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A3STRACT

t results for nsutron radiation-induced tumors are presented to illustrate the
ccoplexities of the dose-response curves for high-LET radiation. - It is suggested that in-
crdez to derive an appropriate model for dose-response curves for the induction of tumors
o h4gn -1=7 radiation it is necessary to take into account dose distribution, cell
®iliing zad the susceptibility of the tissue under study. Preliminary results for the
i=Zuvction of Harderian gland tumors in mice exposed to various heavy ion beams are
sraszzted. The results suggest that the effectiveness of. the heavy ion beams increases
L increasing LET. The slopes of the dose-response curves for the different high-LET
tions decrease between 20 and 40 rads and therefore comparisons of the relative
tivenass should be made from data obtained at doses below about 20-30 rads.

INTRODUCTION

Zrar thircy years ago it was established that fast neutrons were more effective for the’
Imipzzion of tumors in experimental animals than low-LET radiations 1/ such as gamma and
x~r=7s [1, 2, 3]. The availability of beams of different radiation qualities and

tzzive data for neutron radiation-induced cancer but our understanding of the dependence’
~a biological effectiveness of various particles on LET has not advanced at a
3 aP rate. The use of heavy ion beams has increased the armamentarium in attacking
iatrizuing questions about dose distribution, targets and cancer induction. But so
we bave not been overwhelmed by revelations about the causal relationship between
zation, its density, and tumor induction. However, the precision of detecting
tecta2d gape activity, in particular of genes that may be involved in the malignant
znsforzation of cells, by the newer molecular biological techniques added to the
232ilicy of altering ionization densitv abpears to offer hone tn the synarimentralier.
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i-2paticn of Harderian gland tumors in mice exposed to various heavy ion beams are

raszmted. The results suggest that the effectiveness of the heavy fon beams increases ’
=ich increasing LET. The slopes of the dose-response curves for the different high-LET
rzZiations ducrease between 20 and 40 rads and therefore comparisons of the relative
eZZactiveness should be made from data obtained at doses below about 20-30 rads.
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INTRODUCTION

Dvar thirty years ago it was established that fast neutrons were more effective for the’
¢=Zprzion of tumors in experimental animals than low-LET radiationms 1/ such as gamma and
x-rzrs [1, 2, 3). The avallability of beams of different radiation qualities and
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i~crezsed sophistication in dosimetry has resulted in an increasing amount of quanti-~ -
r=cive data for neutron radiation-induced cancer but our understanding of the dependence’

~

cZ tke biological effectiveness of various particles on LET has not advanced at a
si=iiar rate. The use of heavy ion beams has increased the armamentarium in attacking
=ta intriguing questions about dose distribution, targets and cancer induction. But so
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2z~ e have not been overwhelmed by revelations about the causal relationship between
fznization, its density, and tumor induction. However, the precision of detecting
2*zerad geme activity, in particular of genes that may be involved in the malignant

-vzn5for=ation of cells, by the newer molecular biological techniques added to the

z2iliry of altering ionization density appears to offer hope to the experimentalist.

& limzar —odel has been used to describe the dose-response curve for neutron radiation-

..... ~

i~Zvczd czncer for the purposes of protection standards. Some workers have favored a -
2z fumcticn to describe the tumor response after exposure to high-LET radiations but
122r that there are a number of factors that influence the response and these

~ust be taken into account in the derivation of an appropriate model. .
Tt2 zims of this paper are (1) to discuss the factors that recent results suggest )
izflyance the shape of the dose-response curve for cancer induction by high~LET radiation.
z=2 (2) to prasent some preliminary results of experiments designed to investigate the
relationship of LET to the effectiveness of radiation of different qualities to induc
caacer

. The discussions are limited to external radiation carcinogenesis.

FISSION NEUTRON CARCINOGENESIS

Vost of the data for dose-response relationships for the induction of cancer by external
nigh-LET radiation have been obtained from studies of rodents after exposure to fission |
zevtreas [3-9]. There have also been extensive studies on the rat mammary gland with

1/ Taz linear energy transfer (LET) is the rate of energy loss of charged particles and
. is usevally specified in terms of kiloelectron volts per micrometer of tissue. The

quaatity is useful but is an average that can be measured in two ways and lacks
precision. . :
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i 430 keV neutrons [10] ' ' : ." , ; - %

Zzree large scale experiments on the effects of neutron radiation on 1life shortening have
T2 carried out [11-13]. The studies involved a range of single doses from 5-240 rad and
€3s2 rates from 1 rad/day to 24 rad/min as well as fractionation regimes. - After high - - -
.£Z:s=-rate neutron irradiation of B6CF1, RFM, and BALB/c mice.the dose-response relationship
€52 to about 20 rad can be described by regression of survival time on the square root A
cf cte dose. At doses below 20 rad the shape of the curve is not clear but in the case of
Tt 2:18/c data a linear fit up to a dose of 25 rad seems appropriate. The answer to the
z=zstion of whether or not the initial slope is linear wiil make some difference to the
astizzte of the coeificient for the slope but will make a great difference in the
#xplzmation of the shape of the dose-response relationship. As yet the exact form of the

Zcsa-response curve for neutron-induced cancer is not known.

=551 [14, 15] has emphasized the marked difference in the distribution of the electron
trzcxs and the tracks of meutron secondaries. Rossi has also pointed out that at doses of
2.3 rad (10 nGy) very few nuclei in the exposed tissue sre traversed by neutron secondaries.
—rtoermore, the nuzber of cells traversed must increase in.a proportional fashion to
écse, at least up to about 25 rad (0.25 Gy) in the case of low energy neutrons [14]. It
iz ra2asonable to assume that the risk of a carcinogenic event increases with the number of
ca2ils at risk. Therefore, if the number of cells at risk was the only factor involved a
ls-~par dose response would be expected up to the dose at which all of the targets within
he_cells that are involved in malignant transformation are hit. At higher doses the
Tespcase -curve would plateau. However, with increasing doses the number of cells killed
¥=creases and the loss of cells will lead to a proportional loss of potential tumor !
c23ls {16-18]. Such a cell loss may also cause the curve for the cancer response as a
T=orzion of dose to bend over as the effect per rad decreases. - In the case of life
sortening and tumor induction after exposure to neutrons a linearity of response appears
£3 Told only for doses less than 20 rad and in the case of some tissues only 10 rads. It
szcold be noted at these low doses it is impossible, with current’ data, to diatinguiéh a
If—sar from a bending curve. -

'

Ir cazm be seen 1n Figure 1 that the dose-response curves for tumor induction by fission
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z213s [16-18]. Such a cell loss may also cause the curve for the cancer response as a

f==cztion of dose to bend over as the effect per rad decreases. - In the case of 1ife . i
s>ortening and tumor induction after exposure to neutrons a linearity of response appears
to hold only for doses less than 20 rad and in the case of some tissues only 10 rads. It

3=c0ld be noted at these low doses it is imﬁossible, with current data, to distinguish a
Is~aar from a bending curve. S - - : a2t

Iz czx be seet’; in Figure 1 that the dose-response curves for tumor induction by fission
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Fig. 1 Age—adjuslted incidence of thymic lymphoma in RFM mice: o—o’ . ’
(data from ref. 5) and Harderian gland tumors in B6CF;/Anl mice: e——s
{(data from ref. 19) as a function of fission neutrons. :

o

=sauirons in two very different murine *issues, namely, the thymus and the gland at the
22k of the rodent eye described by Harder (Harderian. gland), have very similar forms
a=24 appear to saturate at about 30-40 rads. Both curves show a steep initial rise, then
Iptar to plateau between sbout 5-10 rad before rising again with a decreasing slope. )
»2 bzlieve that plateau between 5-10 rad to be real as it is seen in the response of a
T=Cer of tissues in female mice. A possible explanation is that in this dose-range of v
5-1) vad of fission neutrons the ovary, which in the mouse is exquisitely sensitive, is’
a>lated and the change in hormone levels and balance alters the expression of neutron- {
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i=dzced cell transformation. The data for males and ovariectomized mice after exposure
co g=—= irradiation support the role of the ovary as a factor in determining the shape
of tte Sose-response curve. )
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tribution, cell killing and susceptibility must all influence the shape of the - —
zurve z=2 po model takes all of these factors into account. Since all of the dose-
respess2 curves for induction of tumors by meutron radiation show a marked decrease in

at doses above about 30 rad estimates of the effect of low doses (below 10 rad)
zz=2oT e z=2de from linear interpolation from data obtained at doses above about 30 rad.
4 =ed2l for the dose~response curve for the induction of cancer by high-LET radiation
zzat z-ic—modates the various factors now known to influence the response is urgently
raguired for the estimation of risks after exposure to high-LET radiation. )

FRACTIONATION AND DOSE RATE : B N
Tor =a=r ye2ars it was believed that the tumorigenic effects of neutrons, unlike low-LET
Tafiaztizz, were additive and lowering the dose rate or fractionating the exposures did
zot alzer the effect. It is now clear that fractionation or protraction may enhance the
eZfacts of ceutron irradiation in humans and mice [20-23]. There are not data for a
‘s=ificlact number of tumor types to know whetber the enhancement of effect with
Tracticzztica is a general phenomenon. A fractionated regime of 2.5 rad (25 mGy) fission
s2uirens (fm) over a dose range of 5-40 rads did not produce more tumors than single
£oses Iz che Harderian gland of mice [19] but in the case of lung adenocarcinomas in '
2213/c/iz X34 mice, 50 rad (0.5 Gy) given in two fractions separated by 30 days induced
sigaificantly wore tumors than a single dose. - . S,

It €22 >z seen in Figure 2 that the curve for the excess incidence of lung tumors as a
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Tr ¢za 52 s2en in Figure 2 that the curve for the excess incidence of lung tumors as a
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Fig. 2  Excess inc1dence of lung tumors as a function of total dose
of fission neutrons after single exposures: e——e and two fractions of
2cua) doses separated by 30 days: g—{] (data from ref. 24). The
r2sponse predicted from a linear regression of the data obtained for
the 0-20 rad dose range of single exposures to neutrons is shown: ) ’
——+—+— and also the response based on the square root of the neutron
dose model: -——

'

Efr=ctisa of neutron dose is approximately linear over the dose range 0-50 rad when the
=fce werz exposed to the neutron radiation in two fractions, whereas, after single
exposuTas the slope of the response curve decreases above 20 rad in a manner similar to
t=ar Zoimd for other tissues such as those shown in Figure 1. Since the curves for the .
re=spcnse after single and split doses of neutrons appear to diverge only at total dose
25ove 23 rad it seems probable that splitting the dose affects one of the factors that
ra2s2lts Za the bending over of the curve for siiugle doses. The two factors known to
I=fleezce the slope at the 'higher doses are dose distribution and cell killing. It

S izprodable that splitting the neutron dose altered the response by changing the
Zose €issriburion in a manner that would result in more cells being transformed. We do
20T t=d{erstand all the factors that determine the number of cells at risk but it is :
Pos5i5%3I2 thar in the interval between the two exposures to neutron radiation cell pro-
iZf2rziicn occurred to compensate for radiation induced-cell killing and at the 50 rad .

ﬁ




t2an was the case for a single exposure.

Losa 1eve1 there was overcompensatlon resultlng in a higher total number of cells at risk
An overswing in cell replacement after depletion

of a proliferative population following irradiation has been documented for a number of

rissues [25, 26].

proliferation occurs after exposure.

3
n‘

It will be of interest to establish whether the increased effect of
fractionating neutron exposures applies to all tissues or only to those in which cell

2 relative biological effectiveness (RBE n/Y) for the induction of tumors in different

suzs varies over a very wide range [19],in part, due to the marked differences in the

:is
cose—-response curves for low-LET radiation.
ral

It can be seen in Figure 3 that an inverse

ztionship of RBE to dose results from the curvilinear response for low-LET radiation.
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Fig. 3 Incidence of Harderian gland tumors in BﬁCF]_ mice as g
function of dose of JANUS reactor fission neutrons: o—o and
gamma rays: e—s.
At low doses the effect per rad of Jow-LET radiation becomes constant, i.e. a linear
response, and the value for RBE will reach a -maximum. The conclusions from these
oaservations is that the estimates of risk of cancer induction after exposure to high-LET
radiztioa should be made directly from the dose-response relationships for cancer
jnduection as a function of dose and not from adjusting the risk based on data obtained for
1ow-LET radiation by the use of a Quality Factor.
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'THE RELATIONSHIP OF RBE TO LET :

it has bzan found that the RBE increases for a number. of endpoints as the LET increases
froa 2bout 0.2 keV/um for gamma rays to an apparent peak at about 100 keV/uym that may be

‘cotained with certain neutrons and heavy ions [27-32]. At higher LETs the RBE decreases.

Ikere hzs been no systematic examination of the relationship of RBE as a function of LET
Zor cancer induction. Since such relationships either have been or can be established
for diffsrent forms of DNA damage, mutations and chromosome aberrations parallel studies

oi carcinogenesis have the potential of both establishing and eliminating correlations

2=d thus winnowing the facts that are important for the understanding of the mechanisms
of carcinmogenesis. . _ . o : !
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_ke hava started a comprehen51ve study of the influence of LET on tumor induction using
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Z2zvy ion facillties at Lawrence Berkeley Laboratory. we have chosen as a model
>ag 5“‘_a:, the Harderian gland in mice. Although the total number of cells in these
£i==%s Is szall and the natural incidence is low it.is reasonably susceptible to the
frnzicz oI tumors by irradiation. A chance observation. revealed that cells initiated
izzion could be promoted with elevated prolactin levels provided by pituitary -- - -~
==frs 133). Two pituitaries from syngeneic donors, preferably from old mice, are put -
Zaz tha2 cepsule of the spleen using a trocar. The transplanted isografts are not under
== —at=2I zontrol of the hormones normally released by the hypothalamus into the portal
sr3r== of 12 hypophysis and the transplanted pituitaries grow and release prolactin
czisi=g = zzount of this hormone above normal blood levels. The elevated prolactin

z+2is Incra2ase the amount of mammary tissue, the normal target for this hormone, and the
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.:a:e::ic: of the increased mammary activity Is a simple and useful indicator of the

; oI the isografts. The blood levels of prolactin are variable but it is assumed

ssz2. It has been found that the enhancement by prolactin is equally effective
s=esa t== isografts are made after or before the irradiation. .The use of pituitary
Zsoprafts =5 two advantages. First, the tumors appear earlier than without the 1sografts,
=35 short==ing the length of the experiment and second, the elevated prolactin ‘level
=pe=s to maximize the expression of the induced lesions, thus increasing the response -

==Z Teducing the number of animals required to obtain significant increases above

'.

- sozz==l incidences. If, as we assume, the pituitary isografts maximize the expression

¥ the tremsformed cells then the dose-response curves obtained under these experimental
so=Gitisns should reflect the dose-response relationships for initiation of the cancer
sToc2ss. it is the comparative effectiveness of the various heavy ion beams for .-
I=3-fszrion rhat is of particular interest. - A further advantage of this model tumor -
sFsz== is t=at we have data for tumor incidences following exposure to different energy

—e=—rwens 2> the JANUS reactor and the FERMI facilities [341.

|

— _ - 6 « . N . .
== 2%Iaz=s of helium, carbon, neon, argon, iron ion beams and QCo gamma radiation have

Zz= oo-sarad. The helium ions were produced by the Berkeley 184-in synchrocyclotron
=3 t2= orer ions on the BEVALAC., The BEVALAC is a high-energy heavy-ion accelerator
zo=slsx In shich ions are first accelerated in HILAC, a heavy-ion linear accelerator, and
===z fofscczd into BEVATRON, a proton synchroton. Details of both the 184~in synchrotrom
== th= 3ZVALAC ‘and the dosimetry employed have been reported [35]. The distribution of
Zzsz I2 tissue from heavy charged particle beams is complex. The dose is relatively

= :; to a depth in the tissue, that is dependent on the radiation quality, and
£z 0 a well-defined maximum known as the Bragg peak near the end of the
z2k. The Bragg peaks are only a few millimetexrs in width and are unsuitable
.52 distribution required in our experiments. Therefore, the Eaagg peaks wvere

soreed = :h a rotating spiral ridge filter of brass. The %He, 12¢ and “ONe Bragg peaks
weT= sprez to 10 cm and the 40Ar peak to a 4 cm configuration. The depth-dose ’
P e R X ni]

mteimaa b o

P !>

=s in water are shown in Figure 4. The arrows indicate the part of the apread :




g FS:== Is that we have data for tumor incidences following exposure t

o different energy
¢ oecimens 2o the JANUS reactor and the FERMI facilities [34]. o Lo
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=2 2%%2cts of helium, carbon, neon, argon, iron ion beams and,G-Co gamma vadiation have
Sg== cooperad.  The helium ions were produced by the Berkeley 184-in synchrocyclotron

=3 k2 other lons on the BEVALAC. The BEVALAC is a high-energy heavy-ion accelerator

. co=2l2x I shich fons are first accelerated in HILAC, a heavy-ion linear accelerator, and
% - T=== Infzczad into BEVATRON, a proton synchroton. Details of both the 184~in synchrotron

-

z=Z th= 3IN2LAC-and the dosimetry employed have been reported [35]. The distribution of
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i Zosz 2 tZssue from heavy charged particle beams is complex. The dose is relatively
- TT=sT==t o to a depth in the tissue, that is dependent on the radiation quality, and

is2s o a well-defined maximum known as the Bragg peak near the end of the

— Y

2 TratX. The Bragg peaks are only a few millimeters im width and are-unsuitable )
s2 distribution rejuired in our experiments. Therefore, the agg peaks were

> 2 rotating spiral ridge filter of brass. The %He, 12¢ and Ea-Ne Bragg peaks

=przzZ to 10 cm and the 40Ar peak to a 4 cm configuration. The depth-dose =
:zizms in water are shown-in Figure 4.. The arrows indicate the part of the spread

T TV T EXTENDED BRAGG PEAKS '
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D2pth-dose distributions for the ion beams used in this study. The irradiation
S=S Iz the spread Bragg peaks are indicated by the arcows for all the lons except

1o the case of7%Fe the arrows indicate the plateau reglon of the beam which was

f the beam that was used. The estimates of the dnsevaverage LET values were 4He:w
%27/, 14C: 80 keV/um, 20Ne: 150 keV/um, I6Fe: 180 keV/um, and %OAr: 650 keV/um.
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223 peak that were used in the exposures. The irradiation position in the Bragg peak
25 ey d by interposing a variable water column absorber equivalent to the depth
cated by the arrows in Figure 4. By using different positions on the

azge of LET values can be obtained. The dose~-average LET values ranged
keV for 90co gamma rays to about 650 keV for 40ar. Mice were positioned -
on baans to allow exposure of the head and thorax. The ovary was not
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tO usa pravalence of tumors as the endpoint and animals were killed at abhout

"

a3 2
239 Zzys of aga. The advantage of this procedure was that it was more economical than

isa~of-life study and deaths from competing causes were almost eliminated. We

;2 SuTat :
,? 22lisv2 that the prevalence data obtained in this way is comparable to that previously E
D a2 by us in duration~of-life experiments involving either 60cCo gamma ray or fission ’
; nzutzen drradiation. Since the promotion by prolactin advances the time of appearance {
j 2Z t—=ors aad all glands were serially sectioned.the differences in lifetime incidences

- a2l prevalence rate at 600 days are probably trivial. .

In =2 curraat experiments with heavy jons the aim was to get sufficlent comparative
ta for a broad range of LETSs to examine the relationship of RBE to LET. The data
e3tziz2d so far are shown in Figure 5. It can be seen that there is a general trend of
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fig. 5 Prevalence of Harderian gland tumors as a function of. dose '
for the heavy ions indicated. The estimated LET values are given in
; the legend for Figure 3. .
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srazse in the initial slopes of the curves with increasing LET. The curves for

cez necn, argsa and iron all show the bending over at relatively low doses that was
zoz=2 Zor Iission neutron irradiation. Since the dose-averaged LET for the argon beam

is w21} above 100 keV/im (about 650 keVéum) the finding of very steep initial slope for
the tumor prevalence as a function of 40Ar dose is perhaps at variance with predictions.
If the R3EZ for carcinogenesis in relation to LET behaved similarly to mutation and cell
#3123ng we would expect some decrease in RBE at very high LET values. The data is not
Fet sufficiently precise to delineate the RBE-LET relationship but it is possible that

i T2 232 value nay plateau rather ‘than peak at LET values of 100 keV/um or greater. The

f ==xr=2d effectiveness of the 56Fe beam in producing tumors is of interest. We have noted
4 ozt irradiation with this beam produces multiple tumors in the individual Harderian
gla=<s aad in both glands with a higher frequency then with any other of the beams. The
intaractions of 36T2 ions with. tissue elements are complex and the LET value for such a
S2=2 =2y be nislezding. However, it is clear that further investigations of the

carcinoganic efifects of this heavy ion would be productive.
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=2 s::rﬂaa Bragg peaks are not homogervu:r beams and are less suitable than the plateau
ragfca of the bean for biological experiuwents. It may now be possible to obtain the

a7pzopriate range of LETs with the plateau regions of the beams for future experiments. .
1T 225 b22n noted that for cell killing in mouse tissues the variation in radiationm u
#szcnse batween heavy fons cannot be accounted for on the basis of differences in LET '
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Lescszogsnic efrects of this heavy ion would be productive. - -

‘T3z spread Bragg peaks are not homogeivu: beams and are less suitable -t

r2zZca of the beaa for biological exper Laents.
a32702

han the plateau
It may now be possible to obtain the ’ i
2z: Tiate range of LETs with the plateau regions of the beams for future experiments.

1T 2as baen noted that for cell killing in mouse tissues the variation in radiation ’ 'y
Taszcnse beCVe%n beavy ions cannot be accounted for on the basis of differences in LET
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z23 that the particle mass is of importance [36]}. The influence of mass on
rcincgenic eifect of heavy ions will also have to be investigated.

STMMARY
a2 the iacreasing amount of data and understanding of the factors that influence
zp2 of the dose-response curve for induction of cancer with high-LET radiations we
o satisfactory model for the responses. It is clear that meutron effects are not
ddivive since fractionation increases the effect of neutron irradiation. Pre-
results from experiments with heavy ions suggest that the RBE to LET relationship
c2r induction does not show a marked peak at 100 keV/um as has been seen for some

z=dpoints. The results demonstrate that irradiation with heavy ions of iron is
-3 carcinogenic.

It

5]

ER Y]

!
l! .
(Bl

F
}
11

LR B

by

O oy b U

gy

1] H

B

U I ¢]
B

N 4
h

ACKNOWLEDGMENT

N’

e
v

ras2arch was sponsored jointly by the Office of Health and Environmental Research, .
D2partzent of Energy under contract W-7405-eng-26 with the Union Carbide Corporation .
*zwrance Berkeley Laboratory, Berkeley, CA. ' i =’

REFERENCLS '

)

?. 5. Eenshaw, E. F. Riley and G. ®, “.rpleton, Radiology 49, 349 (1947)

Z. C. Evans, Radiclogy 50, 811 (1948) )

G. Neary, R. J. Munson and R. H. Mole, Chronic Radiation Razards,.Pergamdn,
-

<= York, 1957.

Uptor, M. L. Randolph and J. W. Conklin, Radiat. Res. 41, 467 (1970)

Cilrich, M. €., Jernigan, G. E. Cosgroﬁe, L. C. Satterfield, N. D. Bowles and
Storer, Radiat. Res. 68, 115 (1976) ,

wr,
i

Tllrich, M. C. Jernigan and J, B. Storer, Radiat. Res. 72, 487 (1977)




e e
Z. C. Evans, Radiology 50, 811 (1948)

¥

. Neary, R. J. Munson and R. H. Mole, Chronic Radiation Hazards, . Pergamon,
w York, 1957.

-

G.
NEY

A. C. Upton, M. L. Randolph and J. W. Conklin, Radiat. Res. 41, 467 (1970)

. CXlrich, M. C. Jernlgan, G. E. Cosgrove, L. C. Satterfield N. D. Bowles and
. Stprer, Radiat. Res. 68, 115 (1976) .

w
oA,

. Tllrich, M. C. Jernigan and J. B, Storer, Radiat,. Res.’72, 487 (1977)

. J. Mewissen and J. H. Rust, in: Biologiéal and Tn@ironmental Effects of Low-lLevel
?zZiatinn, Vol. 1, TAEA Publication STI/PUB/409 Vienna, 1976, p. 181.

=. J. Ainsworth, R. J. M. Fry, F. S. Williamson, P. C. Brennan, S. P. Stearner,

7. ¥. Yang, D. A. Crouse, J. H. Rust and T. B. Borak, in: Proceedings of the IRPA
Z3:> International Congress, 1977, p. 143.

=. =. Vogel, in: Late Biological Effects of Tonizing Radiation, Vol. II, IAEA
2ubiication STI/PUB/489, Vienna, 1978 p. 147. . )

J.'Shellabarger, D. Chmelevsky and A. M. Kellerer, J. Natl. Cancer Inst. 64,'821

- 2. Storer, L. J. Serrano, E. B. "Darden, Jr., M. C. Jernigan, and R. L. Ullrich
ziiat. Res. 78, 122 (1979)

5. 7. Thomson, F. S. Williamson, D. Grahn and E. J. Ainsworth, Radiat. Res. 86, ’
539 (1931)

3. T. Thoason, F. S. Williamsorn, D. Grahm and E. J. Ainsworth, Radiat. Res. 86,
573 (1931)

i

. %. Rossi, in: Radiation Research, Academic Press, New York, 1975, p. 994.

1

- 2. Rossi, IEE Transactions on Nuclear Science 27, 23 (1980)

. Gray, in: DProceedings of the 18th Annual Symposium on Fundamental Cancer
arch, Williams and Williams, Baltimore, 1965, p. 7.

(u 1

m 14

W

t

. Mole, Br. J. Radiol. 48, 157 (1975)

©. 7. Barerdsen, in: Late Biological Effects of Iohiziné Radiation, Vol. II, IAEA,
wiznna, 1978, p. 263. ‘

2. J. M. Try, in: Proceedings of the 17th Annual Meeting of the NCRP, Bethesda,
1032, ». 109. . R :

“ait e e me———



[N
[¥1]

~N

O D,

. PR - core et e e ey

A,nsworth, R. J. M. Fry, P. 7. Brennan, S. P. Stearner, J. M. Rust and F. S.

_?illla:son, in: Biologica! and Euvironmental Effects of Low-Level Radiation, Vol. I,
I:7s, Vienna, 1976, p. 77.

R. L. Tlirich, M. C. Jernigan, G. E. Cosgrove, L. C. Satterfield N. D. Bowles and
J. 3. Storer, Radiat. Res. 68, 115 (1976)

M, Spiass and C. W, Mays, in: Radionuclide Carcinogenesis, USAE. Division of Technical
Inforzation Extension, Oak Ridge, TN, 1973.

A, Yyz, W. A. Muller, W. Gossner and O. Hug, in: Biological and Environmentnl Effects
0f Low-level Radiation, Vol. II, IAEA, Vienna, 1976, p. 171. :

. LI, Tllrich, in: Proceedings of the European Seminar on Neutron Carcinogenesis,
Rijswijk, 1982 (in preparation).

R. Alexnian, D. D. Porteus and L. G. Lajtha, Int. J, Radiat. Biol. 7, 87'(1933)

R. F. Hzgemann and S. Lesher, Br. J. Radiol. 44, 599 (1971)

Y. Eivono, H. H. Smith, J. T. Lyman, K. H. Thompson, J. W. Baum, ‘Radiat. Res. 44 204
{1979)

P. %. Todd, Radiat. Res. Suppl. 7, 196 (1967) ' ot

G. W. Barendsen, Curr. Top. Radiat. Res. 4, 295 (1968)

R. Cox, J. Thacker, D. T. Goodhead and R. J. Munson, Nature”267, 425 (1977)j

J. D. Chapman, E. A. Blakely, K. C. Smith, R. C. Urtasun, J. T. Lyman and C. A.

Icbias, Radiat. Res. 74, 101 (1978)

2. Blszkely, C. A, Tobias, T. C. H. Yang, K. C. Smith and J. T. Lyman, Radiat. Res.
122 (1979) . i

2. J. M. Fry, A. G. Garcia, K. H. Allen, A. Sallese, E. Staffeldt, T. N,dTahmisian,
R. L. D2vine, L. S. Lombard and E. J. Ainsworth, in: 'Biological and Environmental
==fsc:zs ¢f Low~Level Radiation, Vol. I, IAEA, Vienna, 1976, p. 213,

R. J. M. Fry, Radiat, Res. 87, 224 (1981)

S. 3. Curtis, T. S. Tenforde, D. Parks, W. A. Schilling and J. T. Lyman, Radiat. Res.
J5, 27% (1978)

E. 1. Alpan and P. Powers—ﬁisius, Radiat. Res. 88, 132 (1981)

R 00— -




o (1970) ‘ S T e

[N

{0

"

P. . Todd, Radiat. Res. Suppl. 7, 196 (1967) - fT

G. W. Barendsen, Curr. Top. Radiat. Res. ﬁ, 295 (1968)

R. Cocx, J. Thacker, D. T. Goodhead and R. J. Munson, Nature"267, 425 (1977) :

. D, C'Jap:zn-x, E. A. Blakely, K. C. Smith, R. C. Urtasun, J. T. Lyman and C. A.
cbias, Radist. Res. 74, 101 (1978)

.

T

2. 3. M. Fry, A. G. Garcla, K. H. Allen, A. Sallese, E. Staffeldt, T. N..""Tahmisian,
2. L. D=vina, L. S. Lombard and E. J. Ainsworth, in: "Biological and Environmental

ZZfzcts of Low-Level Radiation, Vol. I, IAEA, Vlenna, 1976, p. 213.

R. J. M. Fry, Radiat. Res. 87, 224 (1981)

~hwn

%, 275 (1978)

T

=. L. Alven 2nd P. Powers-Risius, Radiat. Res. 88, 132 (1981)

DISCLAIMER

Thureportwuprepuednanwcountofworkspon‘oredbyanuencyoftheumadsum
Government. Neither the United States Government nor any agency thereof, nor any of their
unployou,m-k-nyw-muty expnuormplnd,otmnyh.nllubduyotm

bilhyl'ortln Y, P \! of any isformation,
disclosed, or th-tiuuumldnotnfr-pﬁuuymmm 1
-neehomnto-nvspocmc or servics by trade mams, trademark,

manufacturer, or otherwise does not neouurlly constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereofl. The views
and opinions of authors expressced herein do not noccesarily state or reflect those of the
Upited States Government or any agency thereof.

=. _‘.. lakely, C. A. Tobias, T. C. H. Yang, K. C. Smith and J. T. Lyman, Rad;tat Res.
_._3_?_ 122 (1979)

= C‘L.Itla, T. S. Tenforde, D. Parks, W. A. Schilling and J. T. Lyman, Radiat. Res.



