are other ways that
protraction can affect the behavior of initiated cells, such as through the
effects on cytokines and their control. Time is not a simple matter when
it comes to biology.

The role of radiation-induced genomic instability has been suggested
as central to the induction of cancer by radiation. The suggestion is at-
tractive because it is a possible explanation of how a single exposure to
radiation could result in multiple mutations leading to cancer quite some
time after the exposure. Most of the current data is for high doses and
much of it for high-LET radiations. It will be very important to delineate
the role of dose rate in the induction of genomic instability.

What is the Future for the DDREF?

The apparent linearity of the dose–response curve for total cancers as
a function of dose in the atomic bomb survivors raised the question in
some minds that perhaps there was not an effect of dose rate. There is
no absolute evidence that a linear dose response up to high doses implies
a lack of a dose-rate effect. Perhaps more pertinent is whether the ap-
parent linearity says anything about the dose response of the initial event.
It is on this question that Goodhead (5) has written recently. He points
out that analysis of FISH-painted chromosomes indicates that chromo-
some exchanges can be induced by damage due to a single track to only
one chromosome and that the response is linear. It is the complex aber-
rations that contribute the curvature to the responses. Goodhead believes
that there is little justification for a DDREF greater than 1 and that the
application of the linear-quadratic model to the interpretation of radiation
carcinogenesis is, in other words, a snare and a delusion. It is not so easy
to claim that dose rate, protraction and fractionation have no significant
effect on the induction of cancer.

Since the greatest contribution to the uncertainty of the current esti-
mates of risk of induction by low doses of radiation lies in the choice of
the value of the DDREF (6), there is a compelling need to resolve the
mysteries of time in relation to how cells, tissues and whole organisms
react to radiation.
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The dose rates relevant to radiation biophysics cover an enormous
range. The exposures of the A-bomb survivors were effectively instan-
taneous, but environmental or occupational dose rates down to mGy/year
are of interest. When a given dose is protracted, various processes can
decrease, increase or leave unchanged the biological response. A pro-
tracted exposure can be either continuous or in a series of acute fractions;
these alternatives may not differ too much if the number of fractions is
large. We discuss dose protraction here mainly in terms of splitting a
given acute dose D into two equal fractions D/2 separated by some in-
terval, but the same trend putatively holds, details apart, for any other
kind of dose protraction.

Protraction and the Acute Dose–Response Curve

With some limitations (see below), one can often consider the effect
of protraction in a fairly model-independent way by considering the re-
sponse to a fractionated exposure as the result of repeating the dose–
response relationship for each fraction (1). Then, if the acute dose–re-
sponse relationship has an upward curvature [as in the classic linear-
quadratic (LQ) relationship], fractionation would be expected to decrease
the response. A decrease of response with increasing dose protraction is
often called a direct dose-rate effect. On the other hand, downward cur-
vature in the acute dose–response relationship would imply that fraction-
ation increases the response, giving an inverse dose-rate effect. If the
acute dose–response relationship is more complex, fractionation could
either decrease or increase the response, depending on the dose. On the
other hand, a system whose dose–response relationship for acute irradi-
ation is linear—even if linearity resulted from the cancellation of various
curved dose–response relationships—would be expected to show little
protraction effect.

The applicability of this rule—that the effect of fractionation approx-
imates repeated applications of the same initial part of the dose–response
curve—depends on how a cell population changes between dose fractions
(or during continuous irradiation). The rule holds if there is restoration
of radiosensitivity properties between fractions, so that the distribution of
sensitivity within the cell population is the same just before the second
fraction as it was before the first fraction. Restoration can occur through
repair or other biological processes such as progression of cells in radio-
resistant parts of the cell cycle to sensitive parts and vice versa. But the
rule does not hold if the first dose more or less permanently distorts the
cell population structure, e.g. by removing most of a genetically different
sensitive subpopulation. The rule can also fail if the first fraction initiates
new biological processes, e.g. if induced resistance develops between
fractions and persists until the time of the second fraction.

Where the fractionation rule can be tested (i.e. in the laboratory), it
often does seem to hold, implying that low-dose response and the effects
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of protraction are inextricably linked and, in some sense, represent the
same phenomenon.

Dose–Response Relationships with Upward Curvature

Upwardly curving acute dose–response curves are indeed frequently
associated with a direct dose-rate effect (review in ref. 2). A classic mech-
anism leading to acute dose–response relationships with upward curvature
is DNA double-strand break (DSB) repair. For example, for radiation-
induced leukemia, the basic model is: (1) leukemias are caused by the
induction of chromosomal translocations; (2) translocations in turn re-
quire the production of two DSBs; (3) if these two DSBs are produced
in a fractionated exposure at different times, the first DSB could be re-
paired before the second is formed, in which case that DSB pair does not
have the potential to make a translocation, as it would if both DSBs were
formed at the same time in an acute exposure. This argument would not
apply to translocations produced entirely by a single track of radiation,
which is probably the dominant mode of translocation formation at very
low doses (i.e. when the linear term dominates over the quadratic in the
LQ equations), so the doses at which this DSB repair phenomenon tends
to dominate are comparatively high.

Most dose–response relationships having (or appearing to have) a
threshold can be considered in the present context. That is, protraction
would be expected to decrease the response (assuming restoration occurs).

Dose–Response Relationships with Downward Curvature

While various explanations have been suggested for an initial down-
ward curvature in the acute dose–response relationship at low doses
(sometimes referred to as low-dose hypersensitivity), most interpretations
involve saturation of damage to a radiosensitive subpopulation of cells.
For example, for the end point of oncogenesis, some small subpopulation
would be transformed, or stimulated to become less sensitive, even if
only a fairly small dose is given. There appears to be some evidence that
such a hypersensitive subpopulation may be affected by a damage signal,
rather than directly by radiation—a manifestation of the so-called by-
stander effect. Such a small subpopulation could be genetically or epi-
genetically different, or it could be in a narrow window of the cell cycle,
or perhaps it could be cells temporarily possessing some endogenous,
repairable, non-radiative damage. The detailed models are different for
these cases, but the resulting acute dose response is rather similar. Pro-
traction could then increase response if the cell population structure is
restored on time scales comparable to the protraction time.

Dose–Response Relationships with a Complex Shape

For X rays, there is evidence, at least in vitro, for a complex response:
initial downward curvature at low doses, followed by a region of upward
curvature (the classic LQ) at somewhat higher doses, followed perhaps
by a high-dose plateau. Some in vitro oncogenic transformation studies
using X rays show such a complex acute dose–response relationship lead-
ing to an inverse dose-rate effect at low doses (3), as would be expected
on the arguments given above.

Linear Dose–Response Relationships

Almost all mechanistically based biophysical models predict a linear
response with dose at very low doses, though the dose below which
linearity occurs is a matter of much debate. As the acute dose is reduced
to the point where this linearity dominates, one would not, in the picture
outlined above, expect any dose-rate effects, whatever the mechanism.
An example can be seen in the analysis of dose-rate effects from radon
exposure. Here, at relatively high doses, there is clear evidence of an
inverse dose-rate effect; the explanation probably relates to a subpopu-
lation of very radiation-sensitive cells. However, as the radon exposure
is reduced to the level where it is very rare for a single cell to be traversed
by more than a single particle (and thus a linear dose–response relation-
ship is expected), there are no dose-rate effects of any kind. This phe-

nomenon was first predicted theoretically and then demonstrated epide-
miologically—a nice example of synergy between radiation biology and
radiation epidemiology.

Conclusions

Protracting acute exposures can increase, decrease or leave unchanged
the biological response. Dose-rate effects can be intimately related to low-
dose acute response, and in these situations each can give us clues to the
other. Making the assumption that protraction leaves response unchanged
could result in either overestimates or underestimates of risk, much as
linear extrapolations from high to low doses could result in either over-
estimates or underestimates. Epidemiological studies and mechanistically
based extrapolations probably offer the main hopes for improving low-
dose or low-dose-rate risk estimates.
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Although a great deal is known about the carcinogenic effects of acute
or high-dose-rate radiation exposure in humans, much less is known about
the effects associated with low-dose-rate and fractionated exposures. As
a result, risk estimates are based mainly on populations exposed to ra-
diation delivered at high dose rates. However, protracted exposures over
a period of time are more relevant for human experiences. To extrapolate
from high to low dose rates, the term ‘‘dose and dose-rate effectiveness
factor’’ (DDREF) was introduced by the International Commission on
Radiation Protection (ICRP). The DDREF is a factor by which the bio-
logical effect caused by a specific dose changes at low compared to high
dose rates. Currently the ICRP and the United Nations Scientific Com-
mittee on the Effects of Atomic Radiation (UNSCEAR) suggest that com-
pared with risks from acute or high-dose-rate exposure, risks from frac-
tionated or low-dose-rate exposure should be reduced by a factor of 2 or
3, respectively (1, 2).

There is a fairly large body of literature on protraction effects from
animal studies. In addition, experiments on cell transformation in culture,
somatic cell mutations in vitro, and germ cell mutations in vivo have
added to this literature. These studies have documented that the effects
of dose vary depending on the level of protraction. Because findings from
animal studies differ depending on species and strain, and cell transfor-


