


10 over the dose range from D1 to D 1/10, i.e. linearity
would hold.

This microdosimetric argument underlying LNT
extrapolations requires, as an anchor point, evidence for
a radiation-induced cancer risk in humans at a dose D1,
su�ciently low that most exposed cell nuclei are sub-
jected to no more than one energy deposition event. We
have argued earlier [4] that the studies of childhood
cancer after in-utero exposure of about 6 mGy, as
reported, for example, by Mole [5], ful“ll the criterion.
First, a dose of 6 mGy of 80 kVp X-rays does indeed
correspond to a mean of about one photon passing
through a cell nucleus [6]. Second, this dose does indeed
result in a statistically signi“cant increase in childhood
cancer risk; we quote from Mole [5]: ••The odds ratio for
childhood cancer deaths after X-raying in birth years
1958–61 (1.23, 95% CI 1.04-1.48) and the mean fetal
whole body dose from obstetric radiography in 1958
6 mGy can each be derived from nationwide surveys in
Britain.... This seems to be the only value for risk of
cancer mortality after irradiation in utero based on inde-
pendent determinations of dose and risk in nationwide
samples of the same population of subjects. It is not based
on extrapolation or on an unreliable dose response.••

Tubiana et al. [1, 2] have criticized this instance of the
microdosimetric argument on three grounds:

1. They suggested that the dose of 6 mGy, reported by
Mole [5] in the in-utero study, corresponds to about
10 energy depositions per nucleus. This is not correct
for the 80 kVp X-rays used in the in-utero examina-
tions. Based on experimental measurements [6],
6 mGy of 80 kVp X-rays correspond to a mean of
about 1 energy deposition in a spherical cell nucleus
with a diameter of 7 lm.

2. They suggested that there might not be a causal
relationship between the radiation dose and the
observed increased cancer risk in the children exposed
in utero. Doll and Wakeford [ 7] reviewed in detail the
relationship between the increase in childhood cancer
risk and the low-dose radiation exposure, and con-
cluded: ••...on review, the evidence against bias and
confounding as alternative explanations for the associ-
ation is strong. Scrutiny of the objections to causality
suggests that they are not, or may not be, valid. A causal
explanation is supported by evidence indicating an
appropriate dose–response relationship and by animal
experiments. It is concluded that radiation doses of the
order of 10 mGy received by the fetus in utero produce a
consequent increase in the risk of childhood cancer••.

3. They questioned the extrapolation from ante- to
post-partum exposure; however, they do not give a
convincing reason as to why the same dose that
causes an increase in cancer risk when delivered in
utero, would produce no cancer risk when delivered
after birth.

Based on the arguments earlier, we suggest that these
three objections by Tubiana et al. [1, 2] to the basis of

LNT are not valid„and thus if single-cell action dom-
inates, a linear extrapolation of excess cancer risk from
low to very low doses is appropriate for most radiation-
induced carcinomas.

Significance of inter-cellular interactions

As we have discussed, the microdosimetric argument in
which the LNT model is derived depends on the
assumption that a radiation-induced cancer can develop
from a single damaged cell, independently of other
damaged cells in the tissue of interest. Of course it is
known that inter-cellular interactions, and interactions
of cells with the extra-cellular matrix, do play a role in
radiation carcinogenesis [8…10]; for example, epithelial
cancer cells in an organ interact with cells of their own
type, with “broblasts, with in”ammatory cells including
immune-system cells, and with endothelial cells respon-
sible for vasculature (see reviews in [8…10]). If inter-cel-
lular interactions among radiation-damaged cells play a
dominant role during carcinogenesis, rather than being
comparatively small modulations of single-cell action,
the microdosimetric argument becomes inapplicable, to
the extent that the low-dose ••anchor-point•• dose in the
argument now involves many hits to a population of
interacting cells, even though any one cell nucleus is
unlikely to be hit more than once. Thus a central theo-
retical underpinning for LNT extrapolation would be
called into question. But it would still remain to be
determined whether LNT was underestimating or over-
estimating cancer risks at very low doses.

Speci“cally, the case made in the French Academy
report [2], and by Professor Tubiana and colleagues in
this issue [1], is that if inter-cellular interactions are
important factors in radiation carcinogenesis, such
interactions necessarily imply decreased excess cancer
risks per unit dose at very low doses compared to higher
doses. But the fact that multi-cellular repair mechanisms
are complex and may well control the development of
pre-malignant cells [2], does not necessarily imply
decreased excess cancer risk per unit dose at very low
doses. Many di�erent complex cellular interaction sce-
narios can be hypothesized, some of which would indeed
involve decreased cancer risks per unit dose at low doses
(or even zero or negative excess risk), but one can
equally well hypothesize inter-cellular carcinogenesis
mechanisms that would increase the low-dose risks.

Our understanding of the e�ect of inter-cellular
interactions is still in its infancy, but those multi-cellular
e�ects which have been investigated at low doses, such
as bystander responses, often show an increased muta-
genic or oncogenic risk per surviving cell [4], compared
with what would be estimated using LNT. For example,
there is evidence that some bystander e�ects saturate at
quite low doses [11], in which case the “rst hit to any cell
in a communicating population of cells could be more
dangerous to the population than subsequent hits to
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other cells in that population„implying that LNT
would underestimate risks at very low doses.

Even for comparatively simple in vitro endpoints,
such as DNA double strand breaks, often implicitly
considered by Tubiana and colleagues [2] to be mecha-
nistic surrogates for carcinogenesis, we know little about
inter-cellular interactions after very low doses of radia-
tion, so it is not surprising that we know little about the
quantitative signi“cance of such interactions for low-
dose radiation carcinogenesis in vivo.

Significance of immune surveillance

The French Academy report speculated that, at very
small doses, immune surveillance or some other mecha-
nism would eliminate, with 100% e�ciency, all of the
small number of pre-malignantly damaged cells: ••at a
dose of a few mSv [mGy], lesions are eliminated by dis-
appearance or senescence of the cells•• [2]. Such a mech-
anism would indeed lead to a threshold in dose, below
which radiation-induced cancer risks are zero. However,
the notion that small numbers of radiation-induced pre-
malignant cells can always be highly e�ciently ••mopped
up•• seems unlikely for several reasons: “rstly, it is well
established that we always carry a signi“cant burden of
pre-malignant cells which have therefore not been elim-
inated through immune surveillance or any other mech-
anism [12]; secondly, what quantitative evidence there is
about the dose-dependence of immune surveillance sug-
gests that it is often much less e�ective when the number
of relevant cells is small: this is the well-documented
phenomenon of ••dilution escape•• [13] or ••sneaking
through•• [14], in which small numbers of tumor cells are
not recognized and can ••sneak through•• immune sur-
veillance, while somewhat larger numbers of tumor cells
are recognized and are rejected, whereas large numbers
of tumor cells can break through immune elimination.
Thirdly, a mechanism which is completely e�ective in
removing small numbers of pre-malignant cells would
seem to imply that, regardless of radiation exposure, no
clonal cancers could ever arise, because pre-malignant
clones would always be eliminated when they are still
very small in number„in clear contrast to the over-
whelming evidence that most cancers are clonal in origin.

Conclusions

The critiques presented by Tubiana and colleagues [1, 2]
to the microdosimetric arguments which support LNT
do not seem to be valid. It is, however, certainly true
that if inter-cellular interactions among radiation-dam-
aged cells dominate carcinogenesis, rather than being
small perturbations of the carcinogenesis process, one
would expect deviations from LNT. But it would still
remain to be determined whether LNT was underesti-
mating or overestimating cancer risks at very low doses,
and whether such deviations from linearity were small or

large. There is no convincing evidence to support the
suggestion that immune surveillance will di�erentially
decrease cancer risks at very low doses, and there is some
evidence to the contrary [13, 14].

As we start to learn more about the main mechanisms
of inter-cellular communication during carcinogenesis, it
will be possible to incorporate this information into
quantitative cancer risk models [15]. However, the data
summarized in the French Academy report [2], and also
in the corresponding US National Academy report [16],
both suggest that we currently know little of the mag-
nitude inter-cellular communication e�ects on radiation
carcinogenesis in vivo, whether these e�ects have similar
consequences for di�erent cancer types, or even whether
these e�ects would increase or decrease very low-dose
cancer risks compared with the predictions of LNT. In
this light it seems premature to use arguments about
inter-cellular interactions to justify replacing linearity in
cancer risk at very low doses with any non-linear dose…
response relationship.
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