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Our focus is on whether, using a balance-of-evidence approach, it is possible to say tnat at a low
enough dose, or at a sufficiently low dose rate, radiation risk reduces to zero in a population. We
conclude that insufficient evidence exists at present to support such a conclusion. In part this
reflects statistical limitations at low doses, and in part (although mechanisms unquestionably exist
to protect us against much of the damage induced by ionizing radiation) the biological
heterogeneity of human populations, which means these mechanisms do not act in all members of
the population at all times. If it is going to be possible to demonstrate that low doses are less
dangerous than we presently assume, the evidence, paradoxically, will likely come from studies of
higher dose and dose rate scenarios than are encountered occupationally.

1. BACKGROUND

A linear relationship, without threshold, is applied for radiation protection purposes [1]. Many
people believe this "LNT" model to be appropriate for relating the long-term possibility of health
risks from ionizing radiation to dose. Evidence exists for such a relationship over a wide range of
doses and dose-rates for many organisms for various endpoints, and over more limited ranges for
humans. How likely is there to be a threshold in this relationship? We can ask, is there sufficient
evidence to assert that risk effectively truncates to zero below some value of dose or dose rate?

This paper examines some of the epidemiological evidence that is often taken as bearing on this
question and also looks at the implications on this question of the current understanding of genetic
variability of radiosensitivity in populations.

2. EPIDEMIOLOGICAL STUDIES OF LOW LEVEL RADIATION ("LLR")

There is no study of persons exposed to low dose and/or low dose-rates ("LLR") which is able to
prove that the overall radiation risks for all individuals are less than the nominal risk coefficient
imply. Despite claims to the contrary, most low dose studies are not "proof of no effect" but rather
"no proof of effect". It is misleading to suggest that a coherent body of data suggests otherwise.

The results from comparisons of cancer incidence in inhabitants of high compared to control 'low'
natural radiation background areas are a case in point This sort of comparison has been
performed for groups in the UK, USA, China, Sweden, France and Japan. The conclusion is that
"None, including the largest, that in China (for details about the study in China, see reference [2],
Table 41), has produced statistically significant associations" [3]. While within studies slight
differences in site-specific cancer mortality rates do exist between the high- and low- radiation-
background areas, overall the differences are not significant statistically, and hence no results to
date provide clear evidence for either the presence or absence of detriment due to LLR.

The second case in point relates to using SMR's for cancer in occupationally exposed persons to
bolster a claim that they show less risk from cancer as a result of their occupation. Such a claim
seems unsustainable. Results from studying groups of nuclear industry workers tend to be
somewhat equivocal. A standardized mortality ratio of <1 for a worker population ([3], Table 33),
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by itself, proves nothing other than that the risk is not huge. In the table quoted, for twelve
cohorts of nuclear energy workers the arithmetic and geometric means of the SMR's for deaths due
to "all causes" are 0.84 and 0.83; for "all malignant neoplasms" the values are 0.89 and 0.88. In
studies where risk has been assessed as a function of dose categories, a wide range of risk values
exists ([3], Table 34). The majority have confidence intervals so wide that they prove or disprove
very little. Not only can they not reject the ICRP coefficient, they are consistent (at their upper
confidence limit) with a nominal probability coefficient which is much higher than ICRP's; at the
lower confidence limit, some studies are consistent with the possibility of their being no radiation
risk at all.

There is a statistically significant decreased SMR for "all causes of death" in nuclear shipyard
workers compared to non-nuclear shipyard workers [2,4], but this resulted primarily front non-
nuclear workers having a higher incidence of deaths from disease other than cancer. Both groups
had lower death rates than the general US population for leukemia, and for lymphatic and
haemopoietic cancers. (This "healthy worker effect" [HWE] certainly makes it more difficult to
interpret SMR's, which is partly why many studies do an internal analysis, where they look for a
trend in risk with increasing dose—i.e., the lesser-exposed persons serve as controls.) In feet, this
naval shipyard worker group has SMR= 0.99 for "all malignant neoplasms" ([3], Table 33), a
value sufficiently far above the "all causes" SMR of 0.76 that a case could credibly be argued that
the HWE could be masking occupationally-related cancer in the naval shipyard nuclear workers.

The issue for radiation protection therefore becomes whether there exists any consonant set of data
that suggests that the two-fold lower (that is, by the DDREF factor) coefficient for LLR
demonstrably over-estimates risk. Even consolidated studies organized for die purpose of
garnering increased statistical power are ijnable to demonstrate this. For example, the International
Agency for Research on Cancer (IARC) study of cancer mortality rates among nuclear industry
workers in the UK, USA and Canada [5] was a high-visibility attempt to address this question in
occupationally exposed persons. This study involved data on 95,673 workers (85% males)
employed for six months or more and who had been monitored for external exposure to ionizing
radiation. The excess relative risk for leukemia (excluding chronic lymphocytic leukemia) was
2.18 per Sv, with 90% confidence intervals (CI) of 0.1 and 5.7. This is the only statistically
significant result. When the A-bomb survivor cohort was analyzed in a strictly comparable way,
the resultant value of ERR/Sv was 3.67 (90% CI: 2.0, 6.5), thus implying an effective DDREF
value of 1.7 for leukemias. The apparent congruity with the DDREF value led to the assertion that
"These estimates are the most comprehensive and direct estimates of cancer risk associated with
low dose protracted exposures obtained to date", and "Overall, the results of this study do not
suggest that the current radiation risk estimates for cancer at low levels of exposure are
appreciably in error". Yet the leukemia conclusion rested on a total of only 119 fatal cases, and
what gave statistical significance was the 6 cases (compared to 2.3 expected) in the highest dose
category (> 400 mSv).

For "all cancers excluding leukemia", the ERR in the IARC study was -0.07 per Sv (90% CI: -0.4,
0.3). Unfortunately, while providing no proof that there was an increased risk of solid cancers, the
result also lacked sufficient statistical power to prove that the risk for solid cancers was in any whit
lower than the estimate from the A-bomb survivor data (an ERR/Sv of 0.24, calculated in a
corresponding manner); worse, the IARC result was unable even to exclude that the true risk might
be even higher.

Data certainly do exist from which one could credibly argue that risk may be appreciably lower in
particular situations for certain individual sites of cancer: for example, the risk of lung cancer in
tuberculosis patients given highly fractionated exposures from fluoroscopic examinations [6] is
clearly inconsistent with the ICRP-recommended coefficient. This is a statistically powerful result:
radiogenic lung cancer risk is at a minimum (i.e., the upper 95% confidence interval) five-fold less

684



than the ICRP nominal probability coefficient, even though the total doses were quite high and the
individual dose fractions quite large compared to the typical occupational situation. But this is only
for one target organ. In die same series breast cancer risk showed a linear dose-response [7]. So
we can't assert that all solid cancer risk diminishes to zero with fractionation.

In evaluating the risk that may attach to occupational exposure, we need not look as low in dose as
we have, since radiobiological studies indicate that the dose rate range where decrease of dose rate
makes most of its impact is still well above dose rates encountered occupationally. We suggest
that it may well be time to stop looking "under the streetlight" at persons exposed to the same sort
of low levels whose risk we want to assess, and look to higher dose scenarios with greater
statistical power.

3. RADIATION- AND CANCER-SENSITIVE PERSONS

A large number of genes are known which are associated with propensity to cancer. The
proportion of the 'natural' incidence of human cancer which is due to the aggregate of such genes
is Ukely large. It is highly likely that both 'natural' and radiogenic cancer risk is distributed
unequally; the estimates based on whole populations yield hypothetical average risks for a
"population-average" person who may not exist in reality. What we wish to discuss here is how
this information affects the debate about whether the LNT hypothesis is apt or not.

Cells in tissues of people who have one or more of these genes may already be some steps along the
multistep path to cancer, reflected in such people having a higher risk per unit radiation dose than
the nominal ICRP probability coefficients imply, and no practical threshold that might otherwise
arise because of the slow progress through initial steps. The gene-screening approaches
empowered by the Human Genome Project will furnish ability to ascertain this. The shortened
chain of radiocarcinogenesis means fewer rate-limiting steps are interposed between the damage
event and the appearance of the cancer outcome; cancer appears earlier [8]. A simple monotonic
relationship may be more Ukely for radiogenic cancer in susceptible persons.

The difficulty is that we have probably underestimated the size of the subset(s), because of an
emphasis on high penetrance cancer-susceptibility disorders where the gene-related condition is
"necessary and sufficient" for cancer to appear. There may be many more disorders of lower
penetrance which are "necessary but not sufficient" and require an environmental exposure for
cancer to be elicited (see, e.g., [9]). This class may have a large impact on radiation risk, and we
are only now developing the tools mat will allow us to obtain an answer.

We conclude therefore that even if the overall risk might decrease to zero in some persons at low
doses and/or low dose-rates, this is unlikely to be the case for all persons. That is, there Ukely will
always be some individuals at enhanced risk, however low the dose. (A caveat is that if there are
many such genes, and if many persons possess at least one, such pervasiveness could lead to
another form of spreading out of risk.)

4. CONCLUSION

We conclude that even if risk might decrease to zero in some persons (or even in a majority of
persons) at low doses and/or dose rates, it is unlikely to be the case for all persons, and it may well
not be the case for the subset of persons who may give rise to most cancers—whether natural or
radiogenic. That is, there likely will always be some individuals at enhanced risk, however low the
dose.

The "problems with LNT theory" relate to what are seen as excessive costs for protection against
radiation versus other risks to human health. The issue as we see it is that the attention given to
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low doses of radiation is excessively high even if the LNT-based risk coefficients were to be totally
correct This is the issue we have to continue to address and rectify. Part of this will be to narrow
the band within which estimates of any risk at low dose and low dose rates must lie. Untenable
generalizations will not help.
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