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Tre study of radiation toxicology is about as old as thoe proverbial life spen
of man. Daspite intensive rescarch and the development of a remerkable body of

infoermztion ebout the effects of radiation of different qualities, there is
stil! no 2bsniute agreement on how radiation kills cells or induces tumors,
thare a practical need for an understanding of various radiation
the excitement of ipvestigaling the mechanisns by

results in major biological cffccts.

Fazctzzicns of diffarent @ zvelengths vary in their biological effects
(Te=1: wisk wavelengths greeter (hap 320 nm are considered
ROSLEFCINGGZNIC U vary jox systematic late offecis stulies hove been carried
oulb wiztn thz to-gzr s hy o With radietions such os infrarcd and radio-

wzwas, thermz: demage is the cowmon Teature. There are no data en the carcino-
o)

2 in animals, and heat doce not transform cells?,

The relzative zmounts of the different types of radiation-induced macromolecular
znsidersbly for the spectrum of radiations ihat arc carcinogenic.

2t the more densely ionizing radiations (probably up to zbout
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100 kev/y) ars more effective than the sparsely fonizing for several bioloﬁica]
endpoints inzluding tumorigenesis. But there is yeol noe evidence thot a DNA
lesion common to the various radiation qualitics is involved in carcinogenesis.
In the case of ultraviolet radiation thetre scems to be a corrclation bctw&én
tha wavalengths that interact with DNA and those thal vesult in skin cancc}.
The spatial and temporal charecteristics of the deposition of encrgy of .
radistion of different qualities provide a potentially powerful probe for

investigating the mechanisms of malignant transformation. ; ;
&

*Reszarch sponsored by e O0ffice of licalth ¢nd Enviromacatal Rescarch, U. S.
Deprrimant of Energy, under contract W-7405-eng-26 with the Union Carbide
Corprration. Some of the research reported in this paper was carried out by

R. J. M. Fry and colleagues at the Divisicn of Biological and Medical Research,
Argonne Hational Laboratory, Argonne, l1linois, under contvact W-31-109-eng-38.
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TABLE |

Type of Radiation

Source
Natural

Wavelength

Molecular Lesions

Adverse
Biological Effects

Gamma

X-rays

Ultraviolet

Visible
Infrared

Radio waves

Power A.C.

Radioactive
minerals

Sun |

Sun

x

i

Single strand breaks
Double strand breaks
Basce Damage

Pyrimidine dimers
Base damage

Thymine photoproducts
DNA-protein cross)inks

Sun

Sun

Thermal damage

Thermal damage

Cell killing
Mutagenesis
Teratogenesis
Carcinogenesis

Cell killing

Carcinogenesis

320 nm considered
ncnecarcinogenic

Cell killing

Cell killing
Deafness
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Radiation, unlike some of the chemicals about which there is concern today,
has been present through man's evolution. The heat from the radioactive
elements in the earth's crust has helped shape its surface. We know less
about the way in which radiation has influenced the design of man although it
seems reasonable to believe exposure to both ionizing and nonionizing radiation
has influenced the developmeni of systems capable of repairing damage to DNA
and recovery from both the consequences of DNA damage and also from lesions in
molecules and structures not associated with DNA. Although a small fraction
of the incidence of cancer is attributed, by some, to environmental radiation
it is not known with certainty whether or not this level of radiation does
cause cancer,

The natural radiation background varies, depending on gcographical location,
by &s much 25 a factor of 202. Unfortunately, there arec no adequate studies
of the human populations such as those on the Kerala coast in India that are
ed to about 2 rem/yr background radiation or those in Brazil exposed to
from the monozite sand. 1t would be very valuable
to compare the effects of background irradiation in these populations and those
exnosed to Tess than 100 mrem/yr. Despite the profound difficullies in such
ical approach Frigerio and Stone3 considered It so attractive
thet they exzrmined cancsr rates in relation to the varying levels of background
radiaticn within the U.S. Although the results suggested o negative correlation
betwzen rediation levels and cancer mortality the problems of lack of uniformity
of madical treztment, the recording of cancer mortality, and the fact that:the
range in the background levels is small, compromise any conclusions.

In the case of ultraviolet radiation (UVR} & distinci association has béen
established between the environmental level of the radiation at different
latitudes and the incidence of skin cancerh’S.

Time and Radiation. Time after irradiation is important for the expression

of the biological effects and the interval, or latent period, between the
exposure and the development of tumors is long. Time-dose relationships, such
as dose-rate and fractionation have a profound influence on the effect of
irradiation. )
Latent Period. The amount of time necessary for the expression of différent
types of radiation-induced lesions varies with the nature of the lesion and is
also influenced by‘the total dose of radiation. Some effects, such as cancer,
are expressed months or years after exposure and this is onc of the diffi-
culties in epidemiological studies of cancer. Obviously, exposure to many

other factors in the interval between radiation exposure and tumor appearance



complicates the studies. Similarly in animal experiments competing risks from
diseases other than that under study confound the analyses. It is established
that radiation can act as a complete carcinogen, as an initiator, and also
interacts as a co-carcinogen. But the role of irradiation, particularly low

dose protracted irradiation, in enhancing or promoling the expression of tumors
induced by various other agents. is not understood. The importance of such
interaction is shown by the finding that uranium mincrs who smoke had 10 times
the excess of lung cancers than miners who did not smoke . _

In the case of UVR, Blum suggested that the effect of many of the later
fractions in the multifraction regimes necessary for carcinogencsis was on the
expression of the initiation events7. This idea has been confirmed. When the
promoter phorbol ester is used after a regime of UVR a comparable incidence of
tumors is preduced with fewar fractions of UVRS, in the case of protracted

or fracticnsted exposures of fonizing radiation there has been very little work

that allows 2 s2

of the initie! lesions
Experimentzily, the term ''lztent period’ has various mecanings depending on
the organ, the endpoint, end the methods of detection of the sclected endpoint.

For example, the latent pariod for skin tumor development may be Trom the time
o7 exposure to the appearance of the first tumor of o size that can be recog-

s vary small tumors can be recognized in the skin the estimate of
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ppaaisnce may not be much greater than the time Tor the necessary cell
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ivisions for the growth to a size that can be seen by the eye, and any time
that may exist between the exposure and the onset of tumor growth. The latent
period, for lung tumors, if based on the time from the exposure to time of
death ‘due to the tumor, will depend very much on the degree of maligmancy and
site of the tumor. Admittedly, most of the nalural history of a tumor is over
by the time it is detected. Despite the lack of understanding of the biology
of the latent period, Blum7, DruckeryB, and more rccently Albert and
Altshuler]0 have found that the time of tumor appearance has a log normal
distribution that is dependent on dose rate and that the dose rate multiplied
by a power of the median time to appearance is a constanl. It has been
aocepted by some authors that higher doses result in earlicr appearance of
tumors than with lower doses]l’lz. Unfortunately, there is no body of data
that shows unequivocally the time of appearance to be dependent on dose and
independent of the change in incidence that accompanies higher doses of the
carcinogenic agents. .

The distinction betwezn advancement of the time of appearance of naturally
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occurring tumors and the induction of tumors is not a trivial matter and is
fundamental to the understanding of mechanisms and susceptibility to cancer
induction. There are a number of tumors which occur with a high natural
incidence in rodents; in some strains the incidence may reach nearly 100%, for
example, liver tumors in C3H mice, and mammary tumors in Sprague Dawley rats.
Presumably the observed radiation effect in such cases can only be related to
the time of appearance. In Figure 1 the dose-dependent change in time at
death from lung tumors after exposure tc fission neutrons is shown. In this
hybrid mouse no dose-dependency for the number of mice dying from lung tumors

was found but oniy a changz in time of death after exposurclj.

Fig. 1. Time to a selected mortality rate due to lung tumors in female BBtF
{An1) mice as a function of dose of Janus fission neutrons. !
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The marked difference in time tc appearance of tumors in various species
is one of the facets that must be undr _tood if exirapolations across species
are to be made. The equally marked difference in life span between species
has encouraged interest in the idea that the temporal pattern of tumor response

is dependent on life spanlk’ls. The idea of finding a correction factor for

life span differences that alldws meaningful comparisons or cven extrapolations
for tumor rates across species is attractive but perhaps too optimistic.

Dose-Resnonse Relationships. The data for radiation-induced cancer in humans

is still insufficient tc determine the shape of the dosc response curves.

Furtheirmore, human studies have shed little or no light on the mechanisms of
tumorigenasis. Studics in radiation coreinogenesis in experimental animals are
usefu! for the investigation of mechanisms, for the determination of time-dose
relationships, such as the effect of dose rate and fractionation, and to obtain
dose responss curves at least of sufficient quality to test models,

dels suggestad for the dose response curves for high linear

fzr (LET) radiation, such as neutrons, and low-LET radiation such

adiztion are linsar and curvilinear respectively (Fig. 2). Howadays

FEg. 2. Schematic dose response curves for tumor incidence after exposure tc
high and low LET radiation with linear interpolations through sclected points
of the curves.
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the equations that describe the curves usually have some correction for cell

It is not surprising that these modzls, if it is appropriate to

killing. _
is clear that the mechanism

call them that, are too simple. First of all it
of tumorigenesis, though not necessarily induction, involves different factors.

For example, the mechanisms involved in the production of hormonal depzndent

tumors must surely be different from the production of a sarcoma. So there is

no & priori reason that one model will be suitabie for more than one or a small

number of tumor types. In tumor dose-response curves tumor incidence is often

plotted as a function of dose but the occurrence of a tumor involves not only
the malignant transformation of a cell but also the factors that influence the

subszquent expression {and repression). The models for dose response curves

are really based on the dose response of initial events or transformation and
not sufficient for what many workers believe to Le a multistage process.
f the Influance of hormones on radiation-induced cancer is

!
shown in Fig. 3. Pituitaries were grafted into the spleens of mice to increase

Fig..3. The prevalence of Harderian gland tumors in female B6CF. (Anl) after
pituitary isograft only o—o after a single exposure to 64 rad %n only o---o
and to 64 rad fn followed by pituitary isograft on the same day A—A,
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the level of prolactin. This treatment advanced the time of appearance of the

small number of naturally occurring Harderian gland tumors (data not shown in

Fig. 3) without any significant increase in the incidence. When pituitaries

viere grafted into mice after they had been irradiated there was marked increase

in the tumor prevalence compared to mice exposed only to radiaticn. For

Harderian gland tumors the increased prolactin level appears to act as a pro-

moter.
The effect of the pituitary isografts on mammary tumors was quite different.

The curulative natural incidence of mammary tumors in B6CF) mice i« -about 1%.

The increased prolactin levels from the pituitary isograft resulted in an in-

cidznce of 43% of mammary tumors. |If we assume that thc raised prolactin levels

maximize the expression of the radiation-induced transformation in both the
mammary and Harderiarn glands then the excess tumors In mice exposed to radiation
to the tumor incidence in mice with pituitary isografts and irradiation

shauld be a m2esure of the radiaticen induced initial cvents. 1t was found that

the effect of both gamme and nzutron irradiation on the incidence of mammary

tutors was very small cemszrec to the effuct of altering the prolactin level.

Furthermore the effect on tumorigenesis of the combined hormone and radiation

tment that could be attributed to the radiation was much less in the mammary

83
)
o
o
[44]

clznd than wizh the tarderian gland.

The results shown in Fig. 4 {unpublished data, Fry, R. J. M., Grube, D. and

“2

Fig. 4. 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§-methoxy-
psoralen o—o0 and similar exposures but followed at the end of the

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



tey, R. D.) provide a good example how the expression of the initial tumor
induction events influince the shape of the dosc respouse curve. The curve

on the right representing the incidence of skin cancer as a function of total
dose of UVR in mice photosensitized with 8-methoxypsoralen (8-MOP) appears
sigmoid in shape and shows a threshold. When the total doses were reduced by
decreasing thaz numbor of fractions but the exposurcs to UVR + 8-MOP' regimes
ware follo.zi oy promotion by 12-0-tetradecanoyl phorbol-13-atetate (TPA) the
shapza of the dose response curve appears to be more linear and without a thresh-
old. Thesz results suggest: (1) that with the UV radiation some of ‘the trans-
feimed cells did not express their tumor potential, and (Z) accurate dose
response relecionship, for the induction or initial cveuts of transformation

are not nacessarily represented by the incidence of cancer as a function of

For oth=r tissues and organs, we need similar technigues thal will allow
us to dissact out the radiation-induced initial events from the influence of

that influsnce the Tinal tunor incidence.

\

Results on Human Risk bLetimates. The usce of

linsar interpolation from highar dose levels for estimating the human risk of
czncer has bzzn zccepted as a conservative approach for handling the data for

ET radizzion and e reasonable method for high-LET radiation. Recently,

o

<
t

[

it has beer suggested that even in the case of low-LEV radiation that inter-
polation couid cnderestimate the effectslé. The available experinental data
do not support such a suggestion.

In an atterpt to illustrate some aspects of this question we have made a
comparison of linear fits of the data for dose responses from e nuaber of
different tumor types obtained after exposure to raodiation at (a) high dose
rate (above 7 rad/min) and (b) low cdose rate (below 0.06 rad/min)]7"20. The
results are shown in Fig. 5. The solid lines indica}c the range of slopes
obtained from linear fits to the data for the responscs of the selected tumors
after exposure to radiation at a high dose ratce. The slopes of the linear
fits of the data for the responses of the same tumor types after exposure to
low dose-rate irradiation are shown individually. It can be seen that alllof
the responses to irradiation at low dose rates are less than the range of
responses to irradiation at high dose rates. The relative range of dose
levels is indicated for the different tumor types. For eximple, the zero
slope for thymic lymphoma is for the data up to 100 rad. It is clear that the
effect of lowering the dose rate is tissue dependent and varies considerably.

The results for myeloid leukemia after low dose jrradiation are of particular
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Fig. 5. Plat of the slopes of tumor incidence as o function of dose derived
fron linear inierpolation of data assuming no threshold for exposures to high
casz rate irradiation solid lines and for the samc

interest. Thz experiments of Upton ¢t al., and Ullrich and Storer were carried
out on the same strain of mouse (RFM) but in the case of Ullrich and Storer were
carried out on the same strain of mouse (RFM) but in the case of Ullrich and
Storer's experiment the mice were maintained in & specific-pathogen-free facili-
ty. The explanation for the difference in the results from these studies is not
known but perhaps the different microbial environment results in a difference

in the number of myeloid stem cells at risk. What is clcar is that simple
interpretations of dose response curves based purely on biophysical aspects are
unwise. It can be seen from Fig. 2 that in the cose of low-LET vadiation that
linear interpolation will overestimate risks for tumors with a curvilinear dose-
response. But without a precise knowledge of the dose response relationships
for different types of radiation-induced cancer there was no choice Tor the
advisory bodies concerned with radiation protection; thecy had to recommend the
us2 of a linecar no~threshold model.

In the case of high-LET radiation if a linear interpolaticn of the data

- obtained from relatively low doses is made and the dose response curve bends as

shown, the risk for low doses of high-LET radiation will be underestimated.
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In Fig. 6 it can be seen that the curve for the incidence of Harderian gland

tumnors as a function of dose of fission neutrons bends over. As the mice in

Fig. 6. The adjusted incidence of Harderian gland tumnor as a function of dose
o Janus fission nautrons in mice with pituitary grafts before irradiation
x—x. The incidence of tumors in mice exposed to 64 rad fn and that received
pituitary iscgrafts post irradiation is indicated: 0

this experimznt had pituitary isografts before irradiation, which we assume
meximizes tha expression, the bending is probably due to factors influencing the
initial events of induction. The reason for the bending over is not known' but
may reflect cell killingZI. Another possibility is that with high-LET :
radiation there is a linear increase as the number of effective targets tra-
versed by a particle increase but as soon as the dosce rcaches a level at which
each effective target has been traversed by a particle the curve saturates.
The distinction between cell killing and the saturation effcct is difficult
and, of course, both may be involved. '

Human Risk Estimates. Estimates of risk are expressed in one of two ways,
1

either in absolute or relative terms. For radiation protection, absolute fisk

]
estimates are usually used and the absolute risk is expressed as the number of
excess cases of cancer assumed to be radiation-induced per unit of time in an

. . . 6
exposed population of stated size per unit o dose; for example, ] case/10

persons/year/rad. Such estimates normally assunz a linear dose-response

‘relationship for dose levels for which there are no data. The estimate of: the



total risk to a population exposed also requires knowledge about the period of

years over which the excess risk exists. Except for radiation associated

leukemia it is not known for how long an excess risk exists. [In the case of

solid cancers the excess risk may last to the end of life. In the case of

leukemia the risk decreases after 20-25 vears after exposurc. The risk period
is also depsndent on the type of tumor and perhaps the age at time of exposure
of the person. In persons exposed at older ages (over 50) the risk of

dev=ioping a radiation-associated tumor is offset by competing risks. Relative

risk is the ratio between the irradiated population and the risk in the non-
irradiated population and is expressed as a multiple of the natural risk. The
dose that doubles the natural incidence is referred 1o as *the doubling douse.
If the natural incidence determines the susceptibility and the increase in
risk after radiation is proportional to the natural risk then the use of
relative risk would be appropriate. The importance of understanding the

Lis of the natural incidence of a tumor to the responsc to radiation

relationship

|

is not just s matter of interast in risk estimutes but could provide a possible

insight ints -

Hanisns.
The determinstion of the relationship of the natural incidence with

rediation reszoase would sz22n amenable to experimental validation. Surprisingly
the gqusstion nas not been systematically investigated. The data in Table 11

show that in the case of the tumors selected it is not possible to eliminate

TABLE 1

Relationship of Natural lIncidence
and Susceptibility

Tumor Site Mouse Strain Natural Incidence Response to y
o Radiation
) Tumors/Rad
Ovarian RFH 2.4 0.39
Ovarian BALB/c 6.4 1.2
‘
Mammary Gland BALB/c 7.0 0.12
Mammary Gland BCF, 1.2 ¢.01




the possibility that the risk of radiation carcinogenesis is influenced by the
natural incidence. The paucity cf cases of chronic lymphocytic leukemia in
the atomic homb survivors and in the rest of the Japanese population is con-
sistent with the hypothesis that the natural incidence does influznce the

response to radiation. |1t seems surprising that there has been so little

attention to this problem.

CoNCLUSIONS

The extensive studies on both human and experimental animal population have
provided information that allows radiation protection standards to be set with
greater confidence than for most if pot all other carcinogenic agents. Further-
more, both international and national advisory bodies are continually updating
the risx estimates and the standards as new information is available. However,

1

P&y

medeis that take into account the multistags nature

it is clsar that we nee
of carcinogenzsis. Studies in both fonizing and ultraviolcet radiation carcino-
ganasis arg more veluable to the gznaral problem of elucidating the mechanisms

involved in cancer than is indicated by the amoua® of work or support for this

fir .1 of rese=zrch.
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