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ABSTRACT

It has been held for a long time that the young are more susceptible than adults to the induction

of cancer by radiation. The data in support of that contention are accumulating especially from human

studies. In an exposed population a significant fraction of the total population risk may be attributed to

the risk associated with those who were young at the time of exposure. Since cancer may not appear for

decades after exposure estimates of risk may require models for projecting the lifetime risk. Two such

models, additive or absolute risk and multiplicative or relative risk have been used. The appropriateness

of the latter model is supported by the finding in mice of a positive relationship between natural incidence

and the susceptibility for induction by radiation of solid cancers. The choice of model for leukemias is not

clear cut The incidence of cancer increases with age but the susceptibility for induction decreases. The

incidence of cancers increases to a peak and then begins :o decline at different ages dependent on the type

of cancer. Sex-dependent differences in both the natural incidence and the susceptibility for induction of

cancer are not restricted to sex organs. For example, the susceptibility for the induction by radiation for

myeloid leukemia is greater in males than females whereas in the case of thymic lymphoma it is vice versa.



INTRODUCTION

An understanding of the influence of genetic background, sex and age would go far in answering

the pertinent questions about cancer and its induction. These factors may influence not only the probability

of the initial events of cancer occurring or being induced, but also the expression of these events. It is of

some practical importance for »he selection of risk models to know how these factors influence susceptibility

for the induction of radiogenic cancers.

The genetic background is the major determinant of the type and incidence of cancer in

experimental mice. The differences in natural incidence between strains of mice make it possible to examine

the relationship of natural incidence of various cancers and susceptibility for induction by radiation. The

evidence suggests that there is a positive correlation between natural incidence and susceptibility. This

finding supports the use of a multiplicative model for radiation risk estimates. In specific strains there are

also sex-dependent differences in the natural incidences and susceptibility for induction of certain tumors

that are not associated with sex specific sites. Last, but certainly not least, is the influence of age. In adults

the cancer rate increases with age but in the case of at least some cancers the susceptibility for induction

decreases.

In this paper we discuss the evidence that natural incidence, age at exposure influence the

susceptibility for induction of cancer by radiation.

Relationship of Natural Incidence to Susceptibility

Two projection models have been used in radiation risk estimation. Until recently the additi- e or

absolute risk model has been the favored model but now it is the opinion of many that the multiplicative

or relative risk model is the proper choice. Muirhead and Darby (1987) have examined the adequacies of

the models and found that the data from the atomic bomb survivors were consistent with the relative risk

model. However, both models may be simplistic considering the complexity of the mechanisms of

carcinogenesis and when such variables as age, latency and dose-response relationships are considered. It

seems unlikely that either a constant absolute or a constant relative risk will be appropriate for lifetime risk



estimates and certainly not for all cancers.

The relationship of the natural incidence to susceptibility for the induction of cancer by radiation

is central to whether or not a relative risk model is consistent with the biology of cancer. In humans natural

incidence is itself a relative term. Humans are exposed to a gallimaufry of carcinogenic agents which perhaps

explains the lack of a consistent relationship of natural incidence and susceptibility for radiation induction.

The magnitude of the influence of dietary and other agents is illustrated by the range of incidences found

for specific cancer sites from different populations. For example, the incidence of cancer of the esophagus

varies by a factor of about 300 between the regions in the world with the highest and lowest incidences of

this cancer (Doll, 1972). It seems probable that such large differences are caused by exposure to some

environmental or dietary factor and not because of the difference in the natural incidences. In animal

facilities of high standard, experimental animaJs, particularly mice, can be protected from many of the dietary

factors and any major exposure to carcinogens. Under such conditions it is possible to determine the

influence of the genetic constitution on both natural incidence and susceptibility for radiogenic cancer.

While there are data for the comparative natural incidences of various types of cancer in different strains

and hybrid mice there are surprisingly few data concerning susceptibility for cancer induction that are

sufficiently precise to allow the relationship to natural incidence to be examined.

In order to establish the nature of the relationship between natural incidences of cancers and the

susceptibility for their induction by radiation it is necessary to study strains of mice with marked differences

in natural incidence and mortality rates from specific cancers. Differences between sexes in incidences of

specific types of cancer can also be used to examine this relationship. In Table 1, examples are shown of

the differences in cancer incidences in female mice of three inbred strains.

It has been reported that excess mortality in mice exposed to relatively low levels of radiation can

be accounted for by excess cancer (Walburg and Cosgrove, 1970 and Grahn et a!., 1972). This being the

case it is possible to examine not only the relationship of cancer mortality from specific cancers and the

susceptibility for radiation induction in various strains of mice, but also the relationship between radiation-

induced life shortening and life span of the unirradiaicd. In other words use life shortening as a surrogate



index for all cancers contributing to death.

It can be seen from Table 2 that there is a consistent inverse relationship between life span and

radiation-induced life shortening. In Figures 1 and 2 it can be seen from the slopes of the linear fits to the

data for mortality as a function of dose that the radiation-induced cancer rates for lung and breast are

greater in the strains with the higher natural incidence. No such clear cut relationship for thymic lymphoma

or myeloid leukemia was found when different strains were compared. However, the incidence of these two

leukemias was compared in RPM male and female mice and a similar relationship between susceptibility for

radiation induction and natural incidence appears to hold (Fig. 3). Both the natural incidence and the

radiation-induced incidence of myeloid leukemia are higher in males than females. Whereas, in females both

the incidence and the susceptibility for induction by radiation of thymic lymphoma is greater than in males.

In the study of the correlation of incidence in unirradiated mice and the susceptibility for cancer

induction by radiation it became clear that the ratios of the slopes of the dose responses of radiation-

induced cancer to the natural incidence are similar for specific solid cancers in different strains. This

approach is the basis of a recent examination of the possibility of extrapolating risk estimates across species

(Storer et al., 1988).

There is a message about the mechanism of carcinogenesis in the finding of a positive relationship

between natural incidence and susceptibility for induction of solid cancers but the meaning of the message

is not yet clear. But the finding raises the possibility that for any one type of cancer that a subpopulation

may be at higher risk than the general population.

Ape and Cancer

The age distribution of incidence of naturally occurring cancer differs with the type of cancer (Otake,

1979; NIH, 198S) and is dependent on sex, diet, life style, and exposure to environmental agents. Some

insight of these differences is being revealed in the case of childhood cancers, such as rctinoblasloma and

Wilm's tumor. In bilateral retinoblastoma one of the two mutations thought to be required is inherited

(Knudson, 1971). Acute lymphocyiic leukemia and bone and tcsticular cancer have characteristic age



distributions of occurrence that differ from the general pattern found with other cancers. The major

difference is that these three types of cancers occur at younger ages than other types of tumors, but each

with a distinctive age distribution. For example, acute lymphocytic cancer occurs very early in life. The

incidence of bone cancer increases up to about 15 years of age then declines until about 35-40 years of age

when it increases again and more markedly than the initial increase, especially in white males. A relatively

high incidence of testicular cancer is seen in white U.S. males between 15 and 40 years of age. The reasons

for these differences are not known and it seems likely the underlying reasons for the different age

distributions are different for each of these three cancers. The differences in the age distributions of the

occurrence of various cancers probably reflect differences in mechanisms.

The age distributions of mortality for cancers in unexposed populations are of importance in the

estimate of radiation risk, particularly when risk projection models have to be used. For example, the

lifetime risk will be overestimated with a relative risk projection model if it is assumed that there is a

remorseless rise in the incidence of a specific cancer throughout the total life span if, in fact, the cancer

mortality rate decreases after 65-70 years of age. The age distributions are influenced by different factors

such as smoking and diet. Since both smoking and dietary habits have changed and are changing, projection

of risks across time must allow for these trends or be increasingly inaccurate. The significant differences

in age distribution of mortality rates for specific cancers between populations, makes projection across

populations a risky task.

Age and Susceptibility for Radiation-Induced Cancer

What are the changes in susceptibility for induction of cancer by radiation with increasing age? The

general answer is that susceptibility for radiogenic cancer is greater in the young than in the old. The

atomic bomb survivors who were young at the time of exposure are now reaching the age at which cancers

occur and the data suggest increasingly that they were more susceptible than older citizens. Since there are

no data for lifetime risk for either young or old there is an assumption that the age distributions of mortality

rates are the same and therefore the lifetime risks for those exposed when young will be greater than in



those exposed in adulthood.

The age distribution of the incidence of naturally occurring cancers is also dependent on the type

of cancer in mice as well as humans. The age distribution of mortality rates of specific tumors in mice may

be markedly different from prevalence rates which reflects the difference in growth rates and malignancy of

different tumors. Results from experimental animal studies in general also indicate that the susceptibility

for radiogenic cai^er is greater in young animals than in old (see review by Anisimov, 1987). Death from

cancer is very rare in young mice. However, prevalence data for lung tumors in B6CF, mice indicate that

tumor cells must be present in the very young because a small number of small tumors can be detected at

100 days of age (Fry et al., 1978). These tumors grow very slowly and become lethal some hundreds of days

later. In mice, lifespan is correlated with susceptibility to cancer and survival curves mirror the curve for

increase in cancer with age (Fig. 4). Age-dependent susceptibility in mice has been reported for thymic

lymphoma (Kaplan, 1948), myeloid leukemia (Upton et al., 1960), ovarian tumors (Yuhas, 1974), liver

tumors (Sasaki et al., 1978), skin (Burns et al., 1989) and tumors in general (Kohn and Guttman, 1963 and

Covelli et al., 1984). The relationships between age and susceptibility for induction are complex in some

types of cancer. Consider thymic lymphoma; the incidence of radiation-induced lymphoma at 2 months of

age is double that at 2 weeks of age but at 6 months of age no lymphomas were observed (Kaplan, 1948).

The reasons are not clear for the differences in susceptibility for cancer induction at different ages.

If susceptibility changes, presumably either the number of cells at risk and the frequency of initial events

must decrease or the expression of the initial events must change. Surprisingly in this day of sophisticated

biology we have little quantitative information about the factors that determine what cells are at risk. It

is presumed that in cell renewal systems it is the stem cells that are at risk. In many tissues there is no

delineation of a stem cell population and there is equal uncertainty about the number of cells at risk. The

lack of data about cells at risk makes explanations about the differences, between not only tissues but also

species, in the susceptibility for radiation-induced cancer little more than speculative.

Good examples of changes that occur in cells with age and that are important for carcinogenesis

can be found in the liver. In Figure 2 is shown the marked change in 3HTdR uptake in rat liver between



21 and 42 days of age. Uptake of 3HTdR is a reasonable surrogate for a more direct measurement of cell

proliferation. There are no data for radiation-induced liver tumors at these ages in rats but susceptibility

for induction of cancer by 2-acetylaminofluorene decreases dramatically over the short period of about 6

weeks (Peraino et al., 1972). The decrease in susceptibility for radiation-induced hepatocellular carcinomas

reported by Sasaki et al. (1978) is consistent with this. Another change that intuitively one would expect

to alter susceptibility is the increase in ploidy with age. The percentage of diploid mononucleated liver cells

decreases from about 90% at 14 days of age to 20% at about 100 days of age and at one year of age to

10%. Decrease in proliferation and increases in ploidy with age are not restricted to liver and must

influence the probability of induction of cancer. But such changes in most tissues have not been described

quantitatively.

The sensitivity for acute effects of radiation assessed by 30-day mortality has been reported to

increase with age (Lindop and Rotblat, 1962 and Storer, 196S) or not change (Ainsworth, personal

communication). In contrast the sensitivity for radiation-induced life shortening due to late effects, in

general, decreases at older ages (Kohn and Gunman, 1963; Covelli et al., 1984).

In an experiment designed to test whether additivity held for irradiation with neutrons delivered in

various regimens (Ainsworth et al., 1976), age at exposure was kept constant. However, a smaller experiment

was carried out to determine whether susceptibility for life shortening and cancer induction changed during

the period of the life span that the fractionation and protraction regimens would cover and whether any

change in sensitivity that might occur was dependent on radiation quality. In this paper we limit the report

to the results of exposing both female and male B6CF] mice to single doses of 0.8 Gy JANUS reactor fission

spectrum neutrons and 2.78 Gy "'Co gamma radiation at 110 or 287 days of age. To test the hypothesis that

younger mice were more sensitive than their elders, survival times after the above radiation exposures were

determined and expressed as the actual age at death. The mean life span of this hybrid mouse is about 9S0

days.

In order to use changes in survival lime to determine whether age at exposure influenced the

sensitivity to the induction of cancer by radiation we considered only data from mice for which cancer was
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considered to be the cause or the major contributor to death. Three categories were considered: 1) all

types, 2) epithelial and 3) connective tissue (including reticuloendotheiial tissue) cancers. It was assumed

that an acceptably accurate distinction between a cancer and a non-cancer death could be made at autopsy

and subsequent histopathological examination. In each category of cancer type the data for survival were

analyzed using a Weibull regression model which is a special case of the accelerated failure time model

(Kalbfleish and Prentice, 1980). The Weibull model was used to test the influence of sex, age at exposure

and radiation quality using median lifetimes for each of the groups of cancer, all types, epithelial and

connective tissue. Age and sex were covariables. The standard error of the estimated median lifetimes

was derived from the variance-covariance matrix of the Weibull regression.

The results of the accelerated failure time analyses are shown in Table 3. In the case of all primary

cancers the distribution of failure times for males and females did not differ for radiation quality or age at

exposure. The median lifetime of males dying from cancers of epithelial tissues was shorter than in females.

A major source of this difference was the incidence of lung tumors in the males. In contrast the median

lifetime of females dying from cancers arising from connective tissue which includes the reticuloendothelial

system, is Jess than in males. This in part reflects the higher incidence ot lymphomas in the females than

in the males. These sex-dependent differences balance out when all types of primary cancers are analyzed.

The effect of age at exposure on age at death was significant when tested within sex and radiation quality.

However, when the differences in the number of days between the ages at exposure of the two groups (110

and 278 days) is taken into account there is no significant effect of age at exposure.

The conclusion must be that any age-dependent difference in sensitivity for life shortening caused

by excess cancer induced by radiation must occur at ages younger than 110 days. This is consistent with the

findings of Covelli et al. (1984). The degree of effect of age-dependent susceptibility will vary between

strains of mice depending on the distribution of tumor types. In CAF, mice Kohn and Guttman (1963)

noted that sensitivity decreased during adult life.

A similar pattern of decrease in sensitivity for cancer induction with increasing age for at least

some tumors, is being found in humans. The question arises whether age-dependent susceptibility should
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be taken into account when setting protection standards.

Sex and Cancer

Perhaps gender and cancer might be a more precise heading to the discussion of the differences in

natural incidence and susceptibility for induction of cancer between males and females. For once, gender

is preferable to sex. The sex-dependent differences in natural incidence and susceptibility for radiation

induction of leukemias (Fig. 3) are interesting. In the case of myeloid leukemia a specific chromosome

aberration is suspected to be involved in the initiation of this specific leukemia. But as yet there is no

evidence thai there is a sex-dependent difference in the induction of the specific chromosome aberration that

may be involved in the leukemogenesis. For that matter, nor is there evidence to suggest that the induction

of the initial events, such as activation of protooncogenes involved in carcinogenesis are influenced by the

sex of the exposed. If the induction of initiation is not sex dependent the marked differences between the

responses of the male and female mice shown in Figure 3 must be due to sex-dependent host factors that

affect expression.

Much of the quantitative information about the induction of cancer in mice by radiation has been

obtained from studies of female mice. Unfortunately, the murine ovary is exquisitely sensitive to radiation.

The inactivation of oocytes starts a cascade of events that upsets the normal hormonal balance. As a result

the independence of induction of tumors, assumed in all analyses used in both human and experimental

studies, is lost. Positive associations have been found especially in tumors of endocrine organs and in tissues

known to be influenced by hormones (Storer, 1982).

CONCLUSION

The conclusions from these studies are that host factors including age and sex have a marked

influence on whether or not populations exposed to radiation develop cancer. Often the factors that

influence expression of radiation-induced initial events are not taken into account in the models of dose

response used for risk estimates. It seems clear that the risks for populations exposed when young are

10



greater than for older persons and perhaps this factor should be taken into account in radiation protection

standards.
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Table 1

Genotype and Natural Incidence*
(Female Mice)

BALB/c C57BL/6 RFM

Lung Ca 8.0 ± 1.0 0.6 ± 0.4 2.6 ± 0.6

Thymic Lymphoma 1.3 ± 0.4 0.6 ± 0.4 9.3 ±1.1

Breast Ca 6.4 ± 0.9 0.4 ± 0.3 0.4 ± 0.2

'Data from Storer et al., 1988.
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Table 2

Genotype, Life Span and Radiation-Induced Life Shortening*

Strain
Mean Life Span

davs

906 ± 6.0

859 ± 7.0

763 ± 6.0

643 ± 6.0

Life Shortening
davs AnGv

0.01

0.013

0.055

0.081

C57BL/6

C57BL/6

BALB/c

RFM

M

F

F

F

*Data from Storer et al., 1988.

13



Tissue Origin
of Cancer

All tissues

All tissues

Epithelial

Epithelial

Connective

Connective

Male

Female

Male

Female

Male

Female

Table 3
Median Lifespans in Irradiated Mice

Based on Death with Cancer

Gamma Ravs C2.6S Gv)
Age at Exposure (days)

110 287

Life span (days)1

898 t 14 991 ± 15

885 ±3 954 ± 8

974 ± 17 1092 ± 20

1024 ± 223 1097 ± 34

935 ± 16 1029 ± 18

900 ± 14 955 ± 213

Difference^

93 ±21

69 ± 83

118 ± 27

73 ±40

94 ±24

55 ±26

Neutrons (0.8 Gv)
Age at Exposure (days)
110 287

Life span (days)

922*

895 *

948 t

974 ±

963 i

900±

17

16

17

17

18

15

930 t 15

970 ± 24

1026 ± 20

1063 ± 30

985 i 17

935 ± 213

Difference

8±

75 ±

78

89

22

35

23

29

±26

±34

±25

±26

Median life spans based on Weibull analysis.

Difference in median lifespans ± standard error derived from the variance of sum assuming no covariance.

3Difference between male and female median lifespan significant based on p value of >. 0.05 for covariable in Weibull regression.
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FIGURE LEGENDS

Figure 1. The mortality from lung cancer in BALB/c female mice • — - • and C57BL/6

female mice * M as a function of dose. The data are from Storer et al., 1988.

Figure 2. The mortality from breast cancer in BALB/c female mice • • and RFM

female mice as a function of dose. The data are from Storer et al., 1988.

Figure 3. Incidence of myeloid leukemia and thymic lymphoma in female and male

RFM mice as a function of dose. Data from Ullrich and Storer, 1979.

Figure 4. Uptake of 3HTdR in rat liver hepatocytes in 21 and 41-day-old Sprague

Dawley rats given multiple injections.

Figure 5. Tumor prevalence and survival as a function of age in B6CF1 female mice.
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