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It is obvious that in considering radiation exposure after a nuclear

attack or a reactor accident the major concern must be the problems of the

acute injuries and their solution. However, the fact that a large number

of persons may be exposed to sublethal doses raises the question of

accurate cancer risks. The aphorism that all science is measurement but

not all measurement is science might well be applied to the estimate of

risk of cancer as a result of exposure to radiation. This presentation

will concentrate on how various factors may influence the risk estimates

and will not attempt to quantitate the impact of a specific nuclear event

on a model population. Furthermore, most of the discussion will be related

to exposures to external low linear energy transfer (LET) radiation. There

is a multiplicity of factors that influence the estimate of risk for

radiation-induced cancer (Table 1). Amongst the physical factors the total

dose and the dose rate of low-LET radiation are the most pertinent to this

discussion. In the case of the biological factors both the age and sex

distribution of the irradiated population have a marked influence on the

risk of cancer and on the impact of the induced cancers on the population.

Dose-response relationships

If risk estimates are to be made we must either have information about

appropriate dose-response curves or have an acceptable model for such

responses. A hypothetical dose-response curve and the linear

interpolations for data obtained at the higher radiation dose levels is

shown for low-LET radiation in Figure 1. A so-called linear quadratic

model with an added term to take into account the effect of cell killing is

used to describe the low-LET radiation response (sec insert on Fig. 2).



Either a linear or power function model is used to describe the response to

fission neutrons. These models are based largely on information about

cells and biophysical factors but cancer is a complex disease of tissues.

The incidence of cancer after exposure to radiation depends not only on the

cellular changes but on the factors, such as hormones, that influence the

expression of those changes. The model of Marshall and Groer for bone

cancer is the only recent model that takes into account the multifaceted

nature of radiation-induced cancer (1).

Although discussion about dose-response curves for radiation-induced

cancer generates a great deal of heat little attention is paid to the fact

that the mechanism of carcinogenesis is different in various organs and

tissues, and therefore, there is no single dose-response curve. The risk

for a particular cancer may be estimated very poorly if the basis of the

estimate is a model that is inappropriate for the mechanism involved. For

radiation protection standards the selection of a single conservative model

such as the linear no-threshold model without any allowance for dose rate

has served well. However, for the needs related to an accident or nuclear

attack the estimates should be more precise. Tn order to plan for both

protection and treatment it is necessary to have realistic estimates of

risk to persons exposed to a range of doses including relatively high

levels of single doses and appreciably higher total doses of low dose-rate

exposures.

Figure 2 illustrates the importance of selecting the correct model.

The example is taken from Charles Land's examination of fitting data for

leukemia in atomic bomb survivors (2). It can be seen that the estimates

of risk of leukemia after exposure to one rad vary by a factor of about 80



depending on the model that is used. This difference in estimates is no

trivial matter when the effects of exposure of large populations to

radiation are considered. Lt can be seen that because of the paucity of

data the estimates of the error are so large that it is impossible to

determine which of the two models is more correct.

As yet the data for solid cancers in the atomic boiab survivors are

also insufficient for determining the form of the dose-response curves (3).

It can be seen that the data below 100 rads (T65) for survivors at

Nagasaki, who were exposed only to low-LET radiation, do not indicate

directly, an appreciable excess risk (Fig. 3). The newer estimates of the

doses of high- and low-LET radiation at Nagasaki and Hiroshima do not alter

appreciably the risk estimates (4).

If appropriate, models can be selected then extrapolation from data

obtained for the higher doses can be used to calculate the risks of

exposure to a wide range of doses. Obviously the accuracy of such

extrapolation depends also on the adequacy of the data for high doses.

The number of atomic bomb survivors exposed to doses of over 100 rads is

relatively low (Table 2). Data obtained for some tumors, for example

thyroid and breast cancer that resulted from relatively high total doses of

partial body exposures, supplement the information from atomic boiab

survivors. Although the risk estimates have imprecision that stems from

incomplete data and a lack of certainty about appropriate models and

methods of analysis it is possible to predict the outcome of irradiation

better than for exposure to other agents and most other events (Tables 3

and 4).



Dose-rate effects

After the initial exposures immediately following a nuclear attack

even the external radiation may be protracted over an appreciable time and

at a low dose rate. Therefore, it is of considerable importance to

understand the effect of dose rate on cancer induction. The data for

dose-rate effects in humans are Incomplete. Two populations that have been

exposed to multiple fractions of small doses, namely, female tuberculosis

patients who underwent many fluoroscopic examinations (5) and radiologists

have been studied (6). On theoretical grounds the effects of multiple

fractions of very low doses (less than about 10 rads) should be similar to

those caused by the same total dose incurred from continuous exposure at a

very lov; dose rate (less than about 10 rads/day). In other words, the

manner in which doses are incurred in the dose-range represented by the

linear cotaponent of the linear-quadratic dose-response curve is irrelevant

since such doses are dose-rate independent and only total dose-dependent

(see Figs. 1 and 2). While a systematic examination of this aspect of the

linear-quadratic model has not been carried out experimentally there is

some supporting evidence. In the case of X-radiation-induced breast cancer

in TB patients the data has been interpreted to indicate a linear dose

response which in turn would suggest that the effects of lowering the dose

rate would be small or absent. However, the. definition of the

dose-response curves for radiation-induced breast cancer in humans is so

poor no conclusions can be made about the true shape of the dose-response

curve (Fig. 4). The experimental data shown in Fig. 5 illustrate the

necessity of data for the effects at very low doses for the determination

of the shape of the dose-response curves. It can be seen that the initial



slope cannot be defined unless data is obtained below 10—25 rads in the

case of low-LET radiation and 5 rads for fission neutrons.

The current knowledge about dose-rate effects has been reviewed

recently (7). The results of experiments carried out on nice (8, 9, 10)

are the only source of data that provide a reasonably understanding of the

complexity of dose-rate effects. In Fig. 6 a comparison is shown of the

dose responses after exposure to high dose-rate y radiation (> 40 rad/min)

with the responses to exposures to low dose-rate Y radiation (<9 rad/day)

for a number of tumors. The solid lines delineate the range of slopes

obtained from linear fits to the data for the responses of all of the

selected tumors after high dose-rate irradiation. Similar fits of the data

for responses of the same tumor types after low dose-rate irradiation are

indicated individually. It can be seen that the effect of lowering the

dose rate is different for each tumor type but the response is reduced in

every case. It is reasonable to suggest that the effects of low dose-rate

irradiation in humans will be equally variable for various types of tumors.

The effects of protraction of the exposure to radiation over a considerable

fraction of the life span are due, in part, to the low dose rate but also

to the changes in age-dependent susceptibility. Doses incurred after

50 years of age must become increasi7igly less effective if latent periods

are more than 10—15 years. Estimates of the effect of. protraction over

different segments of the life span are shown in Tables 3 and 5. In

Table 5 it can be seen that the excess deaths becomes less the later in

life that the exposure to radiation starts. Therefore, the age

distribution of the population is an important aspect when risk estimates

and planning for radiation protection and treatment are considered. The



age distribution of the U.S. population is shown in Table 6. The

percentage of the population in the over 40 years of age will increase as

the mean life span increases. This change in age distribution is

particularly important in women and it will have an impact on the excess

risk of radiation-induced breast cancer. The influence of age at the time

of exposure can be seen in the comparison of the estimates of risk after

exposure to a high single dose shown in Table 7. The age at exposure also

influences the risk for tumors such as leukemia (3). It is of considerable

importance to know whether radiation advances the time of appearance of

tunors or results in an increased incidence over the period of the life

span that the specific tumor would occur naturally. In the case of tumors

with a high mortality rate the impact on loss of life span will be greater

if the time of appearance is advanced by irradiation. In the case of lung

and breast cancer the data for atomic bomb survivors suggest that the

radiation-induced cases occur about the same time as the naturally

occurring cancers and the time of appearance is not dependent on the age at

exposure (12).

Methods of Analysis

The appropriate analysis of data for radiation-induced cancer is not

an easy matter since we are ignorant about many aspects of the mechanisms

of carcinogenesis. Competing risks (13) time distribution of excess

cancers, and the independence of different types of cancers and cancer and

other diseases are just some of the factors that must be taken into account

in order to obtain precise risk estimates.

Because new cases of solid cancers are still appearing in the atomic

bomb survivors the risk estimates for all solid cancers must be made on



projection models or by assuming some ratio of solid cancers to leukeniias.

The two models that are currently used in the risk analysis for radiation-

induced cancer are the relative risk and the absolute risk models. The

relative risk model assumes that the radiation-induced incidence is

dependent on the natural incidence whereas the absolute risk model assumes

that the excess cases of cancer induced by radiation are independent of

the natural incidence. We do not know the ratio of leukemia to solid

cancers but it is very unlikely that such a ratio is independent of either,

dose or LET. Nor is it yet known which of the risk models is appropriate.

In the case of the radiation-induced cancers that increase in incidence

at the time that the natural incidence increases the relative risk model

would be the method of choice.

Genetic Hazards

The genetic aspects of radiation were for some years the primary

concern of those responsible for radiation protection. With increasing

information about the atomic bomb survivors and their progeny it has become

clear the genetic hazards are not greater than the risks estimated from the

work of the Russell's (14) and others from the data obtained from mice

(15). Estimates of the doubling dose for genetic effects in humans are

shown in Table 8. It is clear that reduction in dose rate reduces the risk

considerably.

CONCLUSION

In this review I have outlined many of the problems of risk estimates

but it should be clear that our understanding of the factors that influence



the risk estimates of radiation hazards is increasing and relatively

precise estimates that are suitable for emergency planning are possible.

Estimates that are based on a number of assumptions have been used to

predict the efficacy of protection strategies in reducing cancer deaths

after a nuclear explosion (17).
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Table 1

Factors That Influence the Risk Estimates of Radiation-Induced Cancer

Physical Biological Analytical

Radiation Quality Age Choice of:

Dose Sax (a) models for dose responses

Dose rate Genetic factors (b) projection models,

Fractlonation relative risk

Protraction absolute risk



Table 2

Hiroshima

T-65 Dose Rads No. of Persons

Nagasaki

T-65 Dose Rads *Jo. of Persons

300 +

200-299

100-199

825

606

1,652

300 +

200-299

100-199

566

693

1,174



15

Table 3

Lifetime Cancer Risk Estimates Per Million General Population

Exposed Per Rad

Source of Estimate Single Exposure Protracted Exposure

BE1R Committee 1980

Incidence 268-1031 254-946

Mortal i ty 70-353 68-293

UNSCEAR 1977

Mortali ty 100 100

BEIR Committee 1972

Mortali ty 117-621 115-563
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Table 4

Radiation-Induced Cancer Estimates of Risk of Incidence

Cancer Site

All Cancers

Breast

Bone

Liver

Leukeniias

Thyroid

Other Sites

Percent Increase over
Natural Incidence

Per Kern

0

0

0

0

0

3

0

.03-0.07

.3

.3-0.8

.5-0.7

.6-3.6

.3

.01-0.5
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TABLK 5

Estimated Excess Mortality All Causes/106 Protracted Exj sures

Radiation Excess Deaths

1 Rad/Yr lifetime 4,700 - 12,900 2.3 - 7.7%

1 Rad/Yr 20-65 3,300 - 5,700 1.9 - 3.3%

1 Rad/Yr 35-55 1,990 - 3,016 1.1 - 1.2%

1 Rad/Yr 50-65 991 - 1,100 0.58-0.64%

BEIR, 1980



TABLE 6

Age Dis t r ibut ion in Population 10 ̂  Persons/Sex

Age (Yr) Female Male

0-9

10-19

20-39

40-59

60+

175,000

138,000

257,000

224,000

156,000

191,000

205,000

259,000

220,000

125,000
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TABLE 7

Breast Cancer Excess Mortality 106 Women Exposed: 300 Kad

Age a t Exposure No. of Excess Cases

10-19 - 11,000

40+ - 7,000
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TABLE 8

Estimated Genetic Defects Relative Risk

Radiation Doubling Dose

High dose rat

Low dose rate

(Neel, et al. Ref, 16)

If omen

Men

I7omen

Men

125

46

1000

138

reai

rein

rem

rem
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FIGURE LEGENDS

Fig. 1. Schematic dose-response curve for tumor incidence after exposure

to low-LET radiation at high dose rate (/\r-£S) and low dose rate

Fig. 2. Dose response of leukemic incidence 1950-1971 in atomic bomb

survivors at Nagasaki. Curve A is a linear fit of the data and

Curve B has been fitted according to the linear-quadratic model

taking into account cell killing. See C. E. Land (2).

Fig. 3. Cancer incidence as a function of radiation dose in atomic bomb

survivors at Nagasaki (BEIR, 1980). Reprinted with permission.

Fig. 4. Incidence of breast cancer as a function of radiation dose from

4 studies reported by Boice (5). Reprinted by kind permission.

Fig. 5. Incidence of mammary tumors in BALB/c as a function of Y radiation

and fission neutron dose. Unpublished data supplied kindly by

R. Ullrich.

Fig. 6. Plots of the linear regressions of tumor incidence as a function

of dose. The solid lines indicate the range of slopes for all the

tumors after high dose-rate radiation and the dashed lines

represent the slopes for the data obtained for the individual

tumor after low dose-rate radiation (Ref. 11). With kind

permission of Tilsevier/North-Holland IJioraedical Press.
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