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Background Experimental long-term carcinogenicity bioassays conducted on rats and
mice proved that ionizing radiation can induce a variety of tumor types. However few
studies have been conducted on rats.
Methods This report deals with the effects of g-radiation in groups of 416–1,051 6-weeks
old Sprague–Dawley rats exposed to 0, 0.1, 1, or 3Gy of g-radiation delivered in a single
acute exposure. The experiment lasted for the animals’ lifespan and all were necropsied
and underwent full histopathological evaluation.
Results The results confirm the dose-related carcinogenic effects of g-radiation for several
organs and tissues. Moreover they indicate that exposure to 0.1Gy induces a statistically
significant increased incidence in Zymbal gland carcinomas and pancreas islet cell
carcinomas in females.
Conclusions Our data show that exposure to g-radiation induces carcinogenic effects at
all tested doses. Am. J. Ind. Med. 58:46–60, 2015. � 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Most of the recently reported epidemiological research
on the relationship between ionizing radiation and cancer
has concerned moderate-high-dose (0.5–1Gy) whole-body
exposure. However because low dose (defined as�0.1Gy) or
protracted exposure are of major interest when it comes to

protecting people from ionizing radiation, the research
has started to be more focused on occupational cohorts, in
particular workers at nuclear plants, or persons/patients
exposed to multiple diagnostic radiological examination.

Epidemiological studies have shown that exposure to doses
(>0.1Gy) increased the risk of developing both solid cancers
and leukemias among survivors of Hiroshima and Nagasaki
[Preston et al., 2007], as well as among radiologists and
physicians specialized in interventive medicine [Linet et al.,
2010], workers in the nuclear industry [Cardis et al., 2007].

Some unresolved questions include: (1) differences in
risk between acute and chronic exposure [Jacob et al., 2009];
(2) effects at low doses and the appropriateness of the linear
no threshold model [Mullenders et al., 2009; Averbeck,
2010]; (3) what cancer effects, if any, may be the result of
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preconception exposure or in utero exposure [Barber and
Dubrova, 2006; Abouzeid Ali et al., 2012]; (4) identification
of possible radio-sensitive subgroups in the population and
how these subgroups can be identified [Jeggo, 2010]; (5) the
possible interaction between ionizing radiation and other
well-known carcinogenic agents or potential diffuse carcino-
genic risks (e.g., chemical agents, extremely low frequency
magnetic fields of power energy, or radiofrequency electro-
magnetic fields from cell phones).

To answer these questions, related in particular to the
effects of low doses, more adequate data is still needed. To
face this challenge, researchers use both epidemiological and
experimental studies. However, it is quite understandable
that when dealing with low-exposure scenarios (such as those
of 0.1 Gy or less) with multiple confounding factors,
epidemiological studies may lack sufficient statistical power
to detect cancer risks. In these cases mechanistic and in vivo
animal studies can help epidemiology to better evaluate the
carcinogenic risk of low dose exposure.

Experimental studies conducted on mice and rats have
proved that ionizing radiation can cause a variety of tumor types
in both species. In a series ofmouse studies [IARC, 2000, 2012]
conducted using a large number of animals per group and sex
exposed to either X-rays or to g-rays with a range of doses and
dose rates, it was observed an increased incidence of several
types of neoplasms, including in particular myeloid leukemia
and thymic lymphoma, ovarian, pituitary and Harderian gland
tumors, lung and mammary carcinomas.

Despite the interest in the effects of ionizing radiation
in mice, few studies were conducted on rats and, among
them, the majority were focused on the study of mammary
carcinogenesis. Rats are the most suitable animal species for
studying mammary carcinogenesis by radiation since they are
responsive and develop very similar tumors to their human
counterpart. The responsiveness in developing mammary
tumors depends on the strain and Sprague–Dawley rats are the
most susceptible [Russo and Russo, 1996].

Studies conducted on female Sprague–Dawley rats
showed an increased incidence of mammary cancers after
exposure to X-ray dose over the range 0.25–6Gy [Shella-
barger et al., 1957, 1966; Bond et al., 1960]. It has been
reported that in female Sprague–Dawley rats neutrons at a
single dose as low as 0.1Gy produced a significant increase in
mammary tumors [Shellabarger et al., 1980]. Subsequent
studies conducted on Sprague–Dawley rats and as well as
other strains confirmed the strong carcinogenic effects of
ionizing radiation on the mammary gland [Shellabarger
et al., 1982; Broerse et al., 1986, 1987; Bartstra et al., 1998].

The experimental carcinogenic bioassays on rats con-
ducted to date has their own limitations: the small size of
animal groups, the duration of the study, which is all too often
arbitrarily truncated, not to mention the lack of details of
pathology. Indeed long-term carcinogenicity bioassays on
rodents, when well-planned and conducted using adequate

animal models (as close as possible to the human equivalent
tumor type incidences may provide better indications as to the
carcinogenic effects which can be extrapolated to humans for
risk assessment [Huff, 1999; Maltoni et al., 1999]).

Based on previous experience in conducting large-scale
carcinogenicity bioassays, a project of long-term experiments
on rats exposed to g-radiation in different situations and at
various dose levels have been conducted at the laboratories of
the Cesare Maltoni Cancer Research Center of the Ramazzini
Institute (CMCRC/RI) located in the province of Bologna,
Italy, where this type of research has been performed since the
early 1970s [Soffritti et al., 1999, 2002].

Overall, the project comprises four large scale
experiments:

(1) the main experiment which studies the effects at three
dose levels (0.1, 1, and 3Gy) plus controls, delivered in a
single acute dose or in 10 doses (once every 4 weeks) to
4,016 six-week-old (starting age) male and female rats;

(2) a second experiment, which studies the effects on male
and female offspring of three doses at 0.1, 0.5, and 1Gy
delivered in one acute dose to pregnant dams, irradiated
on the 12th day of pregnancy (2,799 rats);

(3) a third experiment, which studies the effects on male
and female offspring of three doses 0.1, 1, and 3Gy
delivered in a single acute dose to male breeders before
mating (2,557 rats);

(4) and finally a fourth experiment, which studies the
effects of standard feed, administered after irradiation
by 1 or 4 kGy, to pregnant dams from the 12th day of
pregnancy, and then to their male and female offspring
until spontaneous death (1,139 animals).

These four experiments started concurrently and the
experimental animals were those born during the breeding of
4,000 rats (2,000 males plus 2,000 females).

The main experiment includes one control group which
is common to all four experiments.

THE CARCINOGENIC EFFECTS OF
EXPOSURE OF 6-WEEK-OLD SPRAGUE-
DAWLEY RATS TO g-RADIATION
DELIVERED IN A SINGLE ACUTE
EXPOSURE (MAIN EXPERIMENT)

This report deals with results in terms of overall
carcinogenic effects in three groups of 416–1,046 male and
female rats from the main experiment which exposed
Sprague–Dawley rats at 6 weeks of age to three different
dose levels of g-radiation (0.1, 1, 3Gy) delivered in a single
acute exposure. One group of 1,051males and females served
as control. The highest dose level was selected on the basis of
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data available in the literature. The lowest dose was chosen as
representative of human scenarios of high exposure to
ionizing radiation in various workplaces or during radiation
therapy. Also 0.1Gy is the lowest experimental dose in the
mouse studies [Ullrich and Storer, 1979a,b].

MATERIALS AND METHODS

g-Radiation Exposure Conditions and
Facility

The irradiation facility consisted of a telecobalt therapy
unit of the “Theratron 780” type (Fig. 1), that utilized Co60
as its radiation source, with an activity of about 56 TBq
(1,500Ci). The irradiation procedure was carried out inside a
properly shielded irradiation room (bunker), constructed of
reinforced concrete and was 5m� 4m� 3m in size. The
control board and exposure monitoring facilities were located
in a room next to the bunker.

The “Theratron 780” unit was equipped with a turntable
made of a 1 cm thick perspex sheet (size 48 cm� 48 cm). The
turntable has a pneumatic system for 180° rotation on its axis
and is positioned 120 cm away from the radiation source.
The system is controlled from outside the bunker and allows
animals to be irradiated ventrally and dorsally at two different
times. In order to obtain an evaluation of the irradiation beam

effect on the whole body, it proved necessary to administer a
uniform radiation dose inside the animal. This result was
achieved by placing the animals in different positions relative
to the source. To keep them from moving during exposure,
animals were locked in special perspex holders, with 1 cm
thick walls, 20.8 cm long� 6.5 cm broad, placed on the
turntable. The area used was 46 cm� 46 cm in size and made
it possible to radiate up to 10 animals at the same time, with an
absorbed dose rate of about 0.21Gy/min.

To measure the dose administered, a Nuclear Enterprise
dosimeter type 2571A was used, with a 0.6 cc graphite
ionization chamber, calibrated in terms of dose absorbed to
water with 4% uncertainty. The dosimeter, irradiated together
with the animals, was permanently fitted to the under-side of
the turntable, located along the axis of the beam. The dose
readings in the two positions (ventrally and dorsally) showed
uniformity in the absorbed dose with the maximum differ-
ences between the various parts of the body in the order of a
few percent (3–5%).

Possible sources of operator error in carrying out
treatment may be incorrect selection of irradiation times, or
non-rotation of the turntable after the first part of treatment.
To ensure correct execution of the treatment, two checks
were devised: (1) the dosimeter, irradiated together with the
animals, was permanently fixed to the turntable; (2) this
dosimeter was located along the axis of the beam, on the
under-side of the turntable about 1 cm from its rotation axis,
so that dose readings in the two positions must differ by more
than 2%.

Animals

Strain

The animals used were Sprague–Dawley rats from the
same colony as used for more than 40 years in the laboratories
of the CMCRC/RI. The basic expected tumorigenesis and its
fluctuations were based upon data deriving from more than
18,000 historical controls.

Generation of experimental animals

The generation of experimental animals took place as
follows: (a) inbred breeders were distributed in four groups
and the offspring of these were assigned to the respective
groups; (b) randomization by body weight of the inbred
brother and sister among the four breeder groups was as
homogenous as possible; (c) mating of the breeders that
generated the off-spring for the experiment was strictly out-
bred (made possible by pedigree identification number of
each animal) in each breeder group and lasted 72 hr; (d) the
size of breeder groups was dictated by the number of
offspring required; (e) in order to evaluate the family effect in
the carcinogenic process, the experimental groups includedFIGURE1. Exposure system.
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all the offspring of each litter; (f) all the male and female
breeders were sacrificed 6 weeks after birth and 1 week after
the weaning of the offspring, respectively.

The animals of all experiments were weaned, weighted,
separated by sex and identified by ear punch at 5 weeks of age.

Conduct of the experiment

The animals were kept in highly standardized environ-
mental conditions. They were housed 5 per cage, in makrolon
cages with a solid top in stainless steel. A shallow layer of
white wood fir-tree shavings served as bedding. The animals
were kept in a temperature-controlled laboratory at 21–24°C,
with relative humidity at 40–60% and 12-hr light/dark
alternation. The experiment was conducted in accordance
with Italian law regulating the use and human treatment of
animals for scientific purposes [Decreto Legislativo, 1992].

After weaning, animals received food and water ad
libitum. The food was purchased from “Mangimificio
COMER” (Bologna), which is the same as used in the
CMCRC/RI for more than 40 years, while the water came
from the local water supply. Water and feed were periodically
analyzed tomonitor for the presence of possible contaminants.

Animals were kept under observation until natural death
(life-span). The daily consumption of feed and water were
measured in a sample of 100 animals (50 males and 50
females) from each group and each experiment from the age
of 6 weeks every 4 weeks until 110 weeks of age. Body
weight was recorded from the age of 6 weeks every 4 weeks
until 110 weeks of age, then every 8 weeks until the end of
the experiment. The health and behavior of the animals
were controlled three times daily throughout the experiment.
Checks for pathological lesions, including mammary tumors
(the most frequent lesion in females), were performed every
2 weeks throughout the experiment. Animals with lumps
greater than 3 cm in diameter were isolated from other
animals and individually caged to avoid cannibalization. The
development of the lumps/masses was monitored until
spontaneous death. A systematic gross examination was
performed and all pathological changes recorded.

For histopathological examination, in addition to
macroscopically observed pathological lesions (with a
margin of surrounding normal tissue), the following tissues
and organs were taken: skin, subcutaneous tissue, mammary
gland, brain, pituitary gland, Zymbal gland, salivary glands,
Harderian glands, cranium, tongue, thyroid and parathyroid,
pharynx, larynx, thymus, trachea, lung, heart, diaphragm,
liver, spleen, pancreas, kidneys, adrenal glands, oesophagus,
stomach (fore and glandular), intestine (four levels), bladder,
prostate, uterus, ovaries, testes, interscapular fat pad and
subcutaneous, mediastinal and mesenteric lymph nodes.

All specimens were fixed in 70% alcohol, except for
bones and other tissues of a bone-like consistency which
were fixed in 10% formalin. The trimming was performed

according to the CMCRC/RI Standard Operating Procedures
(SOP). All pathological tissues were trimmed in order to
maintain a border of normal tissue around the lesions.
With regard to normal tissue and organs: (1) the decalcified
cranium was trimmed at five levels from nose to occipital
bone, including oral and nasal cavities and internal ear ducts;
(2) parenchymal organs were dissected through the hilus to
expose the widest surface; and (3) hollow organs were
sectioned across the greatest diameter(s). Trimmed speci-
mens were processed as paraffin blocks, and 3–5mm sections
of every specimen were obtained. Sections were routinely
stained with hematoxylin and eosin (H&E). Histopatholog-
ical evaluation of the lesions, in particular benign and
malignant tumors, was performed according to the National
Toxicology Program criteria [Boorman et al., 1990]. The
evaluation was performed by the same group of pathologists
on all tissues and organs. The same supervisor reviewed all
lesions of oncological interest. All pathologists used the same
evaluation and classification criteria.

Statistical Analysis

Cox proportional hazard models were used to estimate
the relative risk of malignant tumors as a function of dose. For
benign tumors logistic regression was used with age as a
covariate. The risk model used was:

lðt;DÞ ¼ lðt; 0ÞexpffðDÞg

where l (t, D) is the hazard rate, t is the age of the animal in
days at death, D is the dose and exp{f(D)} is the relative risk.
For estimating the relative risk of the individual dose groupDi

(i¼ 1, 2, or 3) we used fðDÞ ¼ P
aiDi with Di equal to 1 for

group i and 0 for the other two. For modeling the relative risk
as a function of dose the model used was:

lðt;DÞ ¼ lðt; 0Þf1þ aDþ bD2g

with the estimates of a and b restricted to being non-negative.
The computer package used for the data analysis was Egret.
In using the standard Cox proportional hazard analysis
competing risks and differential survival were thus taken into
account. A dose group with reduced survival may have a
greater estimated hazard rate than controls yet a smaller
incidence of cases. Details can be found in the biostatistical
textbook of Hosmer and Lemeshow [1999].

RESULTS

During the experiment, no noticeable alteration of the
behavior or health of the animals in the various groups was
observed. Evaluation of the probability of survival in males
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and females exposed to g-radiations compared to controls is
shown as Kaplan–Meier curves (Figs. 2 and 3). The hazard
ratios and median survival times in males and females are
presented in Table I. The data showed that no change in
survival for either sex was observed among animals exposed
to 0.1Gy compared to controls.

Multiple tumors of differing type and site, of differing
type at the same site, of the same type in bilateral organs, of
the same type in the skin, in subcutaneous tissue, in mammary
glands, or at distant sites of diffuse tissue (e.g., bones and
skeletal muscles) were counted as single/independent
tumors. Multiple tumors of the same type in the same
tissue and organ, apart from those listed above, were counted
only once.

Significant oncological results are reported in Tables II–
VII. Because there were differences in survival between the
control group and the 1 and 3Gy exposure groups of males and
females, statistical tests adjusted for differences in survival
were applied to the pairwise and trend analysis. Historical
control data on specific spontaneous tumor incidences
regarding 2,180 and 2,189 male and female offspring recorded
during the period 1984–1997 were also considered. Moreover,
the large number of animals per sex and per group allowed us
to expressmore sharply the variation effects and indeed to raise
the accuracy and statistical sensitivity of the study, reducing the
likelihood of getting false positive results.

Benign and Malignant Tumors

Overall benign and malignant tumor incidence is
reported in Table II. A significant dose-related increased
incidence of animals bearing benign tumors occurred both in
males and females (P� 0.01). Significant increased inci-
dences (P� 0.01) were observed in males and females
exposed to 1 and 3Gy compared to controls. An increased
number of total benign tumors per 100 animals occurred in
males and females exposed to 1 and 3Gy compared to the
controls and to the lowest treated group. A significant dose-
related increased incidence (P� 0.01) of animals bearing
malignant tumors occurred in males and females. Significant
increased incidences were observed in males and females
exposed to 3Gy (P� 0.01) compared to the controls. A sharp
increase in the total number of malignant tumors per 100
animals occurred in males and females treated at 3Gy as
compared to controls. The statistically significant differences
in males and females bearing benign or malignant tumors
exposed to 1 and 3Gy, as compared to controls, are due to the
reduced survival in the two treated groups. This explains the
still statistically significant increased tumor incidences and
the greater estimated cumulative hazard rate (Figs. 4 and 5)

FIGURE 2. Survival male Sprague^Dawley rats.

FIGURE 3. Survival female Sprague^Dawley rats.

TABLE I. Hazard Ratios andMedian Survival Time inMale (M) and
Female (F) Sprague^Dawley Rats

Group no.
(Gy)

Animalsa sex, no
Hazard
ratio

Median
survival (days)

M F M F M F

I (0) 514 537 Reference 760 792
II (0.1) 524 522 0.99 1.01 760 767
III (1) 318 301 1.39�� 1.74�� 707 685
IV (3) 211 205 2.73�� 4.38�� 613 551

�Statisticallysignificantlydifferentfrom1.00atP� 0.01byCoxProportionalHazard
analysis.
aSix weeks old at the time of exposure.
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in the two exposed groups in spite of their incidences being
reduced.

Cancers of the Skin, Subcutis
Liposarcomas, and Breast

The occurrence of malignant tumors of the skin, subcutis
liposarcomas and breast are reported in Table III. A dose-related
increased incidence (P� 0.01) of malignant tumors of the skin

was observed in males and females compared to controls. In
males exposed to 3Gy, the incidences of basocellular and
squamous cell carcinomas were both significantly increased
(P� 0.01) compared tomale controls. A dose-related increased
incidence of animals bearing subcutis liposarcomas was
observed in males (P� 0.01) and in females (P� 0.05).
Among the males exposed to 3Gy the incidence was
significantly increased (P� 0.01) compared to male controls.

The incidences of animals bearing breast adenocarcino-
mas and sarcomas (encompassing fibrosarcomas, liposarco-
mas, hemangiosarcomas, and osteosarcomas) show a
significant dose-related increase (P� 0.01) in males and
females for both adenocarcinomas and sarcomas. When
compared to the untreated controls, the incidence of
adenocarcinomas in males and females exposed to 1 or
3Gy were significantly increased (P� 0.01) in both sexes.
When compared to controls, the incidence of sarcomas of all
types were significantly increased in males and females
(P� 0.01) exposed to 3Gy. At 1Gy, the incidence of
sarcomas was significantly increased in males (P� 0.01) and
also in females (P� 0.05). When females bearing atypical
lesions of mammary glands were aggregated with females
bearing mammary adenocarcinomas, a significant increased
incidence (P< 0.05) was also observed at 0.1Gy, compared
to controls (Table IV). The increase in mammary carcinomas
plus their atypical precursor lesions was extremely marked
and confirms our first results [Soffritti et al., 1999].

It is, of course, well known that intraductal atypical
hyperplasia of the mammary gland is a precursor of carcinomas

TABLE II. Benign andMalignantTumors inMale (M) and Female (F) Sprague^Dawley Rats

Group no. (Gy)

Animalsa
Benign tumors Malignant tumors

Tumor-bearing animals Tumorsb Tumor-bearing animals Tumorsb

Sex No. No. % No. Per100 animals No. % No. Per100 animals

I (0) M 514 320 62.3## 612 119.1 241 46.9## 294 57.2
F 537 439 81.7## 1264 235.4 280 52.1## 404 75.2

MþF 1051 759 72.2## 1876 178.5 521 49.6## 698 66.4
II (0.1) M 524 331 63.2 685 130.7 253 48.3 339 64.7

F 522 420 80.5 1320 252.9 280 53.6 431 82.6
MþF 1046 751 71.8 2005 191.7 533 51.0 770 73.6

III (1) M 318 202 63.5�� 416 130.8 157 49.4�� 208 65.4
F 301 253 84.0�� 851 282.7 142 47.2�� 229 76.1

MþF 619 455 73.5�� 1267 204.7 299 48.3�� 437 70.6
IV (3) M 211 142 67.3�� 366 173.5 156 73.9�� 225 106.6

F 205 173 84.4�� 628 306.3 136 66.3�� 223 108.8
MþF 416 315 75.7�� 994 238.9 292 70.2�� 448 107.7

��Significantly greater than control (P� 0.01).
##Near the control incidence are theP values (P� 0.01) associatedwith Cox Proportional HazardModel for the analysis of the trend.
aSix weeks old at the time of exposure.
bOne animal can bear more than one tumor.

FIGURE4. Cumulative hazard for total malignant tumors male Sprague^Dawley rats.
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in rats [Russo andRusso, 2004]. As described by theWHO, this
lesion is characterized by morphological changes that include
altered architecture and abnormalities in cytology and
differentiation [WHO—OMS—IARC, 2003]. The relative
risk of developing a mammary cancer among patients with
atypical ductal hyperplasia is 4–5 times higher, as reported by
the Cancer Committee of the College of American Pathologists

[Fitzgibbons et al., 1998]. For these reasons the aggre-
gation of animals bearing atypical mammary lesions with
animals bearing carcinomas is justified to show the significant
increased risk ofmammary neoplasms in female rats exposed to
0.1Gy.

Head and Neck, Thyroid Gland, and
Parathyroid Tumors

The incidence of tumors of head and neck, including
thyroid and parathyroid, are reported in Table V. In females a
significant dose-related increased incidence (P� 0.05) of
Zymbal gland carcinomas was observed; the incidence of
carcinomas was significantly increased in females exposed to
3Gy and in males exposed to 0.1Gy (P� 0.01), the lowest
exposure dose. When males and females were aggregated,
the incidence of carcinomas increased significantly at 0.1Gy
(P� 0.05). Zymbal glad carcinomas are not frequent in
Sprague–Dawley rats of our colony. Out of 2,180 untreated
male historical controls, the overall incidence was 1.7%
(range: 0.0–3.0%).

Significant increased incidence of ear duct carcinomas
was observed in females exposed to 3Gy (P� 0.05) com-
pared to the controls.

A dose-related increased incidence of nasal cavities
carcinomas was observed inmales (P� 0.01) and specifically

FIGURE 5. Cumulative hazard for total malignant tumors female Sprague^Dawley

rats.

TABLE III. Cancers of the Skin, Subcutis, and Breast inMale (M) and Female (F) Sprague^Dawley Rats

Group no. (Gy)

Animalsa

Tumor-bearing animals

Skin cancers Subcutis liposarcomas

Breast cancers

Adenocarcinomas Sarcomasb

Sex No. No. % No. % No. % No. %

I (0) M 514 6 1.2## 5 1.0## 3 0.6## 2 0.4##

F 537 2 0.4## 0 ç# 76 14.2## 7 1.3##

Mþ F 1051 8 0.8## 5 0.5## 79 7.5## 9 0.9##

II (0.1) M 524 6 1.1 9 1.7 3 0.6 8 1.5
F 522 3 0.6 0 ç 78 14.9 14 2.7

Mþ F 1046 9 0.9 9 0.9 81 7.7 22 2.1�

III (1) M 318 5 1.6 3 0.9 7 2.2�� 14 4.4��

F 301 4 1.3 1 0.3 86 28.6�� 3 1.0�

Mþ F 619 9 1.5 4 0.6�� 93 15.0�� 17 2.7��

IV (3) M 211 9 4.3�� 15 7.1�� 7 3.3�� 9 4.3��

F 205 3 1.5�� 2 1.0 91 44.4�� 4 2.0��

Mþ F 416 12 2.9�� 17 4.1 �� 98 23.6�� 13 3.1��

�Significantly greater than controls (P� 0.05), ��(P� 0.01). #Near the control incidence are the P values (P� 0.05) or ##(P� 0.01) associated with Cox Proportional
HazardModel for the analysis of the trend.
aSix weeks old at the time of exposure.
bFibrosarcomas, liposarcomas, hemangiosarcomas, and osteosarcomas.
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a significant increase (P� 0.01) was observed in males
exposed to the highest dose.

The incidence of thyroid malignant tumors indicate a
significant dose-related increase of follicular cell adenocar-
cinomas in females (P� 0.01). When compared to untreated
females, the increased incidence of follicular cell adenocar-
cinomas was significant (P� 0.01) in females exposed to
3Gy. A significant dose-related increased incidence of C-cell
carcinomas was observed in females (P� 0.01). When
compared to untreated male and female controls, a significant

increased incidence of C-cell carcinomas was observed in
males and females exposed to 3Gy (P� 0.05 and P� 0.01,
respectively).

A dose-related increased incidence of parathyroid glands
adenomas was observed both in males and females
(P� 0.01). The incidence of adenomas was significantly
increased (P� 0.01) in both males and females exposed to 1
and 3Gy. No malignant tumors were observed among the
treated and untreated males and females. Parathyroid glands
adenomas are rare tumors in our rat colony. Among the

TABLE IV. Animals BearingMammaryAdenocarcinomas orTheirAtypical Precursors in Female (F) Sprague^Dawley Rats

Group no. (Gy)

Animalsa

Animals bearing mammary atypical precursorsb or adenocarcinoma

Atypical precursors Adenocarcinomas
Total number of animals bearing

atypical precursors or adenocarcinomasc

Sex No. No. % No. % No. %

I (0) F 537 40 7.4 76 14.2## 116 21.6^^

II (0.1) F 522 68 13.0 78 14.9 146 28.0^

III (1) F 301 27 9.0 86 28.6�� 113 37.5^^

IV (3) F 205 11 5.4 91 44.4�� 102 49.8^^

��Significantlygreater thancontrol (P� 0.01).##Near thecontrol incidence is theP-value (P� 0.01)associatedwithCoxProportionalHazardModel for theanalysisof the
trend.^P values (P� 0.05) and^^P values (P� 0.01) usingMantel^Haenszel Model for the analysis ofcombined lesions.
aSix weeks old at the time of exposure.
bAtypical hyperplasia in mammary gland or in fibroadenoma.
cAnimals bearingmore than one type of lesion are plotted only one according to themost severe lesion.

TABLE V. Tumors of Head,Neck,Thyroid, and Parathyroid Glands inMale (M) and Female (F) Sprague^Dawley Rats

Group
no. (Gy)

Animalsa

Tumor-bearing animals

Zymbal gland
carcinomas

Ear ducts
carcinomas

Nasal cavities
carcinomas

Thyroid follicular
cell carcinomas

Thyroid C-cell
carcinomas

Parathyroid
adenomas

Sex No. No. % No. % No. % No. % No. % No. %

I (0) M 514 9 1.8 32 6.2 2 0.4## 3 0.6 6 1.2 8 1.6##

F 537 15 2.8# 46 8.6 1 0.2 1 0.2## 7 1.3## 4 0.7##

Mþ F 1051 24 2.3# 78 7.4 3 0.3## 4 0.4## 13 1.2## 12 1.1##

II (0.1) M 524 25 4.8�� 45 8.6 1 0.2 3 0.6 13 2.5 13 2.5
F 522 16 3.1 50 9.6 4 0.8 5 1.0 4 0.8 7 1.3

Mþ F 1046 41 3.9� 95 9.1 5 0.5 8 0.8 17 1.6 20 1.9
III (1) M 318 6 1.9 12 3.8 2 0.6 1 0.3 3 0.9 14 4.4��

F 301 3 1.0 11 3.7 1 0.3 1 0.3 2 0.7 10 3.3��

Mþ F 619 9 1.5 23 3.7 3 0.5 2 0.3 5 0.8 24 3.9��

IV (3) M 211 3 1.4 4 1.9 4 1.9�� 0 ç 2 0.9� 8 3.8��

F 205 4 2.0�� 6 2.9� 0 ç 2 1.0�� 4 2.0�� 3 1.5��

Mþ F 416 7 1.7�� 10 2.4� 4 1.0�� 2 0.5�� 6 1.4�� 11 2.6��

�Significantly greater than controls (P� 0.05), ��(P� 0.01). #Near the control incidence are the P values (P� 0.05) or ##(P� 0.01) associated with Cox Proportional
HazardModel for the analysis of the trend.
aSix weeks old at the time of exposure.
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historical controls, during the period 1984–1997 (when the
biophase of this study was conducted), the overall incidence
of parathyroid glands adenomas was 0.5% (range: 0.0–1.6%)
out of 2,180 males and 0.4% (range: 0.0–2.0%) out of 2,189
females. No malignant tumor was recorded.

Carcinomas of the Liver, Lung,
Endocrine Pancreas, Kidneys, and
Adrenal Glands

The incidence of malignant tumors of the liver, lung,
endocrine pancreas, kidneys and adrenal glands are reported
in Table VI. The data indicate a dose-related increased
incidence (P� 0.01) of hepatocellular carcinoma (HCC) in
males and females. When compared to untreated males and
females, the incidence of HCC was significantly increased
both in males and females exposed to 1Gy (P� 0.01 in males
and P� 0.05 in females), and to 3Gy (P� 0.01).

Although not significant, a numerical increase in the
incidence of animals bearing lung adenocarcinomas was
observed in males exposed at 1 and 3Gy (0.6% and 1.9%,
respectively), as compared to 0.2% in male controls.
Adenocarcinoma of the lung is a very uncommon malignant
tumor among male Sprague–Dawley rats from our colony.
Out of 2,180 males the overall incidence of lung adeno-
carcinomas was 0.10% (range: 0.0–1.1%).

Regarding the endocrine pancreas, the data indicate a
significant dose-related increased incidence (P� 0.01) of

islet-cell carcinomas both inmales and females. The incidence
of islet-cell carcinomas in males exposed to 1 and 3Gy were
significantly increased (P� 0.05 and P� 0.01 respectively)
compared to male controls. The incidence of islet-cell
carcinomas in females exposed to 0.1, 1 and 3Gy were
significantly higher (P� 0.01) than in female controls. Islet-
cell carcinoma of the pancreas is a very rare type of tumor
among the Sprague–Dawley rats from our colony. Moreover,
it is interesting to note that 80 weeks after X-ray irradiation,
Watanabe andKamiya [2008] observed a significant increased
incidence of pancreas islet cell adenomas in rats. The overall
incidence of islet-cell carcinomas in our historical controls
was 0.2% (range: 0.0–0.8%) out of 2,180 males and 0.05%
(range: 0.0–0.1%) out of 2,189 females.

The incidence of kidney adenocarcinoma-bearing ani-
mals occurred with a significant dose-related increase in
males (P� 0.01) and females (P� 0.05). The incidence of
malignant tumors was significantly increased in males
exposed to 3Gy (P� 0.01). Adenocarcinomas of the kidneys
are very uncommon malignant tumors among Sprague–
Dawley rats from our colony. Indeed, the overall incidence of
kidney adenocarcinomas was 0.2% (range: 0.0–0.3%).

A significant dose-related increased incidence of cortical
adenocarcinomas was observed in females (P� 0.01), in
particular in females exposed to 1Gy (P� 0.05) and 3Gy
(P� 0.01) compared to controls. The overall incidence of
cortical adenocarcinomas of adrenal glands in our historical
controls was 1.2% (range: 0.0–4.0%).

TABLE VI. MalignantTumors of the Liver, Lung, Endocrine Pancreas,Kidneys, and Adrenal Glands inMale (M) and Female (F) Sprague^Dawley Rats

Group
no. (Gy)

Animalsa

Tumor-bearing animals

Hepatocellular
carcinomas

Adenocarcinoma
of the lung

Islet cell carcinoma
of the pancreas

Adenocarcinoma
of the kidneys

Cortical adenocarcinoma
of the adrenal glands

Sex No. No. % No. % No. % No. % No. %

I (0) M 514 4 0.8## 1 0.2 4 0.8## 1 0.2## 2 0.4
F 537 1 0.2## 0 ç 0 ç^^ 2 0.4^ 6 1.1##

Mþ F 1051 5 0.5## 1 0.1 4 0.4## 3 0.3## 8 0.8##

II (0.1) M 524 4 0.8 0 ç 8 1.5 1 0.2 2 0.4
F 522 4 0.8 1 0.2 11 2.1^^ 1 0.2 7 1.3

Mþ F 1046 8 0.8 1 0.1 19 1.8�� 2 0.2 9 0.9
III (1) M 318 8 2.5�� 2 0.6 5 1.6� 2 0.6 3 0.9

F 301 3 1.0� 0 ç 7 2.3^^ 0 ç 5 1.7�

Mþ F 619 11 1.8�� 2 0.3 12 1.9�� 2 0.3 8 1.3��

IV (3) M 211 6 2.8�� 4 1.9 25 11.8�� 7 3.3�� 0 ç
F 205 3 1.5�� 0 ç 4 2.0^^ 3 1.5 5 2.4��

Mþ F 416 9 2.2�� 4 1.0 29 7.0�� 10 2.4�� 5 1.2��

�Significantlygreater thancontrols(P� 0.05),��(P� 0.01).##Nearthecontrol incidencearethePvalues(P� 0.01)associatedwithCoxProportionalHazardModelfor the
analysis of the trend.^P values (P� 0.05) and^^P values (P� 0.01) usingMantel^HaenszelModel for the analysis (insufficient data to use Coxmodel).
aSix weeks old at the time of exposure.
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Hemangiosarcomas of Circulatory
System (All Sites) and
Hemolymphoreticular Neoplasias

The incidences of hemangiosarcoma of all sites of the
circulatory system and hemolymphoreticular neoplasias
(HLRN) are reported in Table VII. The data indicate a
significant dose-related increased incidence of hemangiosar-
comas in males and females (P� 0.01). When compared to
controls, the incidence of hemangiosarcoma was increased in
males exposed to 0.1Gy (P¼ 0.06), significantly increased at
1Gy (P� 0.01), 3Gy (P< 0.01) and in females exposed to
3Gy (P� 0.01) and significantly increased at all tested doses
when males and females are combined. In historical controls
the overall incidence of hemangiosarcomas (all sites) inmales
was 0.5% (range 0.0–1.3%).

For HLRN the data show a significant dose-related
increased incidence (P� 0.01) in males. When compared to
male and female controls, the incidence of HLRN was
significantly increased in males (P� 0.01) and females
(P� 0.05) exposed to 3Gy. The most frequent histotypes
observed among the hemolymphoreticular neoplasias were
lymphomas and leukemias. Both lymphomas and leukemias
are neoplasias arising from hemolymphoreticular tissues and
their aggregation is used because solid and circulating phases
are present in many lymphoid neoplasms, and distinction
between them is artificial [Harris et al., 2001].

Cancer Risk Estimation

The Cox proportional hazard model used in the statistical
testing of the various tumor types and sites also provides
estimates of hazard ratios or relative risk estimates.

Hazard ratios were calculated for animal bearing
malignant solid tumors, and for lymphomas and leukemias
combined. For the solid tumors it is shown in Table VIII that
statistically significant increases occur at 1 and 3Gy. The
increase rises rapidly and the data fit to a standard linear-
quadratic dose response model. For lymphomas/leukemias,
effects are not seen until 3 Gy and the dose–response is purely
quadratic.

Finally for several of the cancer sites namely, mammary
adenocarcinomas, Zymbal gland carcinomas, thyroid C-cell
carcinomas, pancreas islet cell carcinomas and hemangio-
sarcomas (Table IX), the hazard ratios were estimated with
the sexes combined but stratified in the analysis. Although the
data are limited, it is useful to observe the risk ratios since the
life shortening at the higher doses will underestimated the risk
from simply observing the incidences of the tumors as is
reported in the main tables. Interestingly the increase in
pancreatic carcinomas has not been observed in the A-bomb
survivors although it has been suggested that there is a
possible association with pancreas cancer in Thorotrast
patients [Travis et al., 2003].

DISCUSSION

The capacity of ionizing radiation to induce solid cancers
and leukemias in humans at high exposure doses and also at
low and very low doses (�0.1Gy) has been shown among the
survivors of Nagasaki and Hiroshima atomic bombing
[Preston et al., 2007].

The effects and mechanism of interaction between
ionizing radiation and living matter is based on the bio-
physical theory of how ionizing radiation interacts with
DNA, which is considered the major biological target. Thus,
the extension of DNA damage to cells is related to the
radiation dose delivered, with clear evidence of the relation-
ship between DNA damage, mutation and cancer induction
[Hanahan and Weinberg, 2000].

However in the last few decades, low doses and very low
doses of ionizing radiation have been demonstrated to elicit
effects on biological tissues that are independent of their
direct interaction with DNA, namely the so-called non-
targeted effects which include bystander effects, genomic
instability, hormesis, adaptive and transgenerational radiation
response [Tubiana et al., 2006]. These findings, as reviewed
by Averbeck [2010] and Mullenders et al. [2009], suggest
some differences in the biological responses to higher and
low doses of ionizing radiation which may affect the
evaluation of the risk at low exposures. Although the extent

TABLE VII. Hemangiosarcomas (All Sites) and HemolymphoreticularTu-
mors inMale (M) and Female (F) Sprague^Dawley Rats

Group
no. (Gy)

Animalsa

Tumor-bearing animals

Hemangiosarcomas
Hemolymphoreticular

tumors

Sex No. No. % No. %

I (0) M 514 0 ç^^ 120 23.3##

F 537 4 0.7## 96 17.9
Mþ F 1051 4 0.4## 216 20.6##

II (0.1) M 524 5 1.0^ 118 22.5
F 522 8 1.5 70 13.4

Mþ F 1046 13 1.2� 188 18.0
III (1) M 318 6 1.9^^ 59 18.6

F 301 3 1.0 22 7.3
Mþ F 619 9 1.5�� 81 13.1

IV (3) M 211 16 7.6^^ 55 26.1��

F 205 11 5.4�� 17 8.3�

Mþ F 416 27 6.5�� 72 17.3��

�Significantly greater than controls (P� 0.05), ��(P� 0.01). ##Near the control
incidencearethePvalues(P� 0.01)associatedwithCoxProportionalHazardModel
for theanalysisof thetrend;^Pvalues(P� 0.05)and^^Pvalues(P� 0.01)using
Mantel^Haenszel Model for the analysis (insufficient details to use Coxmodel).
aSix weeks old at the time of exposure.
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to which these phenomena reflect different molecular
mechanisms is not clear, experimental evidence may contri-
bute to better defining the carcinogenic dose-response re-
lationship at low exposure levels.

The capacity of ionizing radiation to induce various
types of tumors in experimental animals has been well
recognized for many years. In animals the carcinogenic
effects can may be affected by the total dose delivered (acute
or fractioned), by the dose rate and type of radiation, by
the responsiveness of the animal species and strain used, by
the age at the time of irradiation, by hormonal factors and
by the exposure to co-carcinogenic agents [Upton, 1968;
IARC, 2012].

Over the years the interest of animal research in ionizing
radiation has focused on quantitative aspects of the car-
cinogenic effects, in particular from low doses. We here
summarize the results of somemajor studies on rats andmice.

Apart from the studies on the induction of mammary
cancer in Sprague–Dawley rats by Shellabarger et al., few
other studies have been performed on this species. Bartel-
Friedrich et al. reported a significant increase in malignant

tumors of the head and neck inWistar rats following exposure
of the head region to X-radiation at a total dose of 60Gy
fractionated in 2Gy per day [Bartel-Friedrich et al., 1999].
Watanabe and Kamiya [2008] reported a significant increase
in islet cell adenomas of the pancreas in Long-Evans rats
which are very susceptible to the induction of pancreas islet
tumors. The rats were exposed to two doses of 10Gy each to
the gastric region with a 3-day interval, and sacrificed after
80 weeks (not sufficient time to develop carcinomas). In a 2-
year study conducted by Lafuma et al. [1989] to compare the
induction of lung carcinomas inmale Sprague–Dawley rats by
exposure at low doses to radon daughters, fission neutrons or
g-rays, it was shown that 3.6% out of 505 rats exposed to 1Gy
g-radiation developed lung carcinomas. This incidence
(0.6%) is little higher than we found in our experiment on
males exposed to 1Gy of g-radiation. In rats generally, apart
from the carcinogenic effects observed in themammary gland,
there are very few qualitative and quantitative data on dose–
response carcinogenic effects for use in risk assessment.

Upton et al. [1970] examined the development of
neoplasms in large groups of male and female mice (more

TABLE VIII. Hazard Ratios forMale (M) and Female (F) Sprague^Dawley Rats BearingMalignant Solid Tumors and Lymphomas/Leukemias

Group (Gy)

Animalsa
Malignant solid tumors Lymphomas/leukemias

Observed hazard ratio Linear-quadratic Observed hazard ratio Linear-quadraticb

M F M F M F M F M F

I (0) 514 537 Reference
II (0.1) 524 522 1.11 1.12 1.01 1.09 0.97 0.76 1.00 1.00
III (1) 318 301 1.98�� 2.10�� 1.71 1.92 1.10 0.76 1.22 1.11
IV (3) 211 205 7.53�� 9.59�� 7.35 9.34 2.91�� 1.86� 2.94 1.98

�Statistically significantly different from1.00 atP� 0.05 and �� atP� 0.001.
aSix weeks old at the time of exposure.
bOnly a simple quadratic dose^responsemodel fits the data.

TABLE IX. Hazard Ratios for Several Cancer Sites in Sexes Combined (Mþ F) Sprague^Dawley Rats

Group (Gy)

Animalsa Cancer sitesb

Sex combined, no Mammary
adenocarcinoma

Zymbal
glands

Thyroid C-cell
carcinomas

Pancreas islet
cell carcinomas HemangiosarcomasMþF

I (0) 1051 Reference
II (0.1) 1046 1.05 1.71� 1.30 4.33�� 3.18�

III (1) 619 3.94�� 1.11 1.17 11.34�� 6.51�

IV (3) 416 19.4�� 4.04�� 7.93��� 205�� 73.5��

�P� 0.05.
��P� 0.01.
���P� 0.001.
aSix weeks old at the time of exposure.
bCox regressionwith stratification on gender.
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than 4,000 in all). Whole-body irradiation started at 10 weeks
of age, after which the animals were observed for the
lifespan. All animals were fully necropsied, but only selected
lesions were examined histopathologically, as and when
needed to confirm diagnoses. The dose ranged from 0.25Gy
to 4.5Gy for acute X-radiation and from �1 to 98.75Gy for
chronic Co60 g-irradiation. An increased incidence of
various neoplasms was observed even at the lowest dose.
Specifically, an increased incidence of myeloid leukemia
and thymic lymphoma was observed in males and females,
and an increased incidence of ovarian tumors in females.

A highly comprehensive series of studies on the
induction of tumors by g radiation in mice was performed
byUllrich and Storer [1979a,b,c]. A total of more than 19,000
male and female RFMmice (plus almost 5,200 controls) were
exposed to doses from 0.1 to 3Gy. More than 5,600 female
BALB/C mice (plus 865 controls) were exposed to a range of
doses from 0.5 to 2Gy. An increased dose-related incidence
of myeloid leukemia and thymic lymphoma was observed in
male and female RFM mice. A dose-dependent increased
incidence in ovarian, pituitary and Harderian gland tumors
was observed in female RFM mice. At 0.25Gy the incidence
of ovarian cancer was increased by almost three times. An
increased incidence of ovarian tumors and lung and
mammary carcinomas in BALB/C mice was observed even
at the lowest dose. These studies, with its large groups of
animals and dose range (0.1–3Gy), afforded a more complete
analysis of the dose–response in mice.

More recently Di Majo et al. [2003] published a
summary of several studies conducted over several years
on the carcinogenic effects of ionizing radiation in mice.
The aim of this summary was to evaluate the effects of the
dose–response at low doses (4, 8, 16, and 32 cGy) of
250KVpX-rays. The small sample size (n¼ 52–97) provided
limited evidence for an increase in cancer risks, apart
from a significant increase in ovarian tumors at 8, 16, and
32 cGy.

A large study on the effects of low-dose g rays was
conducted by Tanaka et al. [2007] using 4,000 mice exposed
over 400 days to a total dose of 2, 40, and 800 cGy. Compared
to the controls, the incidence of myeloid leukemias in males,
the incidence of soft tissue neoplasms and malignant
granulosa cell tumors in females, and the incidence of
hemangiosarcomas in both sexes, were significantly in-
creased at the highest dose.

Taken together, thesemajor experiments on rats andmice
and others available in the literature suffer from limitations
that could lead one to query the capacity of lifespan rodent
bioassays to show the carcinogenic effects of ionizing
radiation at low doses.

For this reason we planned a project with experimental
groups of adequate size to evaluate the potential carcinogenic
effects in rats at low doses of exposure, as well as the dose–
response relationship.

In the present study, conducted on large groups of male
and female Sprague–Dawley rats, exposed at 6 weeks of age
to three different dose levels (0.1, 1, or 3Gy) delivered in a
single acute exposure, we found: (a) a significant dose-related
increased incidence of males and females bearing malignant
tumors in the groups exposed to 1 and 3Gy; (b) in animals
exposed to 3Gy, we observed a specific significant increase in
the incidences of skin cancers (males and females), subcutis
liposarcomas (males), breast adenocarcinomas and sarcomas
(males and females), Zymbal gland carcinomas (females), ear
duct carcinomas (females), nasal cavity carcinomas (males),
thyroid follicular cell carcinomas (males and females),
hepatocellular carcinomas (males and females), pancreas islet
cell carcinomas (males and females); kidney adenocarcinomas
(males), cortical adrenal gland adenocarcinomas (females),
hemangiosarcomas (all sites) (males and females), hemolym-
phoreticular neoplasias (males and females); (c) a significant
increased incidence of breast adenocarcinomas and breast
sarcomas (in males and females), hepatocellular carcinomas
(males and females), pancreas islet cell carcinomas (males and
females), cortical adrenal gland adenocarcinomas (females),
and hemangiosarcomas (all sites) (inmales) was also observed
at the exposure of 1Gy; (d) a significant increased incidence of
Zymbal gland carcinomas (males), pancreas islet cell
carcinomas (females) was also observed at 0.1Gy. Concern-
ing the significant increased incidence of carcinomas of the
Zymbal glands and of the pancreas islet cell at 0.1Gy, it is
unlikely that these findings are due to chance if we consider
that: (1) these malignant tumors are very rare among the
historical control of our Sprague–Dawley rat colony; (2) the
differences in absolute number between treated versus control
groups is remarkable; (3) except for Zymbal gland carcino-
mas, which are significantly increased in males only at 0.1Gy

FIGURE 6. Cumulative hazard for Kaplan^Meier estimation: Zymbal glands carcino-

ma in male Sprague^Dawley rats.
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(but with a significant dose-related relationship), islet cell
carcinomas of the pancreas in females was in turn significantly
increased at 1 and 3Gy, with a significant dose-related
relationship, as shown also by the cumulative hazard for
Kaplan–Meier Estimation (Figs. 6 and 7).

Concerning the carcinogenic effects of exposures to
1 Gy, the results from the studies on A-bomb survivors
showed that the relative risk for solid cancer mortality is
about 1.4 [Ozasa et al., 2012] instead of 2 which is
observed in Table VIII of this study. This relative risk of
1.4 is for an individual exposed at age 30 years. If the
exposure were for an individual aged 10–15 years, then
the relative risk would also be about 2, as we found for
young exposed Sprague–Dawley rats. It is also interest-
ing to note that in this study lymphoma and leukemia
dose-response is resulted to be purely quadratic. The
same has been observed for acute myeloid leukemia
(the most common) among A-bomb survivors [Hsu
et al., 2013].

CONCLUSIONS

Taken together, the experiments on rats available in the
literature suffer from limitations depending on the dose
levels, number of animals per group and duration of the
studies.

For this reason we planned a project with experimental
groups of adequate size to evaluate the potential carcinogenic
effects in rats at low doses of exposure, as well as the dose-
response relationship.

With this experiment we have shown that acute exposure to
g radiation causes a significant increase in the incidence of a few
types of tumors inmales and females at the dose of 0.1Gy. These
results confirm that our Sprague–Dawley rat colony is suitable to
identify and quantify carcinogenic risks. They also show that
large-scale experiments produce important new quantitative
results, particularly in the area of low exposure. However, since
the animals were randomized by breeders and since all the
experimental groups include all the offspring of each litter, it
may be possible to evaluate the synergism between familiar
susceptibility and g radiation exposure at the lowest dose.

The results call for attention to various human scenarios
of low radiation exposure. Thus, one can hardly underesti-
mate the fact that the dose to tissues absorbed from a whole
body CT scan typically in the range of 0.05–0.1Gy and this
must be weighed all the more seriously if those examined are
children or adolescents [Brenner, 2010].

ACKNOWLEDGEMENTS

We are indebted to Dr. David G. Hoel for having
performed the statistical analysis and the risk estimate of the
result of the study. This research was partially supported by
the Regional Agency for Prevention and the Environment
Emilia Romagna Region; by the Province of Bologna, the
Municipality of Bologna and others Municipalities of the
Province of Bologna; by the Italian League for the Fight
against Cancer (Section of Bologna); and by the Ramazzini
Institute. We thank all the coworkers who collaborated during
the years in the conduct of the study. A special thank to
Dr. Luciano Lembo who realized the exposure system.

REFERENCES

Abouzeid Ali HE, Barber RC, Dubrova YE. 2012. The effects of
maternal irradiation during adulthood on mutation induction and
transgenerational instability in mice. Mutat Res 732:21–25.

Averbeck D. 2010. Non-targeted effects as a paradigm breaking
evidence. Mutat Res 687:7–12.

Barber RC, Dubrova YE. 2006. The offspring of irradiated parents, are
they stable? Mutat Res 598:50–60.

Bartel-Friedrich S, Friedrich RE, Arps H. 1999. Rat tumors following
fractionated irradiation. Anticancer Res 19:2725–2726.

Bartstra RW, Bentvelzen PA, Zoetelief J, Mulder AH, Broerse JJ, van
BekkumDW. 1998. Induction ofmammary tumors in rats by single-dose
gamma irradiation at different ages. Radiat Res 150:442–450.

Bond VP, Cronkite EP, Lippincott SW, Shellabarger CJ. 1960. Studies
on radiation-induced mammary gland neoplasia in the rat. III. Relation
of the neoplastic response to dose of total-body radiation. Radiat Res
12:276–285.

Boorman GA, Eustis SL, Elwell MR, Montgomery C. 1990. Pathology
of the fischer rat: Reference and atlas. London: Accademic Press.

FIGURE 7. Cumulative hazard for Kaplan^Meier estimation: pancreatic islet cell car-

cinoma in female Sprague^Dawley rats.

58 Soffritti et al.



Brenner DJ. 2010. Slowing the increase in the population dose resulting
from CT scans. Radiat Res 174:809–815.

Broerse JJ, Hennen LA, Klapwijk WM, Solleveld HA. 1987. Mammary
carcinogenesis in different rat strains after irradiation and hormone
administration. Int J Radiat Biol Relat Stud Phys Chem Med 51:1091–
1100.

Broerse JJ, Hennen LA, Solleveld HA. 1986. Actuarial analysis of the
hazard for mammary carcinogenesis in different rat strains after X- and
neutron irradiation. Leuk Res 10:749–754.

Cardis E, VrijheidM, BlettnerM,Gilbert E, HakamaM,Hill C, HoweG,
Kaldor J, Muirhead CR, Schubauer-Berigan M, et al. 2007. The 15-
Country Collaborative Study of Cancer Risk among Radiation Workers
in the Nuclear Industry: Estimates of radiation-related cancer risks.
Radiat Res 167:396–416.

Decreto Legislativo. 1992. Decreto Legislativo 116, 1992. Attuazione
della direttiva. 86/609/CEE in materia di protezione degli animali
utilizzati a fini sperimentali o ad altri fini scientifici [in Italian]. Gazz
Ufficiale Suppl Ordinario 33:5–25.

Di Majo V, Rebessi S, Pazzaglia S, Saran A, Covelli V. 2003.
Carcinogenesis in laboratory mice after low doses of ionizing radiation.
Radiat Res 159:102–108.

Fitzgibbons PL, Henson DE, Hutter RV. 1998. Benign breast changes
and the risk for subsequent breast cancer: An update of the 1985
consensus statement. Cancer Committee of the College of American
Pathologists. Arch Pathol Lab Med 122:1053–1055.

Hanahan D, Weinberg RA. 2000. The hallmarks of cancer. Cell
100:57–70.

Harris NL, Jaffe ES, Vardiman JW, Stein H, Diebold J, Muller-
Hermelink HK. 2001. WHO classification of tumors of hematopoietic
and lymphoid tissues: Introduction. In: Jaffe ES, Harris NL, Stein H,
Vardiman JW, editors. Tumors of hematopoietic and lymphoid tissues.
Lyon:World Health Organization, International Agency for Research on
Cancer 12–13.

Hosmer JD, Lemeshow S. 1999. Applied survival analysis: Regression
modeling of time to event data. 2nd edition. New York: John Wiley &
Sons.

Hsu WL, Preston DL, Soda M, Sugiyama H, Funamoto S, Kodama K,
Kimura A, Kamada N, Dohy H, TomonagaM, et al. 2013. The incidence
of leukemia, lymphoma and multiple myeloma among atomic bomb
survivors: 1950–2001. Radiat Res 179:361–382.

Huff J. 1999. Long-term chemical carcinogenesis bioassays predict
human cancer hazards. Issues, controversies, and uncertainties. Ann NY
Acad Sci 895:56–79.

IARC. 2000. Monograph—Ionizing radiation, part 1: X- and gamma-
radiation, and neutrons, Vol. 75. Lyon: World Health Organization,
International Agency for Research on Cancer.

IARC. 2012. Monograph—A review of human carcinogens: Radiation,
Vol. 100 (D). Lyon: World Health Organization, International Agency
for Research on Cancer.

Jacob P, Ruhm W, Walsh L, Blettner M, Hammer G, Zeeb H. 2009. Is
cancer risk of radiation workers larger than expected? Occup Environ
Med 66:789–796.

Jeggo P. 2010. The role of the DNA damage response mechanisms after
low-dose radiation exposure and a consideration of potentially sensitive
individuals. Radiat Res 174:825–832.

Lafuma J, Chmelevsky D, Chameaud J, Morin M, Masse R, Kellerer
AM. 1989. Lung carcinomas in Sprague–Dawley rats after exposure to
low doses of radon daughters, fission neutrons, or gamma rays. Radiat
Res 118:230–245.

Linet MS, Kim KP, Miller DL, Kleinerman RA, Simon SL, Berrington
de Gonzalez A. 2010. Historical review of occupational exposures and
cancer risks in medical radiation workers. Radiat Res 174:793–808.

Maltoni C, Soffritti M, Belpoggi F. 1999. The scientific and
methodological bases of experimental studies for detecting and
quantifying carcinogenic risks. Ann NYAcad Sci 895:10–26.

Mullenders L, Atkinson M, Paretzke H, Sabatier L, Bouffler S. 2009.
Assessing cancer risks of low-dose radiation. Nat RevCancer 9:596–604.

Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, Sakata R,
Sugiyama H, Kodama K. 2012. Studies of the mortality of atomic bomb
survivors, Report 14, 1950–2003: An overview of cancer and noncancer
diseases. Radiat Res 177:229–243.

Preston DL, Ron E, Tokuoka S, Funamoto S, Nishi N, SodaM,Mabuchi
K, Kodama K. 2007. Solid cancer incidence in atomic bomb survivors:
1958–1998. Radiat Res 168:1–64.

Russo IH, Russo J. 1996. Mammary gland neoplasia in long-term rodent
studies. Environ Health Perspect 104:938–967.

Russo J, Russo IH. 2004. Molecular basis of breast cancer prevention
and treatment. Berlin: Springer-Verlag.

Shellabarger CJ, Bond VP, Aponte GE, Cronkite EP. 1966. Results of
fractionation and protraction of total-body radiation on rat mammary
neoplasia. Cancer Res 26:509–513.

Shellabarger CJ, Chmelevsky D, Kellerer AM. 1980. Induction of
mammary neoplasms in the Sprague–Dawley rat by 430 keV neutrons
and X-rays. J Natl Cancer Inst 64:821–833.

Shellabarger CJ, Chmelevsky D, Kellerer AM, Stone JP, Holtzman S.
1982. Induction of mammary neoplasms in the ACI rat by 430-keV
neutrons, X-rays, and diethylstilbestrol. J Natl Cancer Inst 69:1135–1146.

Shellabarger CJ, Cronkite EP, Bond VP, Lippincott SW. 1957. The
occurrence of mammary tumors in the rat after sublethal whole-body
irradiation. Radiat Res 6:501–512.

Soffritti M, Belpoggi F, Minardi F, Bua L, Maltoni C. 1999. Mega-
experiments to identify and assess diffuse carcinogenic risks. Ann NY
Acad Sci 895:34–55.

Soffritti M, Belpoggi F, Minardi F, Maltoni C. 2002. Ramazzini
Foundation cancer program: History and major projects, life-span
carcinogenicity bioassay design, chemicals studied, and results. AnnNY
Acad Sci 982:26–45.

Tanaka IB III, Tanaka S, Ichinohe K, Matsushita S, Matsumoto T, Otsu
H, Oghiso Y, Sato F. 2007. Cause of death and neoplasia in mice
continuously exposed to very low dose rates of gamma rays. Radiat Res
167:417–437.

Travis LB, Hauptmann M, Gaul LK, Storm HH, Goldman MB, Nyberg
U, Berger E, Janower ML, Hall P, Monson RR, et al. 2003. Site-specific
cancer incidence and mortality after cerebral angiography with
radioactive thorotrast. Radiat Res 160:691–706.

Tubiana M, Aurengo A, Averbeck D, Masse R. 2006. Recent reports on
the effect of low doses of ionizing radiation and its dose-effect
relationship. Radiat Environ Biophys 44:245–251.

Ullrich RL, Storer JB. 1979a. Influence of gamma irradiation on the
development of neoplastic disease in mice. I. Reticular tissue tumors.
Radiat Res 80:303–316.

Ullrich RL, Storer JB. 1979b. Influence of gamma irradiation on the
development of neoplastic disease in mice. II. Solid tumors. Radiat Res
80:317–324.

Ullrich RL, Storer JB. 1979c. Influence of gamma irradiation on the
development of neoplastic disease in mice. III. Dose-rate effects. Radiat
Res 80:325–342.

Carcinogenic Effects of Low-Dose g-Radiation in Rats 59



Upton A. 1968. Radiation carcinogenesis. In: Busch H, editor. Methods
in cancer research. New York: Academic Press. pp. 53–82.

Upton AC, Randolph ML, Conklin JW, Kastenbaum MA, Slater M,
Melville GS, Jr., Conte FP, Sproul JA, Jr. 1970. Late effects of fast
neutrons and gamma-rays in mice as influenced by the dose rate of
irradiation: Induction of neoplasia. Radiat Res 41:467–491.

Watanabe H, Kamiya K. 2008. The induction of insulinomas by
X-irradiation to the gastric region in Otsuka Long-Evans Tokushima
Fatty rats. Oncol Rep 19:987–991.

WHO—OMS—IARC. 2003. WHO classification of breast tumors and
tumors of the female genital organs: Pathology and genetics. Lyon:
IARC Press.

Conflictof interestStatement:All authorsdeclarenoconflictof interest inrelation tothis
work.We also declare that our finding sources had no direct role in the study design, data
collection, analysis, and interpretation of the data in the writing of the manuscript, or in
decision to publish thework.

60 Soffritti et al.


