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Abstract

RAT MAMMARY CARCINOGENESIS FOLLOWING NEUTRON OR X-RADIATION.

Female 61 to 63-day-old Sprague-Dawley rats were exposed once to a single dose of either 0.43-MeV
neutrons or 250-kV X-rays. For neutrons 23 rats were exposed in plastic tubes rotated around and 31 cm from
a water-cooled tritium impregnated target bombarded with 2. 45-MeV protons from a Van de Graaff generator,
The mean kerma was measured at the rat location by integrating the response of a rat-sized homogeneous
tissue equivalent ionization chamber of minimum mass. The ratio between absorbed dose and kerma is under
investigation and is anticipated to be approximately 0.7. A compensated GM gamma-ray dosimeter indi-
cated that the gamma-ray doses were 3. 5% of the total dose. All rats were examined weekly for the presence
of breast tumours and these were removed, fixed, stained and verified histologically as mammary neoplasms.
At 10 months after exposure 98% of the rats were alive. The neutron kerma, the per cent of rats with
mammary neoplasia, and the number of rats were, respectively: 0.125 rads, 8.2%, 182; 0.5 rads, 9. 0%,

89; 2 rads, 20.6, 68; and 8 rads, 31.1%, 45. The X-ray results were: 30 R, 7.4%, 95; 60 R, 27.1%, 48;
and 90 R, 35.4%, 48. A 3.0% incidence was found in 167 control rats, At 10 months after exposure the
mammary neoplastic response after 8 rads of neutrons corresponds approximately to that after 60 - 90 R of
X-rays. Similarly, the response after 2 rads of neutrons was intermediate between 30 and 60 R of X -rays and
the response after 0. 125 and 0. 5 rads of neutrons was similar to that after 30 R of X-rays. This demonstrates
that the RBE for 0.43-MeV neutrons is much lower at high doses than at low doses. Determination of the
confidence limits for the dose-RBE dependence and dose-incidence relationship will be determined as additi-
onal data are collected.

INTRODUCTION

Both the United Nations (1) and the United States National Academy
of Sciences - National Research Council (2) have reviewed recently the
relative biological effectiveness (RBE) of neutrons for the induction of
mammary neoplasia in the female rat, The UN report, page 387, states
"Mammary tumors in Sprague-Dawley rats have also been studied extensively.
These data are more difficult to interpret since most of the x- and gamma-
ray data come from one laboratory and the data for fission neutrons from
another. 1In either case the RBE approaches a value of one between 350 and
400 rads of x rays and increases with decreasing dose." The NAS-NRC report,

* Research carried out at Brookhaven National Laboratory under contract with the US Atomic Energy
Commission, Also based on work performed under contract AT~(11-1)-3243 for USAEC and USPHS research
contract No. CA-12536 from NCI,

391



392 SHELLABARGER et al.

page 141, states, "Experimental studies with rats have shown an RBE of
approximately 2 for fast neutrons, for the induction of mammary gland
tumors following exposure at relatively high doses. The RBE value for
exposure at lower doses is higher, approximately 10 to 20."

Because the relationship between dose and RBE is not well known for
radiation-induced mammary neoplasia of the rat, a study was begun to
compare the incidence of mammary neoplasia, in a single experiment, over
the entire life-span of rats irradiated with either x-rays or neutrons.
The purpose of this communication is to present interim results up to 14
months after exposure.

MATERIALS AND METHODS

Weanling, female, Sprague-Dawley rats were purchased from Sprague-
Dawley Inc., Madison, Wis¢onsin and maintained on commercial rat chow and
water ad libitum in temperature controlled (72° + 3° F) and humidity con-
trolled (55% 4+ 10%) animal rooms under conditions of 12 hours of floures-
cent light per day. When they were 61-63 days old they were exposed to
either neutron-radiation, x-radiation or sham-irradiation. Five rats were
then assigned to a single cage on a random basis independently of treat-
ment. Each rat hds been examined frequently, and when breast tumors were
noted by palpationm, the tumors have been removed surgically under ether
anesthesia and the rat then returned to the experiment. No animal has been
killed unless death appeared imminent. Individual records are kept for
each rat, and the time of appearance and the anatomical location of the
breast tumors are recorded. Those mammary neoplasms which occurred at dif-
ferent locations in the sdme animal were considered to be separate neo-
plasms., If mammary neoplasms were noted at closely related anatomical
sites, they were considered to be different neoplasms only if they were of
a different pathologic type or, if the same pathologic type, if at least
six months had elasped between removal of the first neoplasm and detection
of the second neoplasm. The mammary neoplasms were given a pathologic
classification of either adenocarcinoma, or a combined classification of
adenofibroma-fibroadenoma, according to the criteria published previously
3.

Neutron irradiations were accomplished as follows., Twenty-three rats
were rotated in a vertical carrousel or Ferris wheel 30 cm from a water-
cooled tritium target, Each rat was placed in a 5 cm diameter cylinder
17.5 cm long, mdde of 0.3 cth thick lucite and weighted so that the rat
remained in its normal, horizontal, standing position. A Van de Graaff
generator was operated to bombard the target with 2.43 MeV protons to pro-
duce neutrons with an energy of 0.43 MeV at the mid-point of each cylinder.
Calculations of kinematic conditions indicated an energy spread over the
extent of the rat of +28% to -14% of the mid-point energy. All rats were
reversed in their cylinders 4t mid-dose to reduce nonuniformities in the
energy and absorbed dose distributions. The mean tissue kerma in free air
was measured at the rat locations by integrating the response of a rat-
sizeéd, homogeneous tissué equivalent ionization chamber of minimal mass
placed in the 24th cylinder. A compénsated Geiger-Muller dosimeter in-
dicated gamma-ray kefmas 3,5% of the total kermas. Depth-dose measurements
have been made to determine the ratio of absorbed dose to neutron-kerma.
For this purpose a % inch spherical tissue equivalent multiplication
chamber was inserted into a nylon rat phantom at 4 radial depths, Subject
to additional calculations, the absorbed dose to neutron-kerma ratio varies
between 0.75 and 0.88 over thé entire presumed volume of the mammary tissue
of the rat. Wé have chosém, for the purpose of this report, to use a fac-
tor of 0.8 to convert freutron-kerma to rad. The neutron kerma-rate was
approximately 4 rads per hour. The rats were exposed to total kermas of
0.125, 0.50, 2.0, or 8,0 Which is considered to be the equivalent of 0.10,
0.40, 1.6, or 6.4 rads of absorbed dose respectively,



Table I, MORTALITY AND MAMMARY NEOPLASTIC RESULTS
Months

Radiation Measure 1 2 3 4 5 6 7 8 9 10 11 12 13 14 %

0.43 MeV Number of rats 182 182 182 180 180 180 180 179 178 177 175 173 172 169 92.9

Neutrons Rats with tumors 2 2 6 6 8 15 16 24 28 28 17.6

0.1 rad All tumors 3 3 7 7 9 16 18 26 32 36
Adenocarcinomas 1 1 1 1 1 2 2 3

0.43 MeV Number of rats 89 89 89 89 89 89 89 88 88 88 86 85 85 85 95.5

Neutrons Rats with tumors 1 2 2 2 3 6 6 8 9 10 10 16 18.0

0.4 rad All tumors 1 2 2 2 3 7 7 9 11 11 11 17
Adenocarcinomas 1 2 2 2 2 2 2 3 3 3 3 4

0.43 Mev Number of rats 68 68 68 68 68 68 68 68 68 68 68 68 68 67 98.5

Neutrxons Rats with tumors 1 4 5 7 7 11 14 14 16 20 21 31.0

1.6 rad All tumors 1 4 5 7 7 11 14 14 19 24 25
Adenocarcinomas 1 2 2 2 2 2 2 2 2 2 2

0.43 Mev Number of rats 45 45 45 45 45 44 42 42 42 42 42 39 38 36 80.0

Neutrons Rats with tumors 1 1 1 3 4 5 9 12 14 18 19 22 26 57.8

6.4 rad All tumors 1 1 1 3 4 5 12 15 18 26 28 31 38
Adenocarcinomas 1 1 1 1 2 3 5 6 6 8 8 8 8

None Number of rats 167 167 167 167 167 167 167 167 167 165 163 163 162 159 95.2
Rats with tumors 2 2 5 8 13 17 20 12.0
All tumors 2 2 5 8 14 18 21
Adenocarcinomas 0

250 kvp Number of rats 95 95 95 95 95 95 95 95 94 93 92 92 91 89 93.7

X-rays Rats with tumors 1 1 2 3 4 5 7 7 8 13 17 18 18.9

28 rad All tumors 1 1 2 3 4 5 7 8 10 15 20 23
Adenocarcinomas 1 1 1 1 1 1 2 2 2 2 2 2

250 kvp Number of rats 48 48 48 48 48 48 48 48 48 48 47 47 47 46 95.8

X-rays Rats with tumors 1 3 5 6 7 10 12 13 15 20 23 24 50.0

56 rad All tumors 1 3 5 6 7 10 12 14 16 24 27 30
Adenocarcinomas 1 3 4 4 4 4 4 4 4 5 5 5

250 kvp Number of rats 48 48 48 47 46 46 46 45 45 45 45 45 45 42 86.7

X-rays Rats with tumors 3 6 7 8 12 17 20 20 22 22 45.8

85 rad All tumors 3 6 8 9 14 19 25 27 31 33
Adenocarcinomas 1 1 2 2 3 3 3 3 4 4

92/6LT-WS-VY3VI
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X-ray exposures were accomplished by using a conventional, therapy
x-ray machine, Exposure conditions were: target to specimen distance=100
cm; 0.5 mm Cu + 1.0 mm Al; maximum tissue-like backscatter; 250 kVp; dose
rate=30 R per minute measured with a 100 R Victoreen chamber at the dorsal-
ventral midpoint of the rats., The rats were exposed to either 30, 60, or
90 R. These values were converted, by multiplying by a factor of 0.94 to
28, 56 or 85 rads of absorbed dose respectively.

RESULTS and DISCUSSION

There was little mortality during the 14 month follow-up period
except in the groups that received either 6.4 rads of neutrons or 85 rads
of x-rays where the mortality reached 20.0% and 13.3% respectively
(Table 1), The number of rats with mammary neoplasia, the number of
mammary neoplasms, and the number of mammary adenocarcinomas is given
for each group, month by month, as well as the percent incidence of rats
with mammary neoplasia at 14 months in Table I. The percent of rats
with mammary neoplasia at the end of 1 thru 14 months has been plotted
in Fig. 1. Similarily, tumors per rat, that is, the number of mammary
neoplasms divided by the initial or starting number of rats, has been
plotted in Fig, 2. Inspection of these data indicate that a dose of 6.4
neutron rads was followed by a mammary neoplastic response that was similar
to the response following 85 rads of x-rays. However, 0.l or 0.4 rads of
neutrons was followed by a mammary neoplastic response that was similar to
the response following 28 rads of x-rays. Thus, it is suggested that 0.43
MeV neutrons show a much higher RBE at lower doses that at higher doses.

The curves in Figs. 1 and 2 are not corrected for mortality. This
leads to no serious errors because mortality during the first 14 months
has been insignificant in all but two groups., As the experiment continues,
mortality will, however, be more extensive, and accurate analysis as well
as rigorous definition of the quantities of interest are therefore essen-
tial,

The mean number of tumors per animal at time t after irradiation will
in the following be designated by R(t). The probability of an animal to
have at least one tumor, i.e., the cumulative incidence, is related to R(t)
by the equation

I(t) = 1 - e R(B) (1)

From this equation it follows that the cumulative incidence, I(t), and the
mean number, R(t), of tumors per animal have nearly the same value whenever
the two quantities are small as compared to l; this can also be seen from
a comparison of Figs., 1 and 2. A third quantity of interest is the tumor
rate r(t), i.e., the probability for the development of a tumor per unit
time and per animal, The tumor rate is the time derivative of the mean
number of tumors per animal:

d R(t)
©(t) = tht (2)

and accordingly R(t) is the time integral or the tumor rate:
t

R(t) = I r(t) dr 3

o}
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FIG.1. The percentage of initial number of rats with mammary neoplasia plotted at the end of 1-14 months
after radiation on the 61-63'd day of age; rectangular co-ordinates.
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FIG.2. The mean number of tumours per rat, obtained by dividing the total number of mammary neoplasms
in any one group by the initial number of rats in that group, plotted at the end of 1-14 months after radiation
on the 61-6314 day od age; rectangular co-ordinates.

R(t) can therefore be estimated from the observed incidence in a finite
sample of irradiated animals as:

n

R(t) =L

i=1

N(E) G

1

where t. are the times of incidence of the n observed tumors, and N(t.)
are the numbers of animals still under observation at these times. A more
detailed discussion of the estimation of I(t) and R(t) can be found in
references 4-6.

The cumulative incidence, I(t), is determined by the resulting value
of R(t) according to 1. A condition for the validity of this equation is
that all scored tumors are primary tumors, that is, that the occurrence of
a tumor neither increases nor decreases the probability of additional
tumors being found in the same rat. In order to avoid this assumption
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FIG.3. Mean number of mammary neoplasms per rat as a function of time, R(t), for the different doses of
neutrons; log-log plot with the abscissa scale twice the magnitude of the ordinate scale.
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FIG.4. Mean number of mammary neoplasms per rat as a function of time, R(t), for the different doses
of X-rays; log-log plot with the abscissa scale twice the magnitude of the ordinate scale.

concerning the statistical independence of multiple tumors, one can derive
the quantities I(t) and R(t) by only scoring first tumors and by excluding
all animals with a second tumor from further consideration. Both types of
analyses have been performed and no systematic differences in the resulting
values have been found. The assumption that one deals with independent
primary tumors is therefore valid, and the complete analysis based on all
observed tumors is preferable because it leads to slightly smaller statis-
tical inaccuracies.

The quantity R(t) is plotted in Figs. 3 and 4 for the different ex-
perimental groups. A comparison with Fig. 2 shows that the results are



IAEA-SM~-179/26 397

nearly identical except at the highest doses. The logarithmic scale has
been chosen in order to obtain a clearer representation of the tumor fre-
quency at small doses. One should note that the abscissa scale in figs. 3
and 4 is twice as wide as the ordinate scale. A straight line of slope 1
corresponds therefore to the equation:

R(t) = k e2 (5)

and accordingly to a linear increase of the tumor rate with time after
irradiation:

r(t) = 2k t (6)

It appears that the results are not incomsistent with such a dependence,
but an exact analysis will have to be based on more complete results as
the observations continue.

Standard deviations are not given in Figs. 3 and 4, but approximate
values of the standard deviations of R(t) are obtained by the equation:

o = R(t)/Vn(t) @)

where n(t) is the cumulative number of tumors at time t as given in Table I.

There are various ways to deduce dose-effect relations from the ob-
served time dependence of tumor incidence. An obvious way is to plot the
cumulative incidence or the mean number of tumors per rat at a given time
as a function of dose. Such a procedure has, however, the disadvantage
that it utilizes only part of the experimental information, and it is
therefore sensitive to statistical fluctuations. One can avoid this by
plotting the time integral of R(t) as a function of dose. 1In doing this
one effectively averages over the whole observation period. The procedure
is also justified because tumors are then weighed according to their time
of incidence., The integral:

t

P(t) = J R(T) 4T . (8)
o

can be considered as an "effect period'", namely the mean number of tumors
per rat multiplied by the number of days the rat is bearing these tumors.
The "effect period" minus its control value, in units of "tumor-days" is
plotted in Fig. 5 as a function of neutron and x-ray dose. One finds that,
in agreement with an earlier analysis (7) the dose-effect relation for
neutrons has a slope considerably less than 1, that is, the effect of
neutron irradiation is proportional to a power of absorbed dose less than
1. The dose-effect curve for x-rays is considerably steeper, and it ap-
pears that the RBE of neutrons approaches values near 100 at low doses
while at 6.4 rad of neutrons it is closer to 10.

A separate statistical assesment of the dose dependence of the RBE of
neutrons has been performed by comparing the effect of each x-ray dose
with that of each neutron dose. These comparisons have been based on a
statistical evaluation of the full time dependence of tumor incidence in
the groups of animals which are compared. Details of this approach have
been described earlier (8, 9). One finding of particular interest is that
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FIG.5. Effect-period, in units of tumour-days, calculated as the time integral of R(t), minus its control
value (see text) as a function of neutron or X -ray dose; log-log plot. The observations extend to 400 days
after irradiation. The broken lines have no mathemarical significance and only serve to indicate the trend
of the data,
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FIG.6. The dependence of RBE on neutron dose. Vertical bars indicate the ranges of RBE that are excluded on
a level of statistical significance exeeding 95%, wedges indicate non-significant differences. The statisti-
cal analysis [8,9] is based on the current data for neutrons and X -rays and on earlier results for X -rays [ 10].

the effect of 0.1 rad of neutrons is larger on a 95% level of statistical
significance than the control levels and that it also exceeds on the same
level of statistical significance the earlier observed effect (10) of 15
rad of gamma rays. Because only a limited number of x-ray doses is applied
in the present experiments, the earlier data obtained with gamma rays are
also utilized in the statistical analysis. The results are represented in
Fig. 6. 1In this representation the vertical bars cover those ranges of RBE
of neutrons which are excluded on a level of statistical significance ex-
ceeding 95%. The solid curve of slope -0.5 is the best estimate of the
dependence of neutron RBE on dose. This relation is in agreement with the
dose-RBE dependence observed in a large number of higher organisms (11).

As in the case of lens opacification by 0.43 MeV neutrons (8) and in the
induction of yg, - mutations by fission neutrons (12) the RBE at low doses
approaches values exceeding 100.



IAEA-SM-179/26 399

The observation that the effect of neutron irradiation increases with
a power of absorbed dose which is less than 1 has been discussed earlier
(7), and it has been concluded from this observation that the tumor induc-
tion can not be solely determined by lesions in individual cells, It is
necessary to postulate interaction between a number of affected cells., It
is significant that in this system the same dose-RBE relation is found
which has been postulated on general biophysical grounds for all radiation
effects on higher organisms. The finding is also of interest because the
induction of mammary tumors in the Sprague-Dawley rat presents a special
case insomuch as the spontaneous incidence becomes very large as the age of
the rats increases., The mammary neoplastic response to neutrons and to
x-rays in Sprague-Dawley rats can therefore not be used to predict the
radiation induction of other tumors in other systems. However, the cur-
rent observations confirm that even in a complicated system the dose-RBE
dependence agrees with the dependence predicted by the theory of dual
radiation action (11).

The data here reported are in general agreement with the reports of
Vogel (13-15) although there are some important differences in experimental
techniques. The current data are based on 0.43 MeV neutrons, which would be
expected to be more efficient biologically than the fission neutrons used by
Vogel., The current data come from animals that had their tumors removed
while Vogel allows the tumor to remain in place. Tumor removal should allow
for more tumors to be reported because a tumor left in place may 'overgrow"
subsequently arising tumors and may tend to kill the tumor bearing rat sooner
than if the tumor were removed. The present experiment used rats that were
born on the same day, were from the same shipment, and were housed together.,
Vogel, on the other hand, began his studies with rather large neutron doses,
and over a period of years, added additional neutron doses and x-ray controls,
Since Jull (16) has shown that mammary tumor incidence may be changed signif-
icantly by housing conditions, we tend to place more confidence in data col-
lected from a single experiment than from experiments that were done at dif-
ferent times and under different housing conditionms.

SUMMARY

Sprague-Dawley female rats, 61-63 days of age, were given a single dose
of either 0.10, 0.40, 1.6, or 6.4 rads of 0.43 MeV neutrons, or 28, 56, or 85
rads of 250 kVp x-rays, or no irradiation in a single experiment. The interim
results, either in terms of percent of rats with mammary neoplasia or mean
number of mammary neoplasms per rat, at the end of 14 months after irradiationm,
indicate that a dose of 0.,10-0.40 rads of neutrons was followed by a mammary
neoplastic response much like that following a dose of 28 rads of x-rays. The
mammary neoplastic response to either a dose of 6.4 rads of neutrons or 56-85
rads of x-rays was similar. Thus the RBE for neutrons is much larger at low
doses of neutrons than at high doses.
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DISCUSSION

.
V. KOFRANEK. Have you any radiobiologically convincing explana-

tion for the widely discussed belief that the incidence of mammary neoplasms
increases with increasing dose?

C.J. SHELLABARGER. I have neither the confidence nor the inclination

to defend the Kellerer and Rossi theory of dual radiation action, RBE and the
primary mechanism of radiation action, I will leave that to Kellerer and
Rossi; but I think that their hypotheses do apply to rat mammary carcinoge-
nesis due to low-and high-LET radiations,
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ILola S. KELLY: Would you care to say something about the possibility
of a virus being present in the Sprangue-Dawley and Long Evans rats and
absent in the case of the rats that do not get the tumour? Multiple cell inter-
actions might be due to virus infection or release,

C.J. SHELLABARGER: I know of no real evidence that a virus partici-
pates in the development of a rat breasttumour.However, a negative finding
does not prove that a virus does not participate in mammary carcinogenesis,

G. W, BARENDSEN: If one wishes to interpret your data in terms of a
radiobiological mechanism, it will be of interest to note that the dose distri-
bution on a microdosimetric scale, with secondary short high-LET tracks
of protons from neutrons and less densely ionizing electrons from X-rays,
may account for the high RBE, The proton tracks are much more likely to
damage two adjacent cells than the electrons, so if interaction between two
damaged cells is required for tumour induction, protons may be expected
to be much more effective because of their microdosimetric properties.

That interaction between two damaged cells is required was also indi-
cated by experiments which I carried out with Dr, Klein in Rijswijk, when
malignant transformation was studied in cultured cells derived from a
hamster embryo: The addition of heavily irradiated ' feeder' cells to the
cells to be transformed increased the frequency of transformation consider-
ably. This indicates that some type of interaction enhances transformation,

A.G. SEARLE: In connection with the question whether more than one
cell is involved in tumour induction, I should like to point out that there is
now strong evidence that certain spontaneous tumours are derived from a single
cell in females heterozygous for particular sex-linked markers, such as
glucose 6-phosphate deficiency, I wonder if similar work has been done on
induced tumours.

C.J. SHELLABARGER: As far as I know, work along these lines has
not been carried out on rat breast tumours, It would be a worth-while
approach,

H.H. VOGEL,Jr.,: Would you care to comment on the relationship
between low doses of neutrons and induced mammary tumours in the female
Sprague-Dawley rat? Do you think there could be a linear dose-effect rela-
tion at very low doses?

C.J. SHELLABARGER: The dose-effect relationship could well be
linear, of course, but our own data are not good enough to establish that
with any degree of statistical confidence. Moreover, since the ! effect!
changes with time after irradiation, one must be careful to specify the
time in relation to the dose-effect curve,



