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INTRODUCTION

The relationship between radiation dose and Its carcinogenic

effectiveness and the influence of dose rate on that relationship have been

the subject of much interest, debate, and research for many years.

Estimates of risk from the low dose and low dose rate exposures to which

human beings are usually exposed must be derived by extrapolation from

observations at high doses, based on assumptions about dose and dose-rate

relationships.

In experimental animals there are few instances in which the

influence of dose and dose rate on tumor induction have been analyzed

over a sufficiently wide dose range to adequately define the shape of the

low LET dose-response curve and to assess the influence of dose rate on

this relationship. Most data on radiation carcinogenesis are in the dose

range of 50—500 rad, and data at doses below 50 rad are l imited. These

data have been derived mainly from studies in the mouse and to a lesser

extent in the rat. Even for mice and rats, however, data are available

for only a few tumor types. Therefore, it is difficult to derive

generalizations from the information available. This paper wi l l discuss

the influence of dose and dose rate for those experimental systems in which

sufficient data are available, as well as the limitations of these data with
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regard to the mechanistic interpretations. A large portion of the

information presented has been derived from a series of experiments on the

influence of dose and dose rate on the induction of neoplastic disease

which has been completed recently in our laboratory.

For the discussion on dose-rate effects, distinction must be made

at the outset between studies of protraction and dose rate and studies which

utilize fractionated exposures. Many of these latter studies have used

relatively high doses per fraction, and the applicability of these studies to

dose-rate effects is not known. Although fractionation studies can be

useful for the understanding of carcinogenic mechanisms and eventually

for understanding the basis for dose-rate effects, at the present time the

islative importance of dose per fraction, fraction interval, total dose,

and dose rate are not clear and fractionation experiments must be

interpreted with caution. Protraction is used to describe exposures that

ere spread over a large period of ihe life span, during which susceptibility

to the induction of tumors may change. Protraction of the period over

which an animal is irmdiated may alter the effect because of (1) true

dose-rate influences, and (2) age-dependent changes in susceptibility to

tumor induction. Because there have been no adjustments for changes in

susceptibility with age, or in some instances for competing risk, these

studies cannot be used for the assessment of dose-rate effects. The present
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discussion wil l be limited to those studies direcHy applicable to dose-rate

effects. Studies using fractionated exposures or in which exposures have

been protracted over a significant portion of the animal's lifetime wi l l not

be considered.

Radiation Leukemogenesis

Much of the data on the form of the dose response for radiation

induced neoplasis, as well as for time-dose relationships for tumor induction/

have been derived from studies on radiation feukemogenesis, in particular,

the induction of myeloid leukemia. Upton (1961, Upton e t a l . 1958,

1964, 1966) has shown that male RFM mice are particularly sensitive to the

induction of myeloid leukemia and has examined the dose response over a

wide dose range of X rays or gamma rays, including doses as low as 25 rad.

In studies over the dose range of 0—150 rad, the incidence appears to vary

with the square of the dose, although the precise shape cannot be determined

and a linear relationship cannot be er.eluded (Figure 1). A dose-squared

relationship for myeloid leukemia has also been recently reported in male

CBA mice by Major and Mole (1978) although the dose range was quite

limited.

Under conditions of continuous exposure for 23 hours daily at

low dose rates, Upton et al (1970) observed that the yield of myeloid
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leukemia per rad was reduced as compared to the yield at similar doses

delivered at high dose rates (Figure 1). This effect could generally be

characterized as a diminution of the dose-squared component observed at

high dose rates, resulting in a more linear response at the lower dose rates.

Little change in age susceptibility to the induction of myefoid leukemia

has bee. observed over the time interval used for the chronic radiation

exposures and the differences appear to be due to true dose-rate effects.

Generalizations from these results on dose and dose-rate relationships

are complicated. It has been shown that females are less sensitive to the

induction of myefoid leukemia and that sensitivity to induction can also

vary with a number of host factors including genetic background, hormonal

status, age, proliferative state of the bone marrow, and the conditions of

the environment in which the animals are maintained (Upton et a l . 1964,

1966). For example, animals housed in conventional animal facilities

seem to be most susceptible, while animals maintained in a germfree or

specific-pathogen-free (SPF) environment show a reduced sensitivity to the

induction of myeloid leukemia but an increased sensitivity to the induction

of fhymic lymphoma (Walburg et a l . 1968).

Recent studies in our laboratory show that in addition to a decreased

sensitivity to induction of mya'oid leukemia in SPF mice, the form of the

dose response differed as well (Ullrich and Storer, unpublished observations).



Ullrich - 6

Rather than a dose-squared or linear dose-squared response as suggested by

the earlier data in RFM and CBA mice, our data indicate a predominantly

linear response over the 0—300 rad range (Figure 2). Although the

reasons for this difference are not known, it is possible that the same

factor which influences the sensitivity to radiation also influences the

shape of the dose-response curve. This interpretation would suggest that

the basis for the dose-squared component in earlier studies was related to

host factors influencing induction or expression rather than factors related

to microdosimetric considerations.

In view of the important role of host factors in the expression of

myeloid leukemia (Upton et at. 1964, 1966), it is also unclear from

available data whether the basis of the dose-rate effect reported by Upton

is related to influences on factors involved in tumor expression ( e . g . ,

hormones, cell turnover) or, in fact, related to dose-rate effects on the

initial events.

One of the most common forms of radiation-induced neoplasms of

the lymphoreficular system in mice is thymic lymphomc. Although a

number of investigators have intensively studied the induction of thymic

lymphoma after radiation exposure, most have been concerned with

modifying factors, the time course of the disease, or the sequence of

events leading to its development rather then the dose response (Kaplan
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1964, 1967, Haran-Ghera 1973, Upton 1968). These studies have

provided information which indicates that the mechanisms involved in

Induction after radiation exposure are quite complex and highly dependent

on cell ki l l ing and the target cell viral interactions which result. In view

of this, it should not be surprising that dose and dose-rate relationships

for this tumor would be complex.

The most extensive information on dose and dose-rate relationships

for thymic lymphoma are from data on female RFM mice (Ullrich and Storer,

unpublished observations, in press). After high dose rate (45 rad/minute)

irradiation over the dose range of 0-300 rad, no simple model (such as

linear, dose-squared, or linear dos«-squared) described the relationship

over the entire dose range. The response appeared to consist of two

components (Figure 3). Over the 0—25 rad range the incidence increased

with the square of the dose, while over the 50—300 rad range a linear

response is seen. Reducing the dose rate to 8.3 rad/day decreased the

effectiveness of the irradiation so that the incidence of thymic lymphoma

is lower in the low dose-rate group than in the high dose-rate group at all

doses tested (Figure 3). At this lower dose rate, the response is best

described by a linear dose-squared model with a shallow initial linear

slope and linearity over the entire dose range can be rejected. Although

these data are inconsistent with predictions based upon the theory of dual
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radiation action (Kellerer and Rossi 1975), considering the complexity of

the proposed induction mechanism, it would be unlikely that a model based

upon actions within a single cell should apply in this instance.

Solid Tumors

Information on dose and dose-rate relationships for solid turners is

limited mainly to endocrine or endocrine modifiable neoplasms, including

ovarian, mammary, pituitary, and Hcrderian gland tumors.

A number of studies have shown that the incidence of ovarian

tumors in RFM or BALB/c mice is greatly increased by doses of 50 rod

(Upton e t a l . 1970, Ullrich and Storer, in press , Ullrich et a l . 1976,

Yuhas 1974). Most studies, in fact, indicate that the maximum tumor

incidence is produced by doses in the range of 50—100 rad. It has also

been observed repeatedly that the induction of ovarian tumors in these

two mouse strains by radiation is highly dependent on the dose rate (Upton

e t a l . 1970, Ullr/ch and Storer, in press, Yuhas 1974). Interpretation

of dose-rate data is complicated by a decrease with age in the

susceptibility of the mouse ovary to tumorigenesis. This protraction effect

has been analyzed in connection with the influence of dose rate by Yuhas

(1974), who found that approximately one-third of the overall effect with

protraction was attributable to age-dependent loss of susceptibility to
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ovarian tumorigenesis and two-thirds was due to dose-rate effects (Figure 4) .

The basis for the observed dependency on dose rate remains to be fully

elucidated. However, since the sequence of events leading to induction

of ovarian tumors is believed to start with oocyte kil l ing (Kaplan 1950,

Bonser and Jull 1977), a reduction of tumorigenesis with low dose rates

may be correlated, at least in port, with reduced cell k i l l ing of oocytes

at1 low dose rates.

Relative to the dependency of ovarian tumorigenesis on cell k i l l ing,

a comparison of the form of the dose-response relationships in RFM mice

137

after Cs gamma-ray irradiation delivered at 45 rad/minute or

8.3 rad/day indicait; that both responses can be described by linear

dose-squared models with a negative initial slope or by threshold models

(Ullrich and Storer, unpublished observations, in press) (Figure 5). In the

absence of any biological basis for a negative initial slope and in view of

the oroposed mechcnism for induction or expression of ovarian tumors,

which most likely requires a degree of oocyte kil l ing sufficient to stGrt a

sequence of events which leads to an alteration in the balance of the

ovary-pituitary axis, altered hormonal effects on ovarian cells, and

ultimately to tumor formation (Kaplan 1950, Bonser and Jull 1977), it

appears likely that a threshold may exist for the induction of ovarian

tumors. Using the high dose-rate data, the threshold model suggests that
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following the initial threshold the incidence of ovarian tumor increases

with the square of the dose. Decreasing the dose rate alters the response

in two ways: (1) the size of the threshold is increased from 12 rad to

nearly 70 rad, and (2) the relationship between tumor incidence and dose

following the threshold is linear at low dose rates rather than dose squared.

The incidence oF mammary tumors in irradiated rats and mice is

highly dependent upon strain, tumor type, and irradiation conditions

(SheMabarger 1976). The most extensive dose-incidence data have been

derived from studies using Sprague-Dawley rats, the majority of which

develop mammary tumors spontaneously during the second year of l i fe .

In these animals, total body x-irradiafion or Co irradiation at 1—2 months

advances the onset of tumors so that the incidence of total tumors scored

within 1 year after exposure increases as a linear function of the dose from

25-400 R with X rays and 16-250 R with Co gamma rays (Bond et a}.

1960, Shellabarger 1969).

A number of aspects of this system complicate the interpretation of

these data (Bondetal . 1960, 1964, Cronkife et a l . 1960). First, the

spectrum of tumor types is broad, including fibrosarcomas, fibroadenomas,

and carcinomas. The dose-response relationship for these individual iumor

types is less clear. In general, a cut-off period of approximately 12 months

is used in these studies because beyond that point the control incidences
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begin to rise and near the end of the life span the total tumor incidence in

control animals approaches that seen earlier in irradiated animals. This

raises the serious question as to whether radiation is accelerating the normal

process or truly inducing rumors. Under these circumstances, the

interpretation of the dose-effect curve becomes unclear, and interpretations

of the data in terms of mechanisms of radiation-induced fumorigenesis mi i f

be made with caution.

Although the dose response for mammary fumongenesis in the

Sprague-Dawley rat is reasonably well defined, there fs very l i t t le

information on the influence of dose rate. In some preliminary studies

comparing the effectiveness of Co gamma ray irradiation at total doses

of 88 R or 265 R delivered at 0.03 or 10 R/mtnufe, Shellebarger and Brown

(1962) observed that the yield of mammary neoplasms ( i . e . , adenocarcinomas

and fibroadenomas) was similar at both dose rates. By examining

adenocarcinomas and fibroadenomas separately, a small but significant

dose-sparing effect was found only for the induction of mammary

adenocarcinomas at a total dose of 265 R. In contrast to these data,

fractionation of 400-500 R of X rays into as many as 32 exposures,

delivered over a 16-week period, produced no apparent change in the total

incidence compared to single doses, while an increase in the number of

adenocarcinomas with fractionation was observed (Shellabarger et a l . 1962j.
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1966). It is obvious that more systematic studies are needed to clarify the

influence of dose rate in this system.

Information on dose response and dose-rate influence on mammary

fumorigenesis in other strains of rats and in mice is less well characterized.

Although sufficient data are not available to define the form of the

dose-response curve, our recent studies comparing the yield per unit dose

137
of mcmmary adenocarcinomas in female BALB/c mice after Cs gamma-ray

irradiation at dose ra*es of 45 rad/minute and 8.3 rad/day indicate a slight

dose-sparing effect (Ullrich and Storer, in press, unpublished results).

However, as with the data for the rat, interpretation of these data is also

complicated. It is well known th-it the expression of mammary tumors in

mice and rats is dependent upon a functional ovary. In view of the

sensitivity of the BALB/c ovary to radiation and to dose-rate influences,

it is quite likely that dose-rate effects on the ovary influence mammary

tumorigenesis to a different degree at high and low dose rates. Because of

these differing hormonal influences, information on the influence of dose

rate on carcinogenic events within the mammary tissue itself cannot be

derived.

Data on the dose response for radiation tum.origenesis and the

influence of dose rate on the response to pituitary and Harderian giand

tumors (Figure 6) in female RFM mice are cvailable (Ullrich and Storer, in
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press, unpublished results). For these two tumor types, a comparison of

the responses after high (45 rad/minute) or low (8.3 rad/da/) dose rate

137

Cs gamma-ray exposures indicates a linear dose-squared response for

the high dose rate and a linear response for the low dose rate. Although

the exact mathematical relationship varies for the two tumor types, the

linear component of the dose response is similar for the high and low dose

rate, suggesting that the primary influence of dose rate is to diminish the

dose-squared component thereby resulting in a more linear response.

Although these data are consistent with predictions based on the theory of

dual radiation action, because of the known hormonal influences involved

in the induction or expression of these two tumors (Furth et a!. 1959,

Fry et a l . 1976), caution should be used in interpreting these data on the

basis of this model. Specific experiments to examine whether the basis

for the dose-rate effects is related to effects on the initial events or rather

to effects on factors influencing tumor expression are required.

Information on other tumor types is inadequate to derive information

on dose-effect relationships. Even for dose-rate influences, relatively

little useful information is available other than that outlined above.
137

Whole body Cs gamma-ray exposures delivered at the rate of

8.3 rad/day have been shown to be less effective on a per-rad basis in

inducing lung adenocarcinomas in BALB/c mice than similar doses delivered
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at a rate of 45 rad/minute over the dose range of 0-200 rad (Ullrich and

Starer, in press) (Figure 7). Since the tumors do not appear to be

influenced by hormonal factors, these effects are most likely c ributable

to direct dose-rate influences on the lung. These data are complicated,

however, by a study recently reported by Yuhas (in press). In this study,

when doses of 196 rad were delivered at varying dose rates from 1.75 to

112 rad/day, the Incidence of lung adenocarcinomas in BALB/c mice

increased above that observed at the highest dose rate, with decreasing

dose ra'/e down to rates of 14 rad/day. At lower dose rates, the lung

tumor incidence declined and at 1.75 and 3.5 rad/day was lower than that

observed after high dose-rate irradiation.

DISCUSSION

The results from the experimental systems reported here indicate

that the dose-response curves for tumor induction in various tissues cannot

be described by a single model. Furthermore, although the understanding

of the mechanisms involved in different systems is incomplete, it is clear

that very different mechanisms for induction are involved. For some

tumors the mechanism of carcinogenesis may be mainly a result of direct

effects on the target ce l l , perhaps involving one or more mutations.

While induction may occur in many instances through such dfreci effects,
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the eventual expression of the iumor can be influenced by a variety of host

factors including endocrine status, competence of the immune system, and

kinetics of target and interacting cell populations. In other tumors,

indirect effects may play a major role in the initiation or expression of

tumors. Some of the hormone-modulated tumors would fall into this class.

It is postulated that for ovarian tumors in mice, oocyte ki l l ing sufficient

to alter the balance of the ovary-pituitary axis rasults in elevated

gonadotrophin levels that eventually lead to neoplastic development

(Kaplan 1950, Bonser and Jull 1977). Cell ki l l ing also appears to play

a role in the development of fhymic lymphoma (Kaplan 1964, Upton 1968).

Recent discussions of radiation carcinogenesis have generally described the

dose response with a model that has an initial linear component with a

quadratic component at higher doses (Kellerer and Rossi 1967, Brown 1977,

Upton 1977). Such a model may be appropriate for tumors induced

entirely by direct effects on the target ce l l , but i t is unlikely that .he

complex interactions involved in tumor induction and expression by indirect

effects are adequately described by such a model. In tumor induction

involving a sequence of events in more than one tissue, the possibility of

other models, including the possibility of a threshold, should be considered.

Information about the effects of dose rate are also complicated by

the many types of radiation effects that may contribute to the carcinogenic
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process. The influence of dose rote may vary from one contributory

factor to another and for each of these factors may vary with rfose level;

therefore the total dose and dose rate can influence not onfy the extent of

effects ptoduced but also the nature of effects on target and interacting

cell populations. In addition, the relative importance of the contributions

made by the various init iat ing, promoting, and modifying mechanisms

involved in the carcinogenic process may differ for different neoplasms.

The basis for any observed dose-rate effect may range from influences of

dose rate on events at the intercellular level to influences on mechanisms

affecting tumor expression rather than induction. Unfortunately, there is

neither a complete nor quantitative understanding of these mechanisms and

their relative influences on any of the tumor types examined. As a resuft,

we are dependent for the most part on empirical analysis of the available

data.

Despite the complexities of the experimental systems and the lack

of understanding of the types of mechanisms involved, in nearly every

example the tumorigenic effectiveness per rad of low-LET radiation tends to

decrease with decreasing dose rate. For some tumor types the differences

may be small or may appear only with very low dose rates, while for others

the dose-rate effects may be large.
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In order to obtain general principles and to assess the general

applicability of data on dose-rate influences, the most diff icult problem is

to obtain information on the basis for these effects. Of particular

importance is the question of whether the degree to which dose-rate

influences are a result of effects on mechanisms related to expression or

rather a result of repair or recovery from the initial carcinogenic events.

Related to this question is the extent to which latent carcinogenic effects

may persist. The understanding of these questions has important

implications not only when dose-rate effects and risk are being considered,

but also when interactions with radiation and other carcinogens are

considered. The demonstration of persistent lesions would suggest that

exposures to multiple carcinogens at low doses or low dose rates, which

themselves may be ineffective, could eventually combine to be tumorigenic.
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Figure 1. Incidence of myeloid leukemia in male RF mic^ after single

or daily ( O ) -^~ o r V~raY irradiction (adapred from Upfon ei a\. 1970).
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Figure 2. Incidence of myeloid leukemia ir< male RFM mice after y-ray

irradiation. /
r
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Figure 3. Incidence of thymic lymphoma in female RFM mice after y-ray

Irradiation at rates of 45 rad/minute ( ^ ) or 8.3 rad/day ( Q ) (adapted

from Ullrich and Stores, in press).
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Figure 4. Effect of exposure time (dose rate) on induction of ovarian

rumors in BALB/c mice (adapted from Yuhas 1974).
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Figure 5. Incidence of ovarian tumors in female RFM mice after y-ray

irradiation at rates of 45 rad/minute ( ^ ) or 8.3 rod/day ( Q ) (adapted

from Ullrich and Storer, in press).
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Figure 6. Incidence of Harderian gland tumors in female RFM mice after

y-ray irradiation at rates of 45 rad/minute (@) or 8.3 rad/day

(adapted from Ullrich and Storer, in press).
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Figure 7. Incidence of lung cdenocarcirtomas in female BALB/c mice

after y-ray irradiation at rates of 45 rad/minute ( © ) or 8.3 rad/day

(Ullrich and Storer, unpublished observations).
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