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INTRODUCTION

In the last few years the data for cancer mortality among the atomic bomb survivors have

been updated to 19S5 and analyzed by Shimizu et ah, (1,2). These data are the basis of the new risk

estimates by UNSCEAR (3), NAS/NRC BEIR V (4) and ICRP (5). The question is whether the

estimates of risk at low doses and dose rates, which are the concern in radiation protection, have

been improved. UNSCEAR (3) considered a linear fit to the data for solid cancers to be the best

and therefore there was no reduction in effect per unit dose at low doses. In the case of leukemia,

the use of the linear-quadratic model implied a reduction of effect at low doses of about two. No

estimates of risk were made for low dose rates, but it was suggested that a reduction of between 2

and 10 might be applied to the risks estimated for exposure at a high dose rate. The BEIR V

committee (4) did report risk estimates for a single exposure of 0*1 Sv and for protracted equivalent

doses of 0*01 Sv/y and 1 mSv/y. The dose-response relationships that BEIR V (4) used for leukemia

and solid cancers were the same as those used by UNSCEAR (3), but the risk projection model

differed. Instead of the constant relative risk used by UNSCEAR (3), BEIR V (4) took into account

the decrease in the rate of increase of excess risk that occurs with some tumors. The risk estimates

for a low dose and a protracted exposure by BEIR V (4) are shown in Table I. Considering no dosc-

rate-effectiveness factor was applied to solid cancers, it is probable that the risks for the exposure

protracted over the working lifetime is an overestimate, but by how much is the unresolved question.

ICRP (5) did use a dose-rate-effectiveness factor and reduced the risk estimate for excess cancer

mortality based on the data for the acute high dose-rate exposures by a factor of 2.
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Table I

Excess Cancer Mortality1:
percent of expected rate

(BEIR V 1990)

Exposure Female Male

Single to 0«lSv 5 3.7

Continuous to 0*1 Sv 17 14
(ages 18-65)

* Based on the sum of the estimates of the risk for leukemia using a linear-quadratic model, and
respiratory, breast, gastro intestinal tract and other cancers using a linear dose-response

What can be learned from other irradiated populitions?

The largest populations exposed to chronic low doses of ionizing radiation that have been

studied are the radiation workers in the United States (6), the U.S. naval shipyard workers (7) and

the radiation workers in the United Kingdom (8). Despite the relatively large size of these

populations, about 36,000 in the study of the combined mortality data of U.S. workers, over 70,000

of shipyard workers and over 95,000 in the U.K. study, the confidence limits of any of the estimates

are broad enough to lead to mischief in interpretation. Large as these populations may be they are

not large enough to give unequivocal quantitative estimates of the effects of low doses.

As Land (9) noted, the sizes of the populations required to demonstrate significant excess

cancer mortality as a result of exposure to low doses of relatively weak carcinogens such as radiation

are tremendously large. There are many problems with the study of worker populations apart from

identifying a sufficiently large population. Most important is the problem of establishing a causal

relationship between excess cancers and exposure to radiation, especially as there is some probability

of exposure to other carcinogenic agents in both the workplace and elsewhere. Furthermore the
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exposures, at least for some of the workers, are both external and internal complicating the

unraveling of the dose-response relationships. Another perceived problem is the estimation of the

dose incurred by the worker that is considered relevant to the assumed induction of the cancer being

studied. In an attempt to estimate the relevant dose, the practice of so-called lagging has been

introduced. The aim of this is to exclude the dose received after the cancer was induced. To do this

with any accuracy requires a knowledge of the periods between exposure and the development of a

cancer to the point that it will proceed to grow to be clinically detectable. The knowledge about

latent periods, let alone the time from exposure to induction, is woefully inadequate.

The ideal situation would be to be able to identify a specific agent as the cause of the specific

tumor. The possibility of ever being able to do this is discussed later.

Neither the atomic bomb survivors nor the worker populations have been studied for their

complete lifetimes and therefore lifetime risk estimates for excess cancer mortality are based on risk

projection models. The 90% confidence limits for estimates of the lifetime risk for U.K. workers

range from <0 to 26%/Sv (8) and for the U.S. worker <0 to 8.3%/Sv (6). These estimates may be

compared with the ICRPs estimate of lifetime excess mortality for a worker population of 4%/Sv (5).

In the study of the shipyard workers which were divided into working lifetime equivalent dose groups

of 2 5 mSv and < 5 mSv, a significant deficit in "all causes" of death and no increase in leukemia

were noted (7).

Clearly the problem of the small number of cancers, the difficulty in the correct attribution

of radiation dose and the exclusion of the excess cases of cancer caused by other agents, make the

narrowing of the range of the confidence limits a formidable task. While the worker studies, which

are important for various reasons, can fulfill the limited aims set for them, they are unlikely to give

precise answers about the effects of dose rate or low doses.
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Are there any other sources of information which, flight piidc m to predict the effect! of lowering

dote rate or the effects of multiple small fraction* of radiation?

The patients with tuberculosis examined frequently by fluoroscopy as part of their treatment

by pneumothorax provide an opportunity to investigate the effects of fractionation and that

opportunity has not been missed (10-12). These studies cannot indicate directly the effect of dose

rate as the exposures were at a high dose rate. However, if the dose-response relationship for the

induction of tumors in the tissues at risk with fluoroscopy is linear quadratic, then it can be inferred

that at some low level of dose and size of dose per fraction the carcinogenic effect per unit dose

becomes the same. Theoretically, the effect per unit dose will also be the same with low dose-rate

exposures. The fact that the data from the Massachusetts study (10,11) suggest not only a linear dose

response, but a risk comparable to that found with single exposures (13) has been interpreted to

mean that there is no fractionation or dose-rate effect for the induction of breast cancer by radiation.

Experimental studies indicate that the dose and the size of the dose per fraction at which the

effect becomes equivalent varies markedly between tissues (14). The two tissues of interest in the

fluoroscopy patients are breast and lung. The experimental studies suggest that in the case of breast

cancer, the size of the dose fraction would have to be below 20 mGy to detect the full impact of

decreasing the size of the dose per fraction, whereas, in lung a dose per fraction of less than 0*2 Gy

would show an effect of fractionation. The impact of the size of the dose per fraction, at doses per

fraction, between 1 and 5 cGy on the experimental induction of breast cancer in mice is shown in

Table 2. The evidence is clear that the size of the dose per fraction is the determining factor of

whether an effect of fractionation will be seen. Just because an effect of fractionation on the

induction of breast cancer has not been found even with the small doses per fraction in the

fluoroscopy studies does not imply that a fractionation effect will not be found at even smaller doses

per fraction. The importance of the dose per fraction in relation to the risk of breast cancer in the



populations examined by fluoroscopy is discussed in full by E W. Webster in his Taylor lecture

presented at this meeting.

In both the Massachusetts (IS) and the Canadian study (Howe personal communication 1992),

no excess of lung cancer was found. The comparison between the effect of single doses and

fractionated doses on the induction of lung cancer is shown in Table 3. The data suggest a marked

reduction in the carcinogenic effect by fractionation.

Table 2

Effect of Dose per Fraction:

Daily y-Ray Exposures of

BALB/c Mice (Ullrich ct at., 1987)

Dose per fraction
(Gy)

Incidence of Mammary Cancer

0*01

0.05

Population

Atomic bomb
Survivors

Canadian study

7*5

17*0

Table 3
Radiation Induced Lung Cancer

External Irradiation

Exposure Excess RR at lGy
(95% CI)

Single 0*63
high-dose rate (0*35 - 0*97)

Multiple Fractions -0*04
low dose/fraction (-0*01 - 0*04)

Source

Shimizu
(2)

Howe
Personal

Communications
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The data of Davis ct al (IS) also indicated that with multiple fluoroscopic exposures there was

no increased risk of lung cancer even with high total doses. When TB patients that had lung surgery

were excluded, the standardized mortality ratio was 0*8 and the 95% Cl, 0*6 -1 • 1, These data for

lung cancer have not been taken into account by any of the committees that have reported recently

on risk estimates. It would be of interest to analyze these populations for risk of skin, and of thyroid

cancer. A study of a small number of TB patients, examined by repeated fluoroscopy detected no

thyroid cancers, but the number of persons was too small to establish useful risk estimates (16).

The results of the studies of the induction of thyroid cancer suggest that the dose-response

is linear and that five daily low-dose fractions are not less effective than single doses (17). (Also see

Shore (18) for a review of radiation-induced thyroid cancer.) The question is whether or not a

reduction in dose rate reduces the risk of induction of thyroid cancer by radiation.

Apart from a small number of patients with leukemia, external low-dosc-rate irradiation has

not been used therapeutically. However, there are some populations in which the thyroid has been

exposed to I3>I or other shortlived radioactive iodines. The effects of protracted irradiation and single

acute exposures of the thyroid is shown in Table 4 and a comparison of the effects of a single acute

exposure and protracted irradiation of the thyroid is shown in Table 5.

Table 4

Estimated Risk of Thyroid Cancer

Shore (1992)

Study

Marshall Islanders

Diagnostic I31I

Diagnostic l31I

Average

Excess RR/Gy

0*3

0»5

3*1

1*3

Source

Robbins and Adams (19)

Holm et al., (20,21)

Hamilton et al., (22)



Table 5

Thyroid Cancer Risk

Comparison of Acute and Protracted Exposure

Exposure Excess RR/Gy Source

Acute 8*0 Shimizuctal(2)
(atomic bomb survivors)

Protracted 1*3 Shore (18)

While the data suggest a significant reduction in the carcinogenic effect on the thyroid when

the irradiation is at a low dose rate, it is difficult to obtain adequate data that are not confounded

by factors such as age, sex, and dose distribution. Much more needs to be known about the effects

of dose rate and fractionation.

What other approaches to the question of risk at low dotes could be tried?

The dogma is that it is impossible to distinguish cancers that occur "naturally", or as the result

of exposure to a chemical carcinogen or ones caused by radiation. All dogmas deserve frequent

examination and this one is no exception. The question is whether specific causative agents of

specific cancers can be identified.

There are a few cancers that immediately raise suspicion about the cause; consider the case

of carcinoma of the mastoid. I am unaware of any report of this type of tumor in persons other than

the radium dial painters. Mesotheliomas raise the level of the physician's attention to check exposure

to asbestos and to check in cases of angiosareoma of the liver exposure to vinyl chloride. The

historical type of a cancer in an organ associated with radiation exposure may be relatively

characteristic, for example, papillary carcinoma predominates in cases of thyroid cancer in irradiated
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populations. Land ct al (23) have re-examined the evidence that specific types of lung cancer arc

associated with specific carcinogens, for example, small cell cancers with exposures to radon (24) and

squamous cell carcinomas with smoking (25). Land et al (23) concluded that radiation-induced lung

cancers are more likely to be small cell carcinomas and less likely to be adeno carcinomas.

These examples illustrate the fact that there are higher probabilities of certain histologicai

types of cancer associated with exposure to radiation. However, the probability of a causal

relationship would have to be one, or very close to one, if the histologicai type of a cancer at a

specific site was to be used to establish that the cause of a specific tumor was radiation. Arc there

alternative approaches?

It doc.s appear to be the time to turn the question of the carcinogenic effect of low doses of

radiation around. Instead of trying to strain for statistical power in studies of large populations, why

not attempt to establish whether a specific cancer that may be associated with the exposure to

radiation was or was not caused by radiation. Instead of a statistical determination of probability of

causation aim at finding methods of establishing with certainty whether or not radiation caused the

cancer in question. The hope of doing this has increased substantially in the last couple of years with

the ability to identify specific changes in genes. Now the problem is to identity sufficient mutations

that are specific to radiation and arc related to the induction of cancer. Some examples will illustrate

the possibilities. Mutations in the p53 tumor suppressor gene have been found in various types of

human cancers (26). Analysis of the mutations have shown that changes in the codons of the p53

gene differ, depending on the cancer site. For example, G:C to T:A transversions are seen in cancers

of the liver and lung, whereas, mirations at A:T base pairs are common in several other types of solid

cancers. If, as it seems likely, these differences are associated with the mechanism of the induction

of the specific tumors, it is possible that the differences are related to the causative agent. Again,

a couple of examples will illustrate the possibilities. Brash et al (27) have identified CC-TT double-
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base changes in p53 in squamous cell carcinomas assumed to have been caused by sunlight. The

assumption appears justified because ultraviolet radiation (UVR) is the only known cause of such a

base change. Hsu et al (28) have identified a mutation "hot spot" in the p53 gene in human liver

carcinomas found in a Chinese population. Both aflatoxin B1 and hepatitis B viruses are considered

the likely etiotogical agents. The position of the mutations in many of the cancers appear specific for

aflatoxin B,. A similar suggestion of a selective mutation, but in different codons of p53, has been

reported for alkylating N-nitroso compounds (29). Mutations of pS3 and ras genes have been

examined in lung cancers from uranium miners and clusters of mutations that are considered hot spots

have been found in codons 141-161 and 195-208 that may indicate damage specinc to the high-LET

radiation from radon daughters (30). Pclliccr and his co-workers have reported that the spectrum

of mutations in the ras gene is different in lymphomas induced by neutrons from those induced by

gamma rays (31).

These examples do not guarantee that radiation can be identified as the causative agent in

any specific cancer, but they certainly are promising indications of the possibility. It is not beyond

the bounds of imagination to believe that what might be called a profile of s» specific tumor could be

developed. Such a profile would be based on the changes identified in a number of relevant genes,

chromosome aberrations, and other markers. The reliability of the association of the profile

identified with radiation as the cause could then be tested.

If the preparation of such profiles becomes possible, then the question of establishing whether

low levels of radiation cause cancers, and with what probability, could be answered with much greater

confidence than currently. A start might be made in answering the question about the role of UVR

in the induction of skin cancer in patients exposed to ionizing radiation (32). The identification of

the mutations in p53 at dipyrimidines sites in skin tumors of the face or neck of tinea capitis patients

treated with X rays would be unequivocal evidence of the role of UVR in the genesis of the tumors.
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CONCLUSION

The age of molecular radiation epidemiology may be at hand. The techniques are available

to establish with the degree of precision required to determine whether agent-specific mutations can

be identified consistently. A concerted effort to examine radiation-induced changes in as many

relevant genes as possible appears to be justified. Cancers in those exposed to low doses of ionizing

radiation should be chosen for the investigation. Parallel studies of radiation-induced cancers in

experimental animals would not only complement the human studies, but perhaps reveal approaches

to extrapolation of risk estimates across species. A caveat should be added to this optimistic view of

what molecular studies might contribute to the knotty problem of risk estimates at low doses.« The

suggestions are made by one with no expertise in the field of molecular biology.
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