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INTRODUCTION

This section is restricted to radiation-induced life shortening and

cancer and mainly to studies with external radiation. The emphasis will

be on the experimental data that are available and the experimental

systems that could provide the type of data with which to either

formulate or test models. Genetic effects which are of concern are not

discussed in this section.

Experimental animal radiation studies fall into two major

categories: 1) those that establish general principles and 2) mechanisms.

General principles include the influence of dose, radiation quality, dose

rate, fractionation, protraction and such biological factors as age and

gender. The influence of these factors are considered as general

principles because they are independent at least qualitatively, of the

species studied. For example, if an increase in the LET of the radiation

causes an increased effectiveness in cancer induction in a mouse a

comparable increase in effectiveness can be expected in humans. Thus,

models, whether empirical or mechanistic, formulated from experimental

animal data should be generally applicable.

Models of radiation-induced cancer fall into two types: 1) those

that are phenomenological or descriptive models, for example, those

for dose-response and time-relationships of cancer induction and

2) mechanistic models. The criterion of the value of a model is whether

or not it is testable.

The study of radiation induction of cancer is intimately related to

risk estimates. So-called models of dose-response relationships are
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essential for predicting effects at dose levels at which reliable data

cannot be obtained directly. Because of the practical importance of

determining dose-response relationships many have been determined for

different endpoints using different experimental systems (see Table I).

However, because of the cost the all important initial part, of the

dose-response curves have not been well defined in most experiments. As

a result more than one model will fit the data in many of the published

studies. Curves based on mortality or incidence of cancer as a function

of dose are not appropriate for examining the role of initial events.

Formulation and testing of models of mechanisms of radiation-induced

cancer depends, almost entirely, on experimental data. A major problem

in the derivation of meaningful models of cancer is that the endpoint is

separated in time from the initial deposition of energy during which

multiple events occur. It is hard enough to model any one of the major

events in the carcinogenic process never mind the entire process.

There are numerous studies of the dose-response relationships for

the induction of cancer and the shortening of life span, in particular,

for low-LET radiation (see Table I). Few, if any, of the sees of data

allow an analysis that i.-j adequate for testing models.

Perhaps the most systematic examination of the relationship of

exposure to ionizing radiation and late effects has baen the studies of

life shortening (see Sacher, 1976; Grahn and Fritz, 1986; Upton et a!.,

1967, Storer et al. , 1979; Storer and Ullrich, 1983; Thomson et al. ,

1981a and b; 1983; 1985a, b; see Carnes et al. (in press) for references

of the Argonne National Laboratory studies; Maisin et al., 1983a, b;

1986; 1988; Covelli et al., 1984, 1988; Coppola et al., 1985 and in
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press). Both data and methods of analysis are discussed in these

publications. In some of the papers tumor data are included. For review

of the older studies see Walburg (1975).

Sacher's proposed analysis of life shortening data has been the basis of

the experiment that is still ongoing with dogs at Argonne National

Laboratory (Fritz et al., 1986). In beagle dogs exposed to daily

protracted irradiation down to 0.3 R/day for their life span there is a

high incidence of myeloproliferative disease. The studies on dogs and

mice should establish whether the life shortening as a function of dose

rate has a common form. Since the spectrum of the causes of death are

different in the two species a common dose-rate response would be a

considerable importance.

Models of dose-response relationships

There is a need for an empirical model or description of the dose-

response curves for life shortening and cancer induced by high-LET

radiation. The data for the initial part of the dose-response curve for

high-LET radiation, in particular heavy ions, indicate a linear response.

At dose levels that vary depending on the tissue or organ but at about

0.2 Gy (20 rad) or less the dose-response curves bend over. In ths case

of life shortening the data have been described by a linear response

between 0-0.1 Gy (0-10 rad) a second-degree polynomial between 0.05 Cy-

1.6 Gy (5-160 rad) (Grahn and Fritz, 1986). Storer and Mitchell (1984)

established that a power function did not describe the response.

The bending over of the dose-response curves for cancer induction by

high- and low-LET radiation has been attributed to cell killing, but
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this question requires further examination. Responses that do not

involve competing risks or for which corrections can be made for

competing risks would the most suitable for resolving the influence of

cell killing on the dose-response curves.

The dose-response curves for both high- and low-LET radiation appear

to plateau at about the same level for a particular type of tumor. If

this is the case, cell killing cannot be the only factor involved in the

bending over. There is both a need and an opportunity to model the high-

LET dose response curves for cancer induction.

The dose-response relationships for cancer induction by low-LET

radiation differ between tissues. Presumably, these differences reflect

differences in the mechanisms. How the differences in mechanisms affect

the dose-response curves is not clear.
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Specific Cancer Model Systems

I. Myeloid Leukemia

Radiation-induced myeloid leukemia in mice is a model system that is

being studied extensively in three laboratories: MRC, Harwell, England,

Brookhaven National Laboratory and Oak Ridge National Laboratory. CBA/H,

CBA/J and RFM are the mouse strains used in the three laboratories,

respectively. Dose-response curves have been reported for single x-ray

exposure, (Mole et al., 1983; Silver et al., 1987; Cronkite et al. 1),

multiple x-ray exposures (Mole and Major, 1983), single gamma ray

exposures (Upton et al. , 1970; Ullrich and Preston, 1987), multiple or

protracted gamma ray exposures (Upton et al., 1970; Ullrich and Storer,

1979; Cronkite et a l . ) , fission neutron exposures (Upton et al. , 1970;

Mole and Davids, 1982; Ullrich and Preston, 1987), alpha-ray exposures

(Humphreys, 1985). Currently there is a considerable body of data

suitable for pursuit by the modelers and further data will come to hand

in the next few years. There are data for the effects of the radiation

regimens used to induce leukemia on stem cell kinetics in the mouse

(Cronkite et al. , 1987). There is detailed information for the dog about

the changes in blood cell populations, stem cell survival characteristics

during the radiation regimens that result in myeloproliferative disease

(Fritz et al., 1986).

Murine myeloid leukemia presents an opportunity to test the

hypothesis that the induction of a specific chromosome aberration is the

causal lesion of a specific leukemia. The association between specific

The data for these experiments have not been published but can be
obtained from Dr. E. P. Cronkite, Brookhaven National Laboratory.
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chromosome aberrations and specific leukemias has been established for

soma human leukemias, in particular, chronic myeloid leukemia. The

relationship of induction of a specific chromosome aberration and the

associated specific leukemia can only be tested in experimental animals.

Chronic rayeloid leukemia (CML) in humans involves a reciprocal

translocation in which segments of chromosomes 9 and 22 are exchanged.

The translocation involves c-abl and a chimeric phl/c-abl mRNA appears to

be a consistent finding in cells of CML. In the murine myeloid leukemia

a deletion of part of chromosome 2 is either a consistent or very

frequent finding in RIM, C3H/He and CBA/H mice. It is not without

interest that the c-abl protooncogene is on chromosome 2 in the mouse but

as yet has not been mapped. However, a recent study of Silver et al.

(1988) of the relevance of c-abl and /32M, two genes on chromosome 2 of

CBA/H mice, suggests that neither are involved in the chromosome 2

alteration found in relation to the murine myeloid leukemia. Nor,

apparently does activation, of these oncogenes occur with the chromosomal

rearrangement.

If it is possible that the mechanism of leukemogenesis (for chronic

myeloid leukemia) can be shown to be the same in mice and men it would

strengthen the case for extrapolation across species at least for this

type of cancer. The relevance to modeling is that the relationship of

deposition of energy to DNA damage, specific aberrations, and the

occurrence of overt leukemia could be determined and models tested.

The accumulating information about the mechanisms of the induction

of myeloid leukemia should make it possible to match the empirical and

the mechanistic model.



II. Osteosarcomas

Almost all the experimental data for osteosarcomas has been obtained

with internal emitters. Although this review of experimental radiation

carcinogenesis in relation to modeling is restricted to external

radiation it is important to indicate the potential of studies of

osteosarcoma. First, the morphology and biological behavior of human and

murine osteosarcomas have similarities (Gossner, 1986; Gossner et al.,

1987). Secondly, comparative studies of the oncogenes, especially c-fos,

involved in dog, mouse and human bone tumors could test the hypothesis

that the molecular mechanisms of induction of cancer by radiation are

species independent. The viruses FBJ-MSV (Finkel et al., 1966) and FBR-

MSV (Finkel et al., 1973; see also Finkel et al., 1975) contain

structurally different forms of the fos oncogene but both induce

osteosarcomas or related tumors in newborn mice. Human and murine c-fos

show striking similarities (Curran et al., 1983). However, a recent

study suggests that although c-fos is related to bone development

increased expression does not induce sarcomas (Ruther et al., 1987).

Fourthly, bone tumors have been used as a system for examining

extrapolation models (Rabbe et al., 1980; Mays et al. , 1986; Schlenker,

1988).

A good example of what can be done with the data for radiation

induction of osteosarcoma, especially the facets of the mechanism of

induction was published by Marshall and Groer (1977).
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Models for estimates of risk per cell at risk.

The multiple events involved in the development of a cancer makes

modeling of the complete process complex if not impossible at the present

state of knowledge. In order to relate the biophysical events to malignant

transformation in tissues there are a number of requirements. 1) The natural

incidence of tumors in the selected tissue should be low. 2) The cells should

be susceptible to malignant transformation by radiation. 3) Appropriate

dosimetry. Effect as a function of particle traversal may be suitable if the

particle track- and associated-energy deposition are known adequately.

4) The number of cells at risk can be determined. This includes the ability

to determine the total number of cells in the organ or tissue and to assay

cell killing. 5) The expression of the initial events can be maximized and

therefore, the dose-response curves represent a pro- portionality to

relationship of the induction of the initial events to dose.

The introduction of in vivo-in vitro systems for the thyroid (Clifton

et al.t 1978), mammary gland (Gould et al., 1977; Ethier and Ullrich, 1984);

tracheal cells (Terzaghi, 1982; Terzaghi et al., 1978) and in vivo systems,

such as Harderian gland (Fry et al., 1985; Di Majo et al., 1986a), and liver

(Jirtle et al., 1981; Di Majo et al. , 1986b) opens up the possibility of

determining the risk of tumor induction per cell at risk.

In some of these systems the total number of cells exposed can be

determined and cell survival can be assayed thereby improving the estimates

of the maximum number of cells at risk (Gould and Clifton, 1972; Mulcahy et

al., 1980; Jirtle et al., 1981; Adams et al., 1984; Di Majo et al., 1986a).

DNA content and proliferative activity can also be determined. Some of these

systems can be modulated with hormones to enhance and hopefully maximize
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expression of initiation.

Extrapolation Models

Experimental animal data are used in a qualitative rather than

quantitative manner for making risk estimates for humans. There is

little reluctance to use RBEs obtained from experimental data in

selecting a quality factor for various radiation. But there is

reluctance to using risk estimates determined from experimental animal

data for the estimates of risk for humans exposed to radiation.

Risk estimates for high-LET radiation will have to come from

experimental animal data. Thus, an acceptable model or method for

extrapolating risk estimates obtained in experimental animals must be

derived if the experimental data are to be of use for protection

standards. The methods for extrapolation across species have been

reviewed recently (Brown et al., 1988).

A number of methods of extrapolation have been suggested (Grahn et

al., 1978; Raabe et al. , 1980; Mays et al., 1986; Storer et al. , 1988,

Schlenker, 1988; Mouchel and Groer, in press). The proposed methods of

extrapolation vary from the use of toxicity ratios (Mays et al., 1986)

and relative risks (Storer et al., 1988) to a Bayesian approach (Mouchel

and Groer, in press). The published reports contain either the data or

the appropriate references from which the data can be obtained.

The time is ripe for extrapolation models. Suitable animal data

exist and risk estimates for radiation-induced cancer in humans from

exposures to both external radiation and internal emitters are available.

Therefore, the models can be tested.
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Summary of Data Available from Mammalian Experiments

Dose Responses: Vary with tissues related to mechanisms.
Dose-response curves available for low-LET radiation
down to - 0.5 Gy for some tissues and down to 4 cGy
for total tumors.
Dose-response curves are available for high-LET
radiation down to - 0.05 Gy for a small number of
tissues and 0.5 cGy for total tumors.

Radiation Quality: Data are available for x ray, gamma ray. neutron and
heavy ion induction of tumors (limited co a iew
tissues).

Temporal Factors:

Cell Types:

Sex:

Age:

Genotype:

Repair

Dose-rate effects, protraction, fractionation
inadequately understood
Age-dependent susceptibility - inadequate data

Solid cancers: data for tissues and organs with
relatively high natural incidence. Of special
interest are: Leukemias and lymphomas:
Data for myeloid leukemia (mice, dogs)
thymic lyraphoma (mice), reticulum cell sarcoma
Osteosarcomas (mice, dogs)

The majority of mouse experimental data are for
females. Sex dependency of susceptibility (excepting
e.g. breast) not understood.

In the case of myeloid leukemias and thymic lymphoma
susceptibility increase over the first hundred days
and the decrease.

Is the major determinant of both natural incidence
and susceptibility.

There is very little known about the repair of the
carcinogenic events. Deductions can be made from
low dose-rate studies. Splitting the dose reduces
radiation induction of skin cancer but multifraction
regimens can be more effective than a small number
of fractions.

Models especially of mechanisms must take into account sex, age
dependency and the influence of genotype.

The list of references include some studies of radiation carcinogenesis
not included in the text and others can be found in recent reviews.
Broerse et al. (1985) and Fry and Storer (1987).
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Table I

Radiation-Induced Life Shortening and Cancer

Mouse

RF

M

BALB/c

C57BL

M

M

BC3F1

Radiation

Gamma

Fission
neutrons

Gamma

Fission
neutrons

x ray

Gamma

Exposures

Single
Multiple

Single &
Multiple

Single
Multiple

Multiple

Single &
Multiple

Sinale

Accumulated
Dose ranae (Gv)

0.25-1.0
1.4-98.75

1.6-9.3

0.25-1.5
48-58.13

0.17-3.32

0.25-6 Gy

Comments

Dose rate
varied

Dose rate
varied

Dose rate
varied

Dose rate
varied

References

Upton et al.
(1967)

Maisin et a]

BALB/C F

Gamma

Neutrons

x ray

neutrons

x ray

neutrons

Gamma

Multiple

Single
Multiple

Single

Single

Single

Single

Single

0.025-0.6 Gy
0.125-0.5 Gy

0.02-3 Gy
0.0225-0.206 Gy

0.5-7.0

0.17-2.14

4.0-256 cGy

0.5-16 CGy

0-4.0

(1986)

Covelli et al
(1984)

Covelli et al.
(1988)

Dose rate Storer et al.
a)0.45 Gy/min (1979)



B6CF1

Dogs

Beagle

F

M

M

F

M

M

F

M

Gamma

Gamma

Gamma

Gamma

Gamma

Gamma

Gamma

Gamma

Single

Single

23

24

24

59

60

60

0.025-7.88

0.9-7.88

2.06-19.18

2.06-26.90

2.06-19.18

5.28-24.6

1.0-19.18

1.0-19.18

Exposures
5 days/wk

Exposure:
1/wk

Exposure:
1/wk

Exposure:
1/wk

Exposure:
l/wk

Thomson et al.
(1981,a&b;1983)

Thomson et al.

M & F

Beagle M & F

Neutrons Comparable arrays of fission neutron exposures have been carried out

Neutrons Daily 4.5-30.0

Gamma Daily 4.5-30.0

Gamma Single

Exposure rates
0.3 cGy,0.75 cGy,3.8 cGy
7.5 cGy, 12.8 cGy and 26.3 cGy
per day.

0.163 & 0.826 Age at exposure:
2, 70, 365 and 8.28 and
postcoitus.

Fritz et al.1986
Grahn and Fritz,
1986

Benjamin et al.,
1986a, b


