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EXPERIMENTAL RADIATION CARCINOGEKZ3IS: WHAT HAVE WE LEARNED?

Introduction

This paper is concerned with what =as and has not been learned from
animal experiments about external radizzion carcinogenesis. The intent
is not to be encyclopedic, and thereforz, I will omit reference to many
experiments that have produced valuable information. Also, I will not
refer to the body of work devoted to i:-zernal emitters, an area of
research vital to the understanding of che special problems of dose-
distribution posed by radiocnuclides.

Radiation provides a very useful z=1 an underutilized tool in the
study of mechanisms of carcinogenesis. However, because cancer is the
somatic risk of most concern in establ:shing standards for radiation
protection there has been a greater inv:istment in studies of the aspects
of radiation induction of tumors that z:2 help in guiding the sensible
selection of standards than in unravel:zz the mysteries of mechanisms.
While protection atandards for genetic :z7fects have been based on data
obtained fron experimental systems (1) ::ose for cancer are based on the
human experience. That does not mean t-at the results from animal
experiments have had no role in the seZz:tion of protection standards.
There are various reasons that results Irom animal experiments have been
used less in the zrea of somatic effect: than genetic effects. First,
of course is the fact that there is sub:zantial, though :lnadéquate, data
about the risk of cancer in man after exposure to radiation. Secondly,

suitable quantitative data for the dose~responses over appropriate
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dose-ranges from animal experiments have not been available until very
recently. This lack of information is not due to sloth btut to the

magnitude of the problem of executing the necessary experiments.

The role of animal experiments:

The existing human data cannot, by itself, péssibly provide
estimates of risk of exposures to very low doses and the fact that éome
model for the dose-response relationships must be used, make it
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 time-dose relationshiﬁs and the
relative biological effectiveness (RBE) of different radiatfon qualities
is being realized. Such knowlege can be used profitably. It is
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 mauner and that quantitative risk estimates cannot be
extrapolated from experimental animals to man. The pussibility 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 ;s the strongest

determinant of cancer. The increasing incidence with agé that is 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 mostAextensive
smﬁahwemmcuﬂﬁouonmmmthtmmrﬁmrdnhdfmw
frequency. The combination of these two facts leads to the problen, |
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
vypes of response is often considered unimportant from an acturial
viewpoint, the matter is not trivial if ocur interest is in mechanisms.
For example, it seems reasonable to believe that either the type or
nunber of events required for advancement might be differenc Xrom that
required for induction. It can be seen from the curves on the left of
Fig. 2 that if a complete life~time study is not carried out, and with
the rationalization of econony, animals are killed at some zima eariier
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 time
of appearance. It is also obvious that guantitatively 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.BGCFl mice appear
to be an example of the radiation-induced advancement of time of
appearance. In the female of this hybrid the prevalence of lﬁng 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 oaly 18 percent of deaths among

®
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. mice with lung tumors are due to lung -:a0rs. In other words most of

the tumors are incidental to the cause ¥ death. After irradiation, it
can be seen (Fig. 3) tha:'lethal lung ::aors kill the mice at an earlier
age than in the controls. The age-spé:;fic mortality curves are shifted
to the left but show no significant chzzge in slope. The results are
consistent with the contention that in the case of this tumor in the
BBCF1 femzle, irradiation results in z= advancement of time of death
from this specific cause without any evidence of an increase in
incidence. The importance of the diffz:-ance in lethal and incidental
tumors in the cholce of method of analv:is has been appreciated for some
time (3). Recently, analysis of the iz:idence of mammary neoplasms in
the Sprague-Dawley rats after exposure :7 radiation has been made in
terms of an advancement of time of appe:zrance (4). This is important
because results from experiments in the Sprague—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-call:d linear-quadratic dose-
response is more appropriate than the n:a-threshold linear dose-response
for the description of data for radiati::—induced cancer and the
estimate of risk in man has exercised t*: minds and patience of those on
committees that deal with this matter, -3t to mention their criticz.
Although the various arguments for and zzainst the use of one particular
dose-response curve have used scientifi: facts in the attempt to package

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



dose-response curve tbe approach is more simplistic than scientific. In
some experimental tumors none of the simple models are approp;iate (5).
It can be seen from Fig. 4 that from the preéent exparimental -
evidence there is every reason to believe that the form of the dose-
response curves covers the gambit of probab;e shapes. iIt is quite
reasonable that it shouid be so. In the mouse, the evidence is that the
induction of tumors can involve not only a direct effect on the target
cell 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 it 1s conventional to plot the 1ﬁc1dence of
tumors as a function of dose. The formulation of the currené modelé is
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 is
usually taken into account although recently, Marshall and Groer pﬁt
forward a more comprehensive model for bome tumors (6). |

The importance of the factors influencing expression is easily
i1lustrated 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 pﬁotosensitized w;fh

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

‘With reduced total doses but with the exposure regime followed by

promotior with a phorbol ester, (TPA) the shape of the dose-reSponée

curve appears more linear and without a threshold (7). One might
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conclude from these results that plots 5% incidence of cancer as a
function of dose are not good representztions of the dose-response
relationships for the induction or ini:cial events of transformation.

Irrespective of whether or not one~ or =wo-track events are involved in

initiation, it is clear that, at least in some tumors, the appearance of

tumdrs induced by those events depends 2a further and possibly multiple
changes. The shapes of the tumor dose-~rasponse curve reflects the
influence of all of these events. Therz 1s nothing new in these
renarks; the same concepts have been stz:ied from the time of the first
International Radiation Research Congress bv Rohn in 1959 (85 tb Upton's
paper at the Society's Symposium on Raéisbiological Response
Relationships at Low Doses in 1976 (9). Howevar, for whatever reason,
many of the discussions about dose-res;:nse; and more importantly, the
interpretations still seem to ignore th: facts that there are a mumber
of very different forms of dose-responsz relationships and that the
shape of the curves depends on the mechzaisms. It is iikely that most
of the differences and complexities of :he mechaniéms lie mainly in the
factors influencing expression, and the understanding of those factors
is incomplete. We need other techniques to allow us to discern the
radiation-induced initial events from t-2 exogenous and endogenous
factors that influence the final tumor :acidence and different
experimental systems in order to examins separately the shape and slopes
of dose-responses for initiation and ex:cression. | |

In the recent past the informatior o2 dose—resﬁonse relationships
for a spectrum of tumors in mice has ac::mlated, and has helpad to

establish the range of the forms of the Zose-response cﬁrves (10, 11),.



but many of the tumors involved are infZuenced be.hormones,. in barticular

ovarian hormores. In experiments on fe:alé nice, whole body irradiation

results in sterilization even at low tc:él doses. The subsequent N
hormonal imbalance raises the question »f independgnce of the marious

tumor types. A lack of independence of certain tumor types is suggested

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

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

whole~body irradiation rather than partial body or local irradiation is
unfortunate and tumor dose-response curtes for local irradiation of

certain organs are needed.

Low dose and low dose rate effects

The use of linear interpolation fr:a data obtained at high dose~
levels for estimating the risk of radiz-ion~induced cancer in hum#ns has
been considered a cautious approach for low LﬁT—radiation and a
reasonable nethod for high LET-radiatio= (Fig. 6). The lack of
certainty stimulates discussion and it tas been suggested that even in
the case of low LET-radiation interpola:zion could underestimate the
effects (12).

The question of the effect of reducing thg dose rate on the.
incidence of tumors 1s a suitable one t: answer by animal experiments.
It is unlikely that the data for humans will ever be adequate to
determine the influence of dose rate. %5 a result of series of
experiments at Oak.Ridge Naiional Laborz-ory, the effectsvof dose rate
on murine tumors are now wéll documentes (11, 13).-'An example from

these experiments is shown in Fig. 7. 2z can be seen that there is a , (:::)
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narked effect of dose-rate on this tumor. To illustrate how dependent
the effect of dose-rate is oﬁ the speciiic tumor, I have made a
comparison of linear regressions of the Zata for dose~responses for a
number of different tumor types obtainec after exposure to gamma .
radiation at high and low dose-rates (Fiz. 8). The solid lines indicate
the range of slopes obtained from linear fits for the responses of the
selected tumors after exposure to rad;ation at a high dose-rate.

Similar fits to the data for the responszs of the same tumor types after
exposure to low dose-rate irradiation ar= shown individually. It is
clear that all of the responses to exposures at low dose-rates are less
than the range of responses to irradiatisn at high dose-rates; however,

it is evident that the degree of the efizct of lowering the dose-rate

varlies considerably for the different tu-ur types. The two sets of data

for myeloid leukemla shown in Fig. 8 ill:ustrate the complexity of the

factors that influence cancer. The experiments of Upton et al. (13),
and Ullrich and Storer (11) were both cz-ried ocut on the RFM strain but
the mice of the latter workers were mairzalned in a specific-

pathogen free facility. It 1s not clear why the difference in the
microbial environment influenced the incidence of.radiation-induced
leukemia, but it is possible that either the mumber of myeloid stem
cells at risk or their proliferative ratz was different in the twb
experimental series. It has been shown that the reduced risk of m&eloid
leukenia in germ-free RFM mice 1s offset %y an increased susceptibility
to thymic lymphoma (14). It is this typ: of influencing fac;or that .

will not be revealed easily by in vitro sxperiments. The results are

it st e e
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also salutary for those willing to 1nter§ret dose—fgsponse 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 sufficieﬁtly to |
make conclusions about dose rate effects isllimited. bnfortunately 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 efféZEi§enésé facéar" (effect at high dose
rate/effect at low dose rate) varied from about 2 — 10. These estimates
are deliberately cautious and examinationAof Fig. 6 will reveal the
rizason. If the dose-r#te effectiveness was determined from data from
only below 100 rad (which would be very réasonable) the factor woﬁld be
very large. The committee chose to include the data over the complete :
dose-response range. |

.In the case of high-LET radiation, i1f interpolation is 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 is that results consistently show that
the dose-response curve for tumor incldence after exposure to neutron
radiation bends over at relatively low doses (7, 13, 15, 16). A gimilar
form of dose-response has been obtained for life shortening in the two
ma jor studies of fission neutron effects at Argonne and bak Ridge
National Laboratories (17, 18, 19). The cu?viline;f (concaQe downﬁ;rd)
form is seen in ﬁhe three sets of data (Fig. 9);. The radiétidn-induced

life shortening is significantly less in the male hybrid B6CF, than in
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the females from specific strains. Since tumors are the major cause of
death in the irradiated mice, the shape of the dose-response for 1life

shortening probably reflects the similar shape found for individual

tumor systemsS. ' . T
In Fig. 10, 1life shortening is used again to illustrate the

‘difference in the responses to low and high LET-radiatfons. The ’

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

fission neutron that has a much greater initial slope but bends over.

When the exposures to ga:ma r'aciiationh;re fractionated or protracted the

effect is less than after a single exposufe but it is just the contrary

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

after fractionated or protracted high LET-radiat?ion has also been noted

in both man and mouse (15, 21, 22-24). Nd éatisfactory explamation 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 exposur.e to

low doses of high LET-fadiation it must be efther 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 dc;se-rusponse for high

LET-radiation carcinogenesis. This tumor system has proven useful

because it occurs naturally at a low incidence, is reasonably

susceptible and the radiation initiation can be promoted by pituitary

hormones (assumed to be prolactiﬁ) that can be provided couveniently by

pituitary isografts. In Fig. 11, it can be seen fhat: t:’r_lere is a steep @

initial rise f{n the ‘radiation—induced incidence of the tumors but the
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curve plateaus at a2 relatively low dose. These results and other
dose-re#ponse curves indlcate that >stimation of the initial glope 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 dnse-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 I;ografts are interestingly different to those
for the animals that received only radiation. The effect of the
pitultary isograft suggests that in the animals that received only
irradiation there were many more initiated cells with the pofential for
expression that were in fact expressed as frank tumors. This finding
does not contradict the importance of cell killing but it 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 matheﬁatical description that is applicéble to high
LET-radiatlions. It is not clear why the apparent plateau 1s reached
between 30-40 rad and whether this'inﬁolves a saturation effect.
Presumably, such factors as dose-distribution, transformatiﬁn rate, and
cell killing will influence the dose-level at which the piateauing is |
observed. Rossi (27) has pointed out that at'véryAlow doses (; rad) of

neutrons most of the exposed cells are not traversed by neutron



secondaries and the number of cells traversed is proportional to dose.
At doses of about 30 rad there will be at least one traversal per cell.
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 is8 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 tissue. The

dependence of RBE on dose and LET is illustrated in Fig. 12. In the
schematic Figure 13 it is seen that the inverse re=lationship of RBE to
dose or dose rate is due to the fact that the effectiveness of low LET

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

independence is reached. Similarly, the marked variation in RBE values

(Table 1) for different tissues is 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 1iportant 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 questioﬁ of the
relationship between susceptibility to radiation—induced cancér and
natural incidence 1is one that is suitable for experiwmental solution.

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

13
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Table 2 and other studies (28), do support the contention that T~

susceptibility is related to the natural incidence. |
There have bezn few examinations of the possibility of the

quantitative extrapolation of estimates of risk of radiation effects

from experimental animals to man (29, 30)., Perhaps now is the time for

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

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 problen 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 Qay, and perhaps correctly so, but such comparisons that we have

made are encouraging.
Summar

What have we learned about radiation carcinogenesis? Pefhaps the
most important aspect of what has been learned is that now there is.a
better realization of what is not known. The variation in dosemresponbe
curves for different tumors is a reflection of.the differences in
mechanisms that are involved, and it is reasonable to believe that just
as marked variation in responses will be found in humans. It appears -

that the probability of inducing potential tumor cells is considerably
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greater than the probability of tumors. at least in some tissues and it
is important to establish for what tiss:as this holds. It is possible
that the species—dependent differences Ia susceptibility are due largely
to the differences in expression (or s.:pression) of the initiated
cells. Reduction in do#e-rate results In lower incidences of
radiation-induced tumors but the degrez of reduction is dependent on the
specific tissue tumor system.

While it is known that there are Z:zctors, such as dose—-distribution,
that influence the shape of the dose r:zsponse curves for low and high
LET-radiation the understanding of the Zactors that determine the shape
of dose-response curves for tumors iné.:24 by high LET-radiation is not
sufficient to allow a precise descript:i:n of the curves. It might even
be questioned whether the current conc:=-:s of dose are appropriate for
understanding tumor induction by hig sz-radiation. The results from
animal experiments show that RBE value: zan show a marked variation and
that high RBE values are due to a corrzsdondingly small effect of the
low LET radiation. The variation in R:I values does not argue for the
use of a single quality factor for prot::tion standards for neutron
radiation.

The increasing information on the :acidences of radiation-induced
cancer for both man and experimental 2:-:=als should make it possible to
extend the tests of methods of extrapo’:zion. Certainly it should be
possible to establish the relatiomship := susceﬁtibility to natural

incidence for a mumber of tumors in a 7zv strains of mice.

i
i
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Animal experiments on radiation carcinégenesis have provided
information at a frustratingly slow rate but thef have provided insights
important for the understanding of carcinogenesis in general that cannot
be obtained as yet, in other ways.' Animal experimehts 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

RBE Values

Estimates are based on the ratio of the slopes of the initial part of the dose response

curves for fission neutromns (25 rad/min) and the slope of the dose response (q) for 137

Cs gamma radiation (8.3 rad/day). Data from refs. 15, 38.

MOUSE STRAIN SEX TISSUE-TUMOR

RFM 2 Thymic lymphoma
Pituitary

Harderian gland

Lung tumors

BALB/c- 2 Lung adenocarcinoma
Mammary adenocarcinoma

Ovarian tumors

TERM VALUES + S.E.

RBE

0.56 + 0,004  0.039 + 0.03

0.41 + 0.21 0,007 + 0,005
0.54 + 0,03 0.015 + 0,004
1.7 +0.15  =0.29 + 0,151
2.6 + 0.14 0.043 + 0,003
1,144+ 1.0 0,035 + 0,01
0.67 + 0,11 0.083 + 0.09

16 -=
59
36

283~

60
33
8

z2
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Relaticaship of Natural Incids=:e and Susceptibility

Response to Radliation .

Nat:ral Increase in Tumor

InciZence Incidence Per Rad
Tumor Type Mouse Strain (Pz> cent) (Per cent)
Ovarian RFM 2.4 0.29
Ovarian BALB/c 6.L 1.2
Mammary Gland BALB/c 7.2 0.067
Mammary Gland B6CF1/.-\n1 1.2 0.01
Myeloid Leukemia & RFM & 4,7 0. 14

RFM T 3.0 0.09

Myeloid Leukemia
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Figure Legends

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Tumor prevalence and survivzl as a function of age in
female B6CFllAnl mice reprociced from (2) with the kind

permission of Pergamon Press.

Schematic of the relationshi> of tumor incidence as a
function in time of a tumor #ith a high matural incidence.
The effect of exposure to raiiation is indicated by the
curve representing the advarzement of tiue of appearance of

the tumors.

Age-specific mortality rates for lethal lung tumors in
fenmale B6CF1/Aﬁ1 mice expose? to JANUS Reactor fission
spectrunm neutrons reproducec from (2) with the kind

permission of Pergamon Press.

Three dose-response curves I>r low LET-radiation that'nay
describe many of the experimental tumor systems. The curves
shown represent the response over a relatively restricted
dose-range and the effects o cell killing on the shape of
the curves is not considered. In some tumors a dose—squared
response cannot be excluded »r readily distinguished from a
non-linear no threshold curva. Since a substantial fraction
of the excess mortality aftes exposure Eo radlation is due

to tumors life shortening is included.



Figure 5.

Figure 6.

25 .

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 BGCFl (17). The question of a quadratie
dependence is discussed by Sacher (32).

Middle Panel: Non-line-~r no threshold including the
so~called linear quadratic shown in the figure and
dose-squared responses. .Examples mouse, male, RFM, myeloid
leukemia (5) (a dose-squared response cannot be excluded),
Female RFM lung adenoma (15 ,34), Male CBA, myeloid
leukemia, (best fit ab%e Pd) (35),

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

skin (37), Mouse: female RFi{, thymic lymphoma, ovarian

tumors (10) skin (37).

The percent of mice with squamous cell carcinomas as a
function of total dose of 320-400 nm UVR given in various
numbers of fractions plus 8-methoxypsoralen(Q—) and
similar exposures but followed at the end of the

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

Schematic dose-response curves for tumor incidence after
exposure to high: (H) and low LET-radiation: (A—A)‘
with linear interpolations through selected ﬁoints on the

curves.

-




Figure 7.

Figure 8.

‘Figure 9.

Figure 10.

Figure 11.

Incidence of thymic lympho=a in RFM mice as a function of
dose after 45 rad/min:(@—@) or 8.3 rad/day: (O—Q). See

ref. (11).

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 all the tumors 2xamined are indicated by the
solid lines and those for z=xposures to low dose-rate
irradiation are indicated :iadividually by tumor type.
Life-shortening in days a Zraction of dose after single
exposures to fission neutr:as, HP RR ORNL, RFM fermale mice:
(@—@) and BALB/c female =ice: ((OQ—()) JANUS reactor
Argonne National Laborator: male-BﬁCFl mice: (‘-—.A) (data

was taken from refs. 17, 13, 19,

Life shortening as a fract:ion of dose after single and
fractionated exposures of _ife to JANUS fission neutrons and

6OCo-gamma radiation. Dat:z i{s from refs. 17, 18,

The incidence of Harderian 3land tumors as a function of
dose of JANUS reactor fiss:on neutrons in BGCF1 female mice
with pituitary isografts beZore: (@—€@) and after (O)
irradiation, and in mice wi:chout pituitéry isografts:

étﬁ&—1£§),



Figure 12.

Figure 13.

The incidence of Harderiar zland tumors as a function of
dose by JANUS reactor fiss::za neutrons (J-)), (J) Fermi
Lab neutron facility neutr:zs (@—@) (Q), and 60, ganma
radiation (H) in BBCF: female mice with pituitary

isografts.

Schematic diagranm of the eZZect per unit dose as a function

of doses of low and high LZT~radiation.
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