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EXPERIMENTAL RADIATION CARCINOGEN! 5IS: WHAT HAVE WE LEARNED?

Introduction

This paper I s concerned with what -as and has not been learned from

animal experiments about external radi~-ion c a r d n o g e n e s i s . The in tent

i s not to be encyclopedic, and therefore, I w i l l o o i t reference to many

experiments that have produced valuable information. Also , I w i l l not

re fer to the body of work devoted to Irzernal emi t ters , an area of

research v i t a l to the understanding of ihe spec ia l problems of dose -

d i s t r i b u t i o n posed by radionucl ides .

Radiation provides a very useful s.~i an underut i l ized t o o l i n the

study of mechanisms of carcinogenesis . However, because cancer i s the

somatic r i sk of most concern in establ ishing standards for radiat ion

protect ion there has been a greater invcstoent in s tud ies of the aspec t s

of radiation induction of tumors that ^ n help i n guiding the s e n s i b l e

s e l e c t i o n of standards than i n unraveling the mysteries of mechanisms.

While protect ion standards for genetic e f f ec t s have been based on data

obtained fron experimental systems (1 ) Those for cancer are based on the

human experience* That does not mean that the r e s u l t s from animal

experiments have had no role In the s e l ec t ion of protect ion standards.

There are various reasons that resu l t s from animal experiments have been

used l e s s in the area of somatic e f fect? than genet ic e f f e c t s . F i r s t ,

of course i s the fact that there i s substant ia l , though inadequate, data

about the r isk of cancer In man af ter exposure to rad ia t ion . Secondly,

su i table quant i tat ive data for the dose-responses over appropriate



dose-ranges from animal experiments have not been available until very

recently. This lack of information i s not due to sloth but to the

magnitude of the problem of executing the necessary experiments.

The role of animal experiments:

The existing human data cannot, by i tself , possibly provide

estimates of risk of exposures to very low doses and the fact that some

model for the dose-response relationships must be used, make i t

imperative to design animal experiments in order to test the models.

The results and appropriate analysis of the large scale animal

experiments that were designed to examine the effects of dose-rate

fractionation, and radiation quality are now accumulating. From these

experiments a better understanding of tine-dose relationships and the

relative biological effectiveness (RBE) of different radiation qualities

i s being realized. Such knowlege can be used profitably. It i s

assumed, and partially substantiated, that the effects of factors such

as dose-rate and radiation quality can be extrapolated to man in a

qualitative way and that generalizations about certain aspects of

radiation effects can be made. It has been held that results from such

experiments can only be applied to the problem of human risks in a

general manner and that quantitative risk estimates cannot be

extrapolated from experimental animals to man. The possibility of

quantitative extrapolation has been considered to a much lesser extent

than the establishment of general principles, but more about that later.

In both man and experimental animals, age i s the strongest

determinant of cancer. The increasing incidence with age that i s found



for most tumors (Fig. 1) poses a fundamental problem for our

understanding of mechanisms and even for the analysis of the responses

to radiation. Another interrelated problem is that the most extensive

studies have been carried out on tumors that occur with relatively high

frequency. The combination of these two facts leads to the problem,

illustrated in Fig. 2, of determining whether the increase in incidence

at times after exposure is due to induction of tumors or purely to the

advancement of time of appearance of tumors that would have occurred

naturally. Despite the fact that the distinction between these two

uypes of response is often considered unimportant froa an acturial

viewpoint, the matter is not trivial if our interest Is in mechanisms.

For example, it seems reasonable to believe that either the type or

number of events required for advancement might be different from that

required for induction. It can be seen froa the curves on the left of

Fig. 2 that if a complete life-time study is not carried out, and with

the rationalization of economy, animals are killed at some tins earlier

than the time of natural death, the comparative Incidences may suggest a

marked effect. It is true there is a marked effect but only on the tine

of appearance. It is also obvious that quantitatively the result that

is obtained in such a system depends on when the observation is made

not just that the observation is made. Lung tumors in B6CF. mice appear

to be an example of the radiation-induced advancement of time of

appearance. In the female of this hybrid the prevalence of lung tumors

rises slowly over the first half of the life span and more rapidly

between 600 and 1000 days when the prevalence plateaus at about

45 percent (2). In lifetime studies only 18 percent of deaths among
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nice with lung tumors are due to lung riaors. In other words most of

the tumors are incidental to the cause :£ death. After irradiation, i t

can be seen (Fig. 3) that lethal lung t-aors k i l l the mice at an earlier

age than in the controls. The age-specific mortality curves are shifted

to the left but show no significant chs-ge in slope. The results are

consistent with the contention that in the case of this tumor in the

B6CF. female, irradiation results in e- advancement of time of death

from this specific cause without any evidence of an increase in

incidence. The importance of the difference in lethal and incidental

tumors in the choice of method of analysis has been appreciated for some

tine (3). Recently, analysis of the ir.^idence of nanraary neoplasms in

the Sprague-Dawley rats after exposure :o radiation has been made in

terms of an advancement of time of appearance (4). This i s important

because results from experiments in the 5prague-Dawley rat have been

used as evidence to support certain models based on the assumption that

tunors were induced.

Dose-response curves

The question of whether the so-called linear-quadratic dose-

response is more appropriate than the n:a-threshold linear dose-response

for the description of data for radiatirn-induced cancer and the

estimate of risk in man has exercised t'-.-i minds and patience of those on

committees that deal with this matter, zit to mention their crit ics . .

Although the various arguments for and against the use of one particular

dose-response curve have used scientifi: facts in the attempt to package

such a complex and multi-faceted respond as cancer induction into one



dose-response curve tbe approach i s more simplistic than scientific* In

some experimental tumors none of the simple models are appropriate (5).

It can be seen from Fig. 4 that from the present experimental

evidence there i s every reason to believe that the form of the dose-

response curves covers the gambit of probable shapes. It i s quite

reasonable that i t should be so* In the mouse, the evidence i s that the

induction of tumors can involve not only a direct effect on the target

cel l but also abscopal effects. For example, destruction of the highly

sensitive oocytes disturbs the hypophyseal-ovarian axis with altered

probabilities of certain tumors that are influenced by hormone levels .

In short, the mechanism of radiation-induced cancer varies between organs

and cell systems, and yet i t is conventional to plot the incidence of

tumors as a function of dose. The formulation of the current models i s

based on the factors involved in initiation, for example, mutation.

Neither the role of the many factors influencing the expression nor the

manner in which they alter the shape of the dose-response curve i s

usually taken into account although recently, Marshall and Groer put

forward a more comprehensive model for bone tumors (6) .

The importance of the factors influencing expression Is easily

illustrated by results obtained with ultraviolet radiation (UVR) shown

in Fig. 5. The curve on the right, which represents the incidence of

skin cancer as a function of dose of UVR in mice photosensitized with

8-methoxypsoralen appears sigraoid in shape with an apparent threshold.

With reduced total doses but with the exposure regime followed by

promotion with a phorbol ester, (TPA) the shape of the dose-response

curve appears more linear and without a threshold (7) . One might



conclude from these results that plots of incidence of cancer as a

function of dose are not good representations of the dose-response

relationships for the induction or init ial events of transformation.

Irrespective of whether or not one- or two-track events are involved in

initiation, i t is clear that, at least in sone tumors, the appearance of

tumors induced by those events depends on further and possibly multiple

changes. The shapes of the tumor dose-response curve reflects the

influence of a l l of these events. There is nothing new in these

remarks; the same concepts have been stated fron the time of the first

International Radiation Research Congress by Kohn in 1959 (8) to Upton's

paper at the Society's Symposium on Radiobiological Response

Relationships at Low Doses in 1976 (9). However, for whatever reason,

many of the discussions about dose-resp:r.se, and more importantly, the

interpretations s t i l l seem to ignore the facts that there are a number

of very different forms of dose-response relationships and that the

shape of the curves depends on the mechanisms* It i s likely that most

of the differences and complexities of the nechanisns l i e mainly in the

factors influencing expression, and the understanding of those factors

i s incomplete. We need other techniques to allow us to discern the

radiation-induced ini t ia l events from the exogenous and endogenous

factors that influence the final tumor incidence and different

experimental systems in order to examine separately the shape and slopes

of dose-responses for initiation and expression.

In the recent past the information on dose-response relationships

for a spectrum of tumors in mice has acr.inulated, and has helpad to

establish the range of the forms of the dose-response curves (10, 11),
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but many of the tumors involved are influenced by hormones, in particular

ovarian hormones. In experiments on ferale nice, whole body irradiation

results in sterilization even at low tctal doses. The subsequent

hormonal imbalance raises the question of independence of the rarious

tumor types. A lack of independence of certain tumor types i s suggested

by the increase in multiplicity of tumor types in female mice after

whole body exposure to radiation (2). The predominance of data from

whole-body irradiation rather than partial body or local irradiation i s

unfortunate and tumor dose-response cur-res for local irradiation of

certain organs are needed.

Low dose and low dose rate effects

The use of linear interpolation frca data obtained at high dose-

levels for estimating the risk of radiation-induced cancer in humans has

been considered a cautious approach for low LET-radiation and a

reasonable method for high LET-radiatio- (Fig. 6). The lack of

certainty stimulates discussion and i t has been suggested that even in

the case of low LET-radiation interpolation could underestimate the

effects (12).

The question of the effect of reducing the dose rate on the

incidence of tumors i s a suitable one t: answer by animal experiments.

It is unlikely that the data for humans v±H ever be adequate to

determine the influence of dose rate. As a result of series of

experiments at Oak Ridge National Laboratory, the effects of dose rate

on murine tumors are now well documented (11, 13). An example froa

these experiments is shown in Fig. 7. It can be seen that there i s a



narked effect of dose-rate on this tumor. To illustrate how dependent

the effect of dose-rate is on the specific tumor, I have made a

comparison of linear regressions of the data for dose-responses for a

number of different tumor types obtained after exposure to gamma

radiation at high and low dose-rates (Fig. 8). The solid lines indicate

the range of slopes obtained from linear fits for the responses of the

selected tumors after exposure to radiation at a high dose-rate*

Similar f its to the data for the responses of the same tumor types after

exposure to low dose-rate irradiation are shown individually. It is

clear that al l of the responses to exposures at low dose-rates are less

than the range of responses to irradiation at high dose-rates; however,

i t is evident that the degree of the effect of lowering the dose-rate

varies considerably for the different tuzor types. The two sets of data

for myeloid leukemia shown in Fig. 8 illustrate the complexity of the

factors that influence cancer. The experiments of Upton et a l . (13),

and Ullrich and Storer (11) were both carried out on the RFM strain but

the mice of the latter workers were maintained in a specific-

pathogen free facility. It is not clear vdiy the difference in the

microbial environment influenced the incidence of radiation-induced

leukemia, but i t is possible that either the number of myeloid stem

cells at risk or their proliferative rat? was different in the two

experimental series. It has been shown that the reduced risk of myeloid

leukemia in germ-free RFM mice is offset by an increased susceptibility

to thymic lymphoma (14). It i s this typ= of influencing factor that

will not be revealed easily by Jji vitro experiments. The results are
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also salutary for those willing to interpret dose-response curves purely

from biophysical principles.

NCRP committee 40 has spent a long time examining dose-rate effects

for every biological endpoint that had been investigated in a systematic

manner. The number of tumors that have been studied sufficiently to

make conclusions about dose rate effects i s limited. Unfortunately many

of the tumors studied are influenced by the same hormones and therefore

one must be concerned about Independence. The NCRP committee concluded

that the "dose-rate effectiveness factor" (effect at high dose

rate/effect at low dose rate) varied from about 2 - 10. These estimates

are deliberately cautious and examination of Fig. 6 wi l l reveal the

ruason. If the dose-rate effectiveness was determined from data from

only below 100 rad (which would be very reasonable) the factor would be

very large. The committee chose to include the data over the complete

dose-response range.

In the case of high-LET radiation, if interpolation i s used to

estimate risks of low doses (below 5 rad) from data for higher doses,

the result could be an underestimate of the risk (Fig. 6 ) . The reason

for a possible underestimation i s that results consistently show that

the dose-response curve for tumor incidence after exposure to neutron

radiation bends over at relatively low doses (7, 13, 15, 16). A similar

form of dose-response has been obtained for l i f e shortening In the two

major studies of fission neutron effects at Argonne and Oak Ridge

National Laboratories (17, 18, 19). The curvilinear (concave downward)

form is seen in the three sets of data (Fig. 9) . The radiation-induced

l i f e shortening is significantly less in the nale hybrid B6CF. than in
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the females from specific strains. Since tumors are the major cause of

death in the irradiated nice, the shape of the dose-response for l i f e

shortening probably reflects the similar shape found for individual

tumor systems.

In Fig. 10, l i fe shortening i s used again to i l lustrate the

difference in the responses to low and high LET-radiatlons. The

response to gamma radiation appears linear in contrast to the curve for

fission neutron that has a much greater in i t ia l slope but bends over.

When the exposures to gamma radiation are fractionated or protracted the

effect i s less than after a single exposure but i t i s Just the contrary

with fractionated exposures to neutrons (20). A greater tumor response

after fractionated or protracted high LET-radiation has also been noted

in both man and mouse (15, 21, 22-24). No satisfactory explanation has

been offered for the finding that fractionation and protraction of high

LET-exposures increase the effect.

In order to estimate the risk of cancer as a result of exposure to

low doses of high LET-radiation i t must be either possible to interpolate

from incidences obtained at higher dose-levels or directly determine the

low-level effect. We have used the Harderian gland of mice to

investigate factors that influence the dose-response for high

LET-radiation carcinogenesis. This tumor system has proven useful

because i t occurs naturally at a low incidence, i s reasonably

susceptible and the radiation initiation can be promoted by pituitary

hormones (assumed to be prolactin) that can be provided conveniently by

pituitary isografts. In Fig. 11, i t can be seen that there i s a steep

in i t ia l rise in the radiation-induced incidence of the tumors but the
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curve plateaus at a relatively low dose. These results and other

dose-response curves indicate that estimation of the init ial slope of

the dose-response curve for fission neutron radiation will entail

obtaining data at very low doses. It is popular to attribute the

"bending" or "plateauing" of the dose-response curves to cell killing

(16, 25, 26). When the d^e-response represents the tumor incidence as

a function of dose the interpretation of the curve is complex. The

results shown in Fig. 12 for the incidence of tumors in irradiated

animals with pituitary isografts are interestingly different to those

for the animals that received only radiation. The effect of the

pituitary isograft suggests that in the animals that received only

irradiation there were many more initiated cells with the potential for

expression that were in fact expressed as frank tumors. This finding

does not contradict the importance of cell killing but i t does warn

against simplistic interpretations. The shape of the dose-response

curve shown in Fig. 12 also underlines the disparity between the

observed form of the dose-response curve for neutron radiation and what

current models suggest, namely, that the linear term predominates over a

wider dose range than with low LET-radiation. We do not have a

realistic model or mathematical description that is applicable to high

LET-radiations. It is not clear why the apparent plateau is reached

between 30-40 rad and whether this involves a saturation effect.

Presumably, such factors as dose-distribution, transformation rate, and

cell killing will influence the dose-level at which the plateauing is

observed. Rossi (27) has pointed out that at very low doses (1 rad) of

neutrons most of the exposed cells are not traversed by neutron
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secondaries and the number of cel ls traversed i s proportional to dose.

At doses of about 30 rad there wil l be at least one traversal per ce l l .

The incidence of tumors at which the plateau occurs must be influenced

by biological factors, such as susceptibility, since the "plateau"

occurs at different incidence levels for different tumors and possibly

independent of the radiation quality.

It is now well established for numerous tissues and for different

species that the RBE varies with: (1) LET, (2) total dose,

(3) dose-rate, (4) dose fractionation, and (5) the target t issue. The

dependence of RBE on dose and LET i s illustrated in Fig. 12. In the

schematic Figure 13 i t i s seen that the inverse relationship of RBE to

dose or dose rate i s due to the fact that the effectiveness of low LET

radiation decreases with dose until dose-levels at which dose-rate

independence i s reached. Similarly, the marked variation in RBE values

(Table 1) for different tissues i s largely due to the form of the

dose-response to low LET-radiation.

Susceptibility and natural incidence
•

For both the understanding of mechanisms and the appropriate

analysis of data for risk estimates, it is important to determine

whether or not susceptibility is correlated to the natural incidence of

a specific tumor. If this relationship does hold then relative risk is

the appropriate method for risk estimates. The question of the

relationship between susceptibility to radiation-induced cancer and

natural incidence is one that is suitable for experimental solution.

Unfortunately, the appropriate data are scanty but the results shown in

©



Table 2 and other studies (28), do support the contention that

susceptibility is related to the natural incidence.

There have bean few examinations of the possibility of the

quantitative extrapolation of estimates of risk of radiation, effects

from experimental animals to nan (29, 30). Perhaps now is the tine for

such a task to be undertaken since there are risk estimates for a number

of tumors in both man and mice, and methods of extrapolation could be

tested; at least the problems in extrapolation across species could be

identified and tackled. We have noted that when the excess risk of

radiation induced cancer is expressed as a percentage of the natural

incidence the risks are of similar order in mouse and man (29). An

obvious problem that is raised is whether a tumor type, for example

myeloid leukemia, in man and mouse is analogous. Our estimate for the

per cent increase per rad for all cancers in man is about 0.03 and 0.024

in the one mouse strain for which there are suitable data. Fortuitous,

you may say, and perhaps correctly so, but such comparisons that we have

made are encouraging.

Summary

What have we learned shout radiation cardnogenesis? Perhaps the

most important aspect of what has been learned is that now there Is a

better realization of what i s not known. The variation in dose-response

curves for different tumors is a reflection of the differences in

mechanisms that are involved, and i t i s reasonable to believe that just

as marked variation in responses wil l be found in humans. It appears

that the probability of inducing potential tunor cel ls i s considerably
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greater than the probability of tumor?, at least in some tissues and i t

is important to establish for what tis=-£s this holds. It is possible

that the species-dependent differences in susceptibility are due largely

to the differences in expression (or s.tpression) of the initiated

cells. Reduction in dose-rate results in lower incidences of

radiation-induced tumors but the degree of reduction is dependent on the

specific tissue tumor system.

While i t is known that there are rectors, such as dose-distribution,

that influence the shape of the dose response curves for low and high

LET-radiation the understanding of the factors that determine the shape

of dose-response curves for tumors ind.ied by high LCT-radiation Is not

sufficient to allow a precise descriptors of the curves. It might even

be questioned whether the current concerts of dose are appropriate for

understanding tumor induction by high "-IT-radiation. The results from

animal experiments show that RBE value.- zan show a narked variation and

that high RBE values are due to a correspondingly small effect of the

low LET radiation. The variation in RII values does not argue for the

use of a single quality factor for pro:action standards for neutron

radiation.

The increasing information on the incidences of radiation-induced

cancer for both man and experimental ar-i^als should make i t possible to

extend the tests of methods of extrapolation. Certainly i t should be

possible to establish the relationship :f susceptibility to natural

incidence for a number of tumors in a :*v strains of mice.
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Animal experiments on radiation carcinogenesis have provided

information at a frustratingly slow rate but they have provided insights

important for the understanding of carcinogenesis in general that cannot

be obtained as yet, in other ways. Animal experiments continue to be

vital for 1) the study of mechanisms, 2) the establishment of

generalizations, 3) the elucidation of dose-response and time-dose

relationships, and 4) the determination of dose-distributions and their

consequences, particularly in the use of radionuclides.
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Table 1

R8E Values

Est imates are based on the r a t i o of the s lopes of the i n i t i a l part of the dose response

curves for f i s s i o n neutrons (25 r ad/rain) and the s lope of the dose response (<j) f o r 137

C gamma rad ia t ion ( 8 . 3 r a d / d a y ) . Data from r e f s . 15, 38 .
s

MOUSE STRAIN

RFM

BALB/c

SEX TISSUE-TUMOR

Thymic lymphoma

Pituitary

Harderlan gland

Lung tumors

Lung adenoca rcinoma

Mammary adenocarcinoma

Ovarian tumors

0.56

0.41

0.54

1.7

2.6

1.14

0.67

TERM VALUES + S.E.

+ 0.004

+ 0.21

+ 0.03

+ 0.15

+ 0.14

+ 1,0

+ 0.11

0.039 +

0.007 +

0.015 +

-0.29 +

0.043 +

0,035 +

0,083 +

0.03

0.005

0.004

0.151

0.003

0.01

0.09

RBE

14 - »

59

36

283-»

60

33

8

l
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Table I

Relatloaship of Natural Incid=-;e and Susceptibility

Tumor Type

Ovarian

Ovarian

Manmary Gland

Mammary Gland

Myeloid Leukemia

Myeloid Leukemia

Mouse S t ra in

RFM

BALB/c

BALB/c

BBCFj/Anl

RFM 6"

RFM +

Natural
Incidence
(Per cent)

7.5

i . :

4.C

3.C

Response to Radiat ion
Increase In Tunor
Incidence Per Rad
(Per cent)

0.39

1.2

0.067

0.01

0.14

0.09
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Figure Legends

Figure 1. Tumor prevalence and survival as a function of age in

female B6CF./Anl mice reproduced froo (2) with the kind

permission of Pergamon Press.

Figure 2. Schematic of the relationship of tumor Incidence as a

function in time of a tumor alth a high natural incidence.

The effect of exposure to reflation i s indicated by the

curve representing the advancement of titae of appearance of

the tumors.

Figure 3. Age-specific mortality rates for lethal lung tumors in

female B6CF./Anl mice expose: to JANUS Reactor f ission

spectrum neutrons reproduced from (2) with the kind

permission of Pergamon Press.

Figure 4. Three dose-response curves far low LET-radiation that may

describe many of the experimental tumor systems. The curves

shown represent the response over a relatively restricted

dose-range and the effects of cel l ki l l ing on the shape of

the curves is not considered. In some tumors a dose-squared

response cannot be excluded or readily distinguished from a

non-linear no threshold curve. Since a substantial fraction

of the excess mortality after exposure to radiation i s due

to tumors l i f e shortening is included.
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Left Panel: Linear-no threshold Rat: Mammary Tumors (31)

Mouse: female BALB/c, Mammary tumors, Pulmonary

adenocarcinomas (10) Mouse: Life shortening male RFM (19)

male and female B6CFj (17). The question of a quadratic

dependence Is discussed by Sachef (32).

Middle Panel: Non-liner no threshold including the

so-called linear quadratic shown in the figure and

dose-squared, responses. Examples mouse, male, RFM, myelold

leukemia (5) (a dose-squared response cannot be excluded),

Female RFM lung adenoma (15 ,34), Male CBA, myeloid

leukemia, (best f i t oD2e"bd) (35).

Right Panel: Non-linear threshold Rat: renal tumors (36)

skin (37), House: female RFM, thymlc lymphoma, ovarian

tumors (10) skin (37).

Figure 5. The percent of mice with squamous cel l carcinomas as a

function of total dose of 320-400 ran UVR given in various

numbers of fractions plus 8-methoxypsoralen O — O aI»d

similar exposures but followed at the end of the

fractionation regime by treatment with 5 ,jg of TPA 3/week.

Figure 6. Schematic dose-response curves for tumor incidence after

exposure to high: (A—A) and low LET-radiation: ( A — A )

with linear interpolations through selected points on the

curves.



26

Figure 7. Incidence of thyraic lyraphora in RFM mice as a function of

dose after 45 rad/min:(#—#) or 8.3 rad/day: (O—O)» See

ref. (11).

Figure 8. Plot of the slopes (linear regressions of tumor incidences

as a function of dose, assuming no threshold, for exposures

to high dose-rate irradiation. The minimum and maximum

slopes for a l l the tumors examined are indicated by the

solid lines and those for exposures to low dose-rate

irradiation are indicated individually by tumor type.

Figure 9. Life-shortening in days a fraction of dose after single

exposures to fission neutrzns, HP RR ORNL, RFM female mice:

( # — # ) and BALB/c female ^Lce: (Q—O) JANUS reactor

Argonne National Laboratory nale B6CF mice: (A—Jm.) (data

was taken from refs. 17, 25, 19.

Figure 10. Life shortening as a fraction of dose after single and

fractionated exposures of l i fe to JANUS fission neutrons and

Co-gamma radiation. Data is from refs. 17, 18.

Figure 11. The incidence of Harderian gland tumors as a function of

dose of JANUS reactor fission neutrons in B6CF. female mice

with pituitary isografts before: ( # # ) and after (O)

irradiation, and in nice without pituitary isografts:

(A-A).
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Figure 12. The incidence of Harderiar eland tumors as a function of

dose by JANUS reactor fissitn neutrons <BHR)> ( D ) Feral

Lab neutron facil ity neutrons ( £ — 0 ) (O)» and Co gaoma

radiation (^—W ) in B6CF. fenale nice with pituitary

isografts.

Figure 13. Schenatic diagram of the effect per unit dose as a function

of doses of low and high LIT-radiation.
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