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Risk factors for breast cancer: is ionizing radiation among them?
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Summary

All human beings are exposed to the influence of ion-
izing radiation from natural, medical and other artificial
sources. Therefore, the influence of radiation as a risk factor
for cancer development has been among the most studied
external factors over the last 6 decades, particularly with re-
spect to radiosensitive tissues and organs. It has been known
that female breast tissue is highly sensitive to the carcino-
genic effects of radiation, particularly when exposure takes
place at younger age. All women are exposed to low doses of
radiation for several common reasons (kind of occupation,
medical diagnostic procedures, residence background radia-
tion) whose effects on breast cancer development cannot be
documented, and thus it is believed that ionizing radiation
is not primary or major risk factor leading to development
of breast cancer. Radiobiological studies revealed a specific

Introduction

All human beings are exposed to the influence of
ionizing radiation from natural, medical and other arti-
ficial sources. Therefore, the influence of radiation as a
risk factor for cancer development has been among the
most studied external factors over the last 6 decades,
particularly with respect to radiosensitive tissues and
organs. It has been known that female breast tissue is
highly susceptible to the carcinogenic effects of radia-
tion, particularly when exposure takes place at younger
age - before menopause.

Life on Earth is associated with exposure of all
humans to low-level ionizing radiation from natural
sources, including the radioactive gas radon which is in-

event caused by radiation through recognition of the critical
target in radiation-induced carcinogenesis. Accordingly,

mutagenic and carcinogenic effects of ionizing radiation are
evidenced both in vitro and in vivo, although the incidence of
radiation-induced cancers is low. The highest risk of radia-

tion-induced breast cancer is evidenced in the sub-population

of female patients who have undergone radiotherapy for ei-

ther malignant or non-malignant diseases, including benign

breast diseases in their childhood or young age. Therefore, as
a means of prevention in this group of population, indications
for application of ionizing radiation, both diagnostic and
therapeutic, should be highly selective, meaning that radia-
tion should be applied only if the possible benefit outweighs
the risk.
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induced carcinogenesis

haled, radioactive elements such as potassium-40 which
is found in food (salt), uranium and thorium which are
contained in the soil, as well as cosmic irradiation. In ad-
dition to natural sources, there are also numerous sourc-
es of ionizing radiation which have been introduced
with the development of modern technologies: medical
—used in diagnosis and treatment; industrial radioactive
waste resulting from testing nuclear weapons or reactor
accidents; radioactive emission associated with nuclear
facilities, etc. In the light of fact that the whole popula-
tion is exposed to ionizing radiation, the relevant litera-
ture reports the contribution of the natural sources to be
the highest, followed by medical exposure. The radia-
tion amount —a dose to be received by a woman over her
lifetime— depends on the above-mentioned factors: type
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and number of radiological and radioisotopes-based
diagnostic and therapeutic procedures, place of living,
occupation and lifestyle. All women are exposed to low
doses of radiation whose the carcinogenic effects can-
not be documented, and thus it is believed that ionizing
radiation is neither primary nor major risk factor leading
to development of breast cancer. Although unneces-
sary exposures should be avoided, when application of
certain diagnostic or therapeutic procedures are medi-
cally indicated, they should be performed regardless
of the possible radiation risk. Radiobiological studies
have revealed specific events. Studies on the carcino-
genic potential of ionizing radiation have focused on
initial DNA damage, which, if improperly repaired,
can result in mutations or chromosomal damage. Also,
cells surviving radiation can exhibit a persistent state
of genomic instability. Although DNA damage can
cause cell death and eliminate potentially dangerous
cells, misrepaired damage may result in a mutation that
can end up in the creation of a neoplastic cell. Conse-
quently, DNA is commonly considered the major target
of ionizing radiation damage. Nonmutagenic effects
of ionizing radiation, however, can have persistent ef-
fects that perturb the multicellular system in a manner
that clearly promotes, and may initiate, the neoplastic
process caused by radiation through recognition of the
critical target (DNA) in radiation-induced carcinogen-
esis [1-3]. Accordingly, mutagenic and carcinogenic
effects of ionizing radiation are evidenced both in vitro
and in vivo, although the incidence of radiation-induced
cancers is low [4-8].

Radiation-induced breast cancer

What has been determined by the studies carried
out so far on radiation-induced breast cancer and which
factors influence or modify the carcinogenic effects of
ionizing radiation?

The answer to the question that may be posed
whether ionizing radiation is the cause of development
ofbreast cancer is “‘yes”. The association between radia-
tion exposure and oncogenesis has been documented,
particularly based on the epidemiological studies carried
out on survivors of the atomic bombing in Japan during
the World War I1 [9,10]. Moreover, the increased risk of
malignant diseases has been evidenced among patients
subjected to radiotherapy for both non-malignant and
malignant diseases. Generally, the relative risk is higher
in the Japan cohort in comparison to comparable groups
exposed to radiation for medical reasons [11]. However,
the absolute risk was proved to be higher in the majority
of the radiotherapy groups [11]. The controversy may

be explained by the significantly higher doses of radia-
tion since the treatment is aimed at sterilization of the
irradiated cells. On the other hand, one must also take
into account the contribution of other factors, such as
higher genetic-carcinogenic predisposition in most of
the radiotherapy series in comparison to the Japanese
series, as well as the effects of the level of the dose and
the time of'its absorption [ 10]. According to Little [11],
the above-mentioned increase in risk should be precise-
ly balanced, taking into account the higher spontaneous
risk in these individuals and benefits that they may have
from radiotherapy.

One of the studies carried out so far [12] has evi-
denced that sufficiently high ionizing radiation doses
may be the cause of breast cancer in certain population
groups: 1) women who had survived the atomic bomb-
ing in Japan during the World War II; 2) women treated
by supradiaphragmatic radiotherapy for Hodgkin’s
disease, as well as both non-malignant and malignant
breast diseases; 3) girls treated for non-malignant dis-
eases, e.g. thymic enlargement; 4) female adolescents
and young women subjected to a large number of ra-
diological diagnostic chest exposures in the course of
treatment of tuberculosis or severe scoliosis. It was also
evidenced that female breast tissue is highly susceptible
to ionizing radiation effects, as well as that the mini-
mum latent period before onset of radiation-induced
breast cancer is 5-10 years, and that higher levels of
radiation exposure are associated with higher risk of
onset of cancer. The presence of direct correlation be-
tween the absorbed dose and the carcinogenic effect, as
well as that age of a woman at the time of exposure all
are significant risk factors [12].

One of the first reports originating from 1960
evidenced increased incidence of breast cancer among
women treated by artificial pneumothorax for pulmo-
nary tuberculosis, who were thus exposed to frequent
fluoroscopic examinations [13]. Due to the frequently
repeated chest radioscopies the received doses reached
even up to 12.5 Gy [14] with the equipment used at the
time, which is now considered to be technically obso-
lete. Namely, due to the significantly lower quality of
the x-ray images, the duration of the examination was
prolonged and thus the absorbed radiation doses were
significantly higher. Among a group of 271 female pa-
tients treated in a sanatorium, 13 cases of breast cancer
were diagnosed, with disease-free interval ranging
between 8 and 20 years (median 15). The calculated
incidence of breast cancer in this population was sta-
tistically significant in comparison with the general
population.

Both earlier and recent epidemiological stud-
ies carried out on survivors of the atomic bombing in



Japan have shown association between radiation expo-
sure and carcinogenesis [9,10]. The studies on Japanese
women who survived the bombing in Hiroshima and
Nagasaki showed higher incidence of breast cancers
in comparison to the general population [5,8,9]. Dose
range during the atomic bombing was approximately
0-4 Gy, while the average doses to which radiation
survivors were exposed were approximately 0.3 Gy
[4]. Dose-response curves were rather similar, although
the neutron component of the dose was predominant in
Hiroshima and negligible in Nagasaki, which was sug-
gestive of the same or highly similar mechanism of bio-
logical action in all radiation-induced cancers [15].

Higher incidence of breast cancers was evidenced
among women subjected to radiation for different
benign diseases. Concerning benign conditions, in a
group of 1,037 women subjected to radiation for non-
malignant diseases in Karolinska hospital in Stockholm
in the period between 1927 and 1957, a 4-fold higher
risk for breast cancer development was evidenced [ 16].
Radiotherapy indications included fibroadenomatosis,
acute and chronic mastitis, unilateral hypertrophy of
the breast in younger women, while the absorbed doses
ranged between several dozens of cGy to 40 Gy. Some
patients underwent repeated radiation series over a
prolonged period of time. The studied period ranged
between 6 and 42 years (median 31.5), while the mean
disease-free interval before the onset of breast cancer
was 24 years, being somewhat shorter in the group re-
ceiving higher doses. The highest incidence of breast
cancer was recorded in the population subjected to
repeated radiation series over the prolonged period of
time of more than 5 years.

The risk of breast cancer development was also
present after radiotherapy for malignant diseases if the
radiation volume included a breast tissue portion with
its associated anatomic region and depending on the
radiation dose absorbed by the critical anatomic region.
The majority of the studies [ 17-19] address the potential
risk associated with the treatment of Hodgkin’s disease.
Since the treatment results of Hodgkin’s disease have
been significantly improved over the last 30 years,
the number of cured female patients in whom the risk
of development of second tumors may be assessed
over a prolonged period of time is large. It has been
documented that the risk of development of second
solid tumors tends to increase along with the increase
of the observation period, reaching the cumulative
incidence of 10-13% after 15 years [17,18]. The risk
is significantly increased in women under 30 years of
age subjected to supradiaphragmatic radiotherapy, and
particularly high in those under 15 years of age. Despite
the fact that most of the breast tissue is protected during
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supradiaphragmatic radiotherapy, doses absorbed by
unprotected breast tissue areas are calculated to range
between 1.45 and 3.25 Gy. In a study from Stanford
University hospital, among a group of 885 women
treated for Hodgkin’s disease in the period 1961-1989 at
the department of radiation oncology, 25 invasive breast
cancers were diagnosed during an average observation
period of 10 years, which corresponds to a relative risk
of'4.1%. The age of the patients at the time of radiation
exposure ranged between 4 and 81 years (average 28).
Most of the cancers (22 of 25) developed either within
or on the radiation field margins, while histologically,
all of them were invasive ductal cancers. The authors
also recorded a significant increase of risk associated
with increase of observation time, which indicated the
need for regular follow-up over lifetime, aimed at early
detection of breast cancer [19]. Gervais-Fagnou gave
the following results in a group 427 female patients
treated for Hodgkin’s disease in the period from 1965
to 1990 [17]: 350 women were alive, 62 had died of
Hodgkin’s disease and 15 had died of other causes.
Age ranged from 2 to 30 years (median 22 years) at the
time of radiation treatment for Hodgkin’s disease. The
median follow-up time was 12.3 years (range 0.5-28.2).
Of'these 427 women, 15 subsequently developed breast
cancer (Table 1). According to Program on Breast Can-
cer - Environmental Risk Factors from 2006 up to 50%
of girls treated with supradiaphragmatic radiotherapy
for Hodgkin’s disease may develop breast cancer [12].
Improvements in the diagnosis and treatment
of breast cancer have both contributed to significant
increase in the number of treated female patients who
have been in years-long complete remission. Patients
whose therapeutic schedule included radiotherapy
are of interest for the assessment of risk for radiation-
induced second malignancies. One recently reported
epidemiological study [20] included a cohort of 64,782
female patients with breast cancer treated in the period
1960-1985, out of whom 33,763 also underwent post-
operative radiotherapy. Analysis of radiotherapy and
non-radiotherapy cohorts revealed increased relative
risk for the following second malignancies among the
patients subjected to radiation: lung cancer 10-15" years
subsequent to the initial diagnosis of breast cancer;
myeloid leukemia 1-5 years after diagnosis of breast
cancer; second breast cancer 5-15" years after diagnosis
of the primary breast cancer; and esophageal carcinoma
15 and more years after the initial diagnosis of breast
cancer (Table 2) [20]. However, the increased rate
evidenced in the radiation cohort was low regardless
of'the statistical significance, i.e., in absolute numbers,
out of 33,763 women second malignancy that might
be the result of exposure to radiation was diagnosed
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Table 1. Characteristics of patients treated for Hodgkin’s disease (HD) and relationship to later development
of breast cancer [17]

Characteristic Patients without breast carcinoma Patients with breast carcinoma
Patients (n) 412 15
Stage of HD, n (%)

Torll 324 (80) 13(87)

Il or IV 83 (20) 2(13)

Unknown 5 _

Age atradiation, years

Median (range) 22 (2-30) 25(19-30)
Treatment, n (%)

Radiation alone 226 (55) 11(73)

Radiation and chemotherapy 186 (45) 4(27)
Time to breast cancer, years

Median (range) - 17 (9-25)
Deaths, n (%) 75 (18) 2(13)
Cause of death

HD 62 -

Breast cancer - 2

Other cancer 4 -

Median follow-up, years (range)
Alive 12.0(0.5-28.2) 18.8(13.5-28.1)
Dead 4.4(0.1-24.4) 17.6 (13.3-22.0)

Table 2. Standardized incidence ratio and relative risk of developing second cancer for women who underwent surgery and radiotherapy
for breast cancer, compared with those who underwent surgery only, tabulated by second cancer site and interval of follow-up [20]

Non-RT cohort RT cohort
Interval  Observed Expected — SIR 95%CI  Observed  Expected  SIR 95% CI RR 95% CI
(vears) no. of’ no. of no. of no. of
tumors tumors tumors tumors
Lung (1 27 22.8 1.18 0.78-1.72 10 21.1 047 0.23-0.87 040 0.17-0.85
1- 50 79.4 0.63 0.47-0.83 50 77.4 0.65 0.48-0.85 1.03 0.68-1.55
5— 60 77.5 0.77  0.59-1.00 69 81.6 0.85 0.66-1.07 1.09 0.76-1.57
10— 34 56.0 0.61 0.42-0.85 62 63.0 098 0.75-1.26 1.62 1.05-2.54
15+ 55 55.9 098 0.74-1.28 80 54.5 147 1.16-1.83 149 1.05-2.14
Myeloid
leukaemia 0- 2 2.0 1.02  0.11-3.67 2 1.8 1.13  0.13-4.08 1.11 0.08-15.3
1- 6 6.8 0.89 0.32-1.93 17 6.4 2.66 1.55-425 299 1.13-933
5— 7 6.5 1.08 0.43-2.23 8 6.7 1.19 0.51.2.35 1.10 0.35-3.59
10— 5 4.6 1.09 0.35-2.55 3 5.1 0.59 0.12-1.72  0.54 0.08-2.78
15+ 2 4.5 0.45 0.05-1.62 9 43 2.09 0.95-396 4.66 0.97-44.8
Breast 0- 99 56.6 1.75  1.42-2.13 78 58.7 1.33  1.05-1.66 0.76 0.56-1.03
1- 266 186.4 143 1.26-1.61 248 200.5 1.24  1.09-1.40 0.87 0.73-1.03
5— 173 167.5 1.03  0.88-1.20 264 190.7 1.38  1.22-1.56 1.34 1.10-1.63
10— 151 113.1 1.34  1.13-1.57 158 132.6 1.19 1.01-1.39 0-89 0.71-1.12
15+ 138 101.6 1.36  1.14-1.60 170 99.5 1.71 1.46-199 1.26 1.00-1.59
Oesophagus  0- 5 3.9 1.29 0.41-3.00 1 33 0.31 0.00-1.71 0.24 0.00-2.11
1- 11 13.5 0.81 0.41-1.46 13 12.1 1.07 0.57-1.83 132 0.55-3.25
5- 18 13.3 1.35 0.80-2.14 14 133 1.05 0.57-1.76  0.78 0.36-1.66
10— 11 9.8 .12 0.56-2.01 11 10.9 1.01 0.50-1.81 0.90 0.35-2.29
15+ 13 10.2 1.28  0.68-2.18 28 10.0 2.80 1.86-4.05 2.19 1.10-4.62

RT: radiotherapy, CI: confidence interval, SIR: standardized incidence ratio, RR: relative risk calculated by comparison of the SIR in the RT and non-RT
cohorts



in 160 individuals. Therefore, the authors of this study
concluded that the benefits of radiotherapy in the treat-
ment of breast cancer significantly outweigh the risk of
development of second malignancies. As for the thy-
roid gland carcinoma, colon carcinoma and malignant
melanoma, no statistically significant difference was
observed between the two cohorts. Despite the docu-
mented evidence on the association between ionization
exposure and radiation-induced oncogenesis, other risk
factors that may have parallel roles cannot be neglected:
genetic predisposition, reproductive factors, predisposi-
tion related to the environment, as well as unwanted ef-
fects of other therapeutic modalities. The same authors
believe that both genetic and environmental factors are
causes of general, permanent and unspecific increase in
the incidence of second malignancies, while iatrogenic
tumors developing as a result of known unwanted ef-
fects of the therapeutic manipulations for the primary
malignancy are expected within certain, predictable
time interval subsequent to the initial treatment. Boice
et al. came to a similar conclusion arguing that radia-
tion-induced cancers tend to develop after predictable
time interval: in case of solid tumors after 10 years and
within 5 years in case of leukemia [21].

Based on the literature, women treated for breast
cancer are at the highest risk of onset of second breast
cancer; such an event, however, must not be necessarily
induced by radiation. Other non-radiation risk factors
may also be the causes of development of a new breast
cancer. Studies carried out on all female patients with
breast cancer in Connecticut and Denmark showed
absence of significant increase of radiation-induced
secondary breast cancer risk. This could be due to the
fact that most of the patients developed breast cancer
after the age of 50, when the breasts are less vulnerable
to the carcinogenic effects of ionizing radiation. How-
ever, increased risk that might be related to previous
radiotherapy was determined in women subjected to
radiation before the age 0of 45 [12].

Significant characteristics of radiation-induced
breast cancer

According to the Cornell University report from
2006 “Program on Breast Cancer. Environmental Risk
Factors” [12], radiation -induced breast cancer has 5
major characteristics:

1) Breast tissue of young women is a most sensitive
tissue to the carcinogenic effects of ionizing radia-
tion.

2) A minimal latent period of 5-10 years after the expo-
sure is necessary, however it is usually considerably
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longer. The latent period is longer in young women
and shorter in older ones. As for girls, the latent
period is approximately 35-40 years. Radiation-in-
duced breast cancer appears to occur later in life dur-
ing the same age range when breast cancer rates, in
general, begin to increase. It appears that only single
exposure to sufficiently high dose in childhood will
increase the risk of breast cancer 50 years later.

3) Regardless of the level of the absorbed dose, the risk
of induced cancer is always present. Fortunately, in
case of exposure to low doses the risk is negligible.
Regardless of all the above-mentioned, all un-
necessary exposures to ionizing radiation are to be
avoided. The linear correlation between the radiation
dose level and the risk of breast cancer is abandoned:
the risk is lower in rather high doses. If the total ra-
diation dose is divided to several smaller fractions
the risk is approximately the same as in the case of
application of the same dose within the same session,
although opposite conclusions were reported in the
most recent studies.

4) Age at the time of exposure is one of the most sig-
nificant determinants of the future risk of radiation-
induced breast cancer. The risk is highest in young
girls and lowest in women exposed to radiation dur-
ing the perimenopausal or menopausal period [12].
It seems that there is no strong evidence that expo-
sure to ionizing radiation after the age of 45 leads to
increased risk. One of the possible explanations is
that radiation-induced damage of the breast tissue
leading to mutagenesis and carcinogenesis neces-
sitates estrogen stimulation and tissue proliferation
which is normally associated with monthly men-
strual cycles. On entering menopause, tissue prolif-
eration is increasingly reduced, as is the possibility
of radiation-damaged cells to escape the control
mechanisms and evolve into malignant cells. There
is some evidence suggesting that exposure of the
immature breast during the premenopausal period is
associated with the highest risk of radiation-induced
cancer. The extent of the risk during pregnancy has
not been elucidated yet, but in women subjected to
radiation during pregnancy for Hodgkin’s disease,
it appears that pregnancy increases breast sensitivity
to the carcinogenic effects of radiation [12].

5) Most of the women exposed to radiation do not de-
velop radiation-induced breast cancer. Among ap-
proximately 25,000 women from Japan who sur-
vived the atomic bombing and were under continu-
ous follow-up for more than 50 years, 173 lethal
outcomes were recorded as a consequence of breast
cancer with only 41 cases (24%) being associated
with radiation exposure in 1945 [4,10,12].
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The risk of radiation-induced breast cancer dif-
fers, depending on the age (the effects of the dose are
modified with age) and the dose absorbed during expo-
sure. How high is the risk after relatively high radiation
doses of 100 cGy? Since the dose is approximately
1000 times as high as the dose absorbed by the indi-
vidual from all natural sources of radiation (approxi-
mately 0.1 cGy) and 50 times as high as the maximum
admissible dose in occupationally exposed individuals
(2 cGy in most of the countries), it is not low and the
risk of exposure to doses at this level has been defined
only in a few studies [12,21]; as for the young women
from Western countries, the risk is increased by 40% on
average, with associated relative risk of 1.40. Accord-
ingly, this level of exposure is insufficient for doubling
the risk of onset of breast cancer later in life.

Other breast cancer risk factors

Genetic and endocrine factors, certain external en-
vironmental factors and physiological immune mecha-
nisms play certain roles in breast cancer etiology. It has
been definitively confirmed that ionizing radiation may
be a cause of breast cancer, however radiation exposure
is neither the only nor the major risk factor. It has been
evidenced that less than 19 of all breast cancers belong
to the group of radiation-induced cancers. A number
of internal and external breast cancer risk factors has
been defied so far as capable to increase the risk even by
40%: menarche before the age of 11, late menopause, no
pregnancies and nulliparity, positive family history of
breast cancer, particularly among first-degree relatives,
personal history of previously diagnosed breast cancer
(development of second cancer is at least partially
dependent on risk factors associated with onset of the
initial breast cancer).

An interesting epidemiological study is related
to the investigation of non-radiation breast cancer risk
factors in a female population cohort who had sur-
vived the atomic bombing in Japan [22]. The cohort
comprised 22,200 women residents of Hiroshima and
Nagasaki and according to population-based records,
atotal of 161 cases of primary breast cancer was iden-
tified. Inverse relationship with age of menarche was
determined, as well as poorly positive relationship
related to the age of onset of menopause and inverse
relationship with successfully completed pregnan-
cies, although the number of pregnancies after the first
one had no influence on the breast cancer rate in the
complete cohort. In that study breast cancer risk was
lower in women who successfully completed their
first pregnancy before the age of 30 in comparison to

older women, though without statistical significance.
Moreover, a positive but non-significant risk trend
was recorded in cases of increased body weight and
mass. As for women receiving estrogens and having
diabetes, the obtained risk rates were 1.64 and 2.06,
respectively. The authors concluded that non-radiation
induced risks for breast cancer were the same in the
cohort of the atomic bombing survivors and the general
population, although the prevalence of the general and
common risk factors was low. Reproductive factors
and hormone administration are separate breast cancer
risk factors, independent of radiation exposure in the
studied cohort [22].

Spectacular advances in molecular biology over
the last 10 years have led to the identification of cer-
tain individuals with genetic predisposition to breast
cancer, such as lesions and mutations of certain genes:
BRCA1 and BRCA2, ATM heterozygosity, i.e. the
genes that participate in the repair of DNA lesions and
the control of the cell cycle. Molecular biology inves-
tigations in the field of radiation-induced breast cancer
have focused on the determination and definition of the
cancer-sensitive genes influence on the development of
radiation-induced breast cancer [23,24].

The most recent biochemical and cell biology
investigations are addressing the possible role of the
lysosomal enzymes in breast cancer initiation, since
it has been shown that lysosomes with their approxi-
mately 40 hydrolytic enzymes are included in the pro-
cess of carcinogenesis. Since most of breast cancers
start to grow in the mammary ducts, it is supposed
that lysosomal enzymes pass from the secretory cells
into the canals to produce cellular damages, leading to
initiation of carcinogenesis. The risk factors for release
and activation of the lysosomal enzymes may include
ionizing radiation, oxidative stress, estrogens, certain
food ingredients and exogenous toxins [25].

Mammography and risk of radiation-induced
breast cancer

Having in mind the fact that ionizing radiation is
applied with mammographic examinations, carcinogen-
ic effects may be expected, particularly with repeated
examinations using obsolete equipment necessitating
higher doses in order to acquire quality images. How-
ever, modern radiological equipment has eliminated to
a maximum degree the risk of inducing breast cancer
after mammographic examinations. Contemporary ap-
paratuses emit X-rays at an energy level compatible with
the breast tissue and the dose absorbed by the breast
is reduced to approximately 0.3 cGy upon two expo-



sures, and thus, each hypothetic risk is insignificant and
outweighed by the benefits of mammography [26,27].
Mammography has been introduced more than 50
years ago and is still considered the best routine method
for the detection of breast cancer. As early as 1977
US National Cancer Institute held the first consensus
conference with its major topic dealing with screening
mammography [12]. Currently, controversial attitudes
related to screening of healthy women are not related to
the potential hazard of radiation exposure during mam-
mography, but rather to the issue whether women under
50 years of age may benefit from these examinations.
In randomized clinical trials, screening mammography
has reduced breast cancer mortality by 30% in women
above 50 years of age. The conclusions concerning the
benefits that may be achieved in younger women are
less clear, however the mortality rate is undoubtedly
lower in this age group as well, and thus screening has
been introduced in most of the developed countries as a
mandatory procedure, particularly for sub-populations
of younger females being at high risk of getting breast
cancer. Periodic mammographic follow-up of younger
women may result in the absorption of cumulative doses
of'e.g. 3 cGy, which increases the risk by approximately
1.2%, relative risk being 1.012, and such low risks have
not been detected in human studies [11].

Conclusion

Based on literature data, one of the most signifi-
cant factors in the development of radiation-induced
breast cancer is the age of patients at the time of ex-
posure to radiation. The influence of age is associated
with hormonal factors determining the highest sensi-
tivity to radiation carcinogenesis immediately before
and during menarche, and most probably also during
pregnancy. The younger the patient the higher the risk.
However, the risk is always present, regardless of age.

The correlation between the absorbed doses and
cancer development is suggested in most of the rel-
evant studies. Time distribution of the total dose does
not reduce the risk.

The relation of the absorbed dose and the devel-
opment of the induced cancer is direct and constant.

The minimal latent period between radiation ex-
posure and the onset of cancer is 5-15 years. The latent
period is longer in women exposed to radiation before
30 years of age. Increase of time interval after exposure
does not reduce the risk. Conversely, prolongation of
the observation period may be associated with higher
risk and breast cancer may be manifested even 45 years
after the exposure.
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The duration of the time interval between expo-
sure and the onset of breast cancer may be influenced
by factors such as hormonal status and genetic pre-
disposition. However, the disease-free interval is not
dependent on the absorbed doses, although some data
are suggestive of such possible relations (genetic pre-
disposition to radiation-induced carcinogenesis).

The maximum reduction of risk associated with
mammography would need dose adjustment to values
below 0.2 ¢cGy upon each individual examination.

The highest risk of radiation-induced breast
cancer is encountered in the sub-population of women
who have undergone radiotherapy for either malignant
or non-malignant diseases, including non-malignant
breast diseases in their childhood or adolescence.

Undoubtedly, ionizing radiation may induce
breast cancer. Women aged 30 years or less subjected
to radiation are exposed to the highest risk. Therefore,
as a means of prevention in this group of population,
indications for application of ionizing radiation, both
diagnostic and therapeutic, should be highly selective,
meaning that radiation should be applied only if the
possible benefit outweighs the risks.

References

1. HuangL, Snyder AR, Morgan WF. Radiation-induced genom-
ic instability and its implications for radiation carcinogenesis.
Oncogene 2003; 22: 5848-5854.

2. Barcellos-Hoff MH. Integrative radiation carcinogenesis:
interactions between cell and tissue responses to DNA dam-
age. Semin Cancer Biol 2005; 15: 138-148.

3. Jongmans W, Hall J. Cellular responses to radiation and risk
of breast cancer. Eur J Cancer 1999; 35: 540-548.

4. Pierce DA, ShimizuY, Preston DL. Studies of the mortality of
atomic bomb survivors 1950-1990. Report12, part 1. Cancer:
1950-1990. Radiat Res 1996; 146: 1-27.

5. Tokunaga M, Land CE, Tokuoka S, Nishimori I, Soda M, Aki-
ba S. Incidence of female breast cancer among atomic-bomb
survivors, 1950-1985. Radiat Res 1994; 138:209-223.

6. Yalow RS. The contributions of medical physicists to radia-
tion phobia. Med Phys 1989; 16: 159-161.

7. Sawey MJ, Hood HT, Burns FJ, Garte SJ. Activation of c-myc
and c-K-ras oncogenes in primary rat tumors induced by ion-
izing radiation. Mol Cell Biol 1987; 7: 932-935.

8. Wanebo CK, Johnson KG, Sato K. Breast cancer after expo-
sure to the atomic bombing of Hiroshima and Nagasaki. N
Eng J Med 1968;279: 667-671.

9. Land CE, Tokunaga M, Koyama K et al. Incidence of female
breast cancer among atomic bomb survivors, Hiroshima and
Nagasaki, 1950-1990. Radiat Res 2003; 160: 707-717.

10. Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K.
Studies of mortality of atomic bomb survivors, Report 13:
Solid cancer and noncancer disease mortality: 1950-1997.
Radiat Res 2003; 160: 381-407.

11. Little MP. Cancer after exposure to radiation in the course of



494

12.

13.

14.

15.

16.

17.

18.

19.

20.

treatment for non-malignant and malignant disease. Lancet
Oncol 2001;2:212-220.

Program on Breast Cancer and Environmental Risk Factors.
Cornell University, College of Veterinary Medicine. Retrieved
09.01.06 from fitp://envirocancer.cornel.edu/factsheet/physi-
cal/fs 52.radiation.fm

McKenzie I. Breast cancer following multiple fluoroscopies.
BrJ Cancer 1965; 19: 1-8.

Boice JD, Shore RE, Norman JE, Tokunaga M. Risk of breast
cancer following low-dose radiation exposure. Radiology
1979; 131: 589-597.

Land CE. Low-dose radiation — a cause of breast cancer?
Cancer 1980; 46: 868-873.

Baral E, Larson LE, Mattsson B. Breast cancer following ir-
radiation of the breast. Cancer 1977; 40: 2905-2910.
Gervais-Fagnou DD, Girouard C, Laperriere N, Pintillie M,
Goss PE. Breast cancer in women following supradiaphrag-
matic irradiation for Hodgkin’s disease. Oncology 1999; 57:
224-231.

Valagussa P, Bonadonna G. Hodgkin’s disease and second
malignancies. Ann Oncol 1993; 4: 94-95.

Hancock SL, Tucker MA, Hoppe RT. Breast cancer after
treatment of Hodgkin’s disease. J Natl Cancer Inst 1993; 85:
25-31.

Roychoudhuri R, Evans H, Robinson D, Moller H. Radia-

21.

22.

23.

24.

25.

26.

27.

tion-induced malignancies following radiotherapy for breast
cancer. BrJ Cancer 2004; 91: 868-872.

Boice JD, Land CE, Preston DL. Ionizing radiation. In:
Schottenfeld D, Fraumeni JF (Eds): Cancer Epidemiology
and Prevention. Oxford University Press: New York, 1996,
pp 319-334.

Goodman MT, Cologne JB, Moriwaki H, Vacth M, Mabuchi
K. Risk factors for primary breast cancer in Japan: 8-year
follow-up of atomic bomb survivors. Prev Med 1997; 26:
144-153.

Coleman NC. Molecular biology in radiation oncology. Ra-
diation oncology perspective of BRCA1 and BRCA2. Acta
Oncol 1999; (Suppl 13): 55-59.

Mamon HJ, Dahlberg W, Azzam EI, Nagasawa H, Muto MG,
Little JB. Differing effects of breast cancer 1, early onset
(BRCA) and ataxia-telangiectasia mutated (ATM) mutations
on cellular responses to ionizing radiation. Int J Radiat Oncol
Biol Phys 2003; 79: 817-829.

Tappel AL. Lysosomal enzymes and initiation of breast can-
cer. Med Hypothesis 2005; 64: 288-289.

Kimme-Smith C, Bassett L, Gold R, Zheutlin J, Gornbein
J. New mammography screen/film combinations: imaging
characteristics and radiation dose. AJR 1990; 154: 713-719.
Friedrich AM. Mammographic equipment, technique and
quality control. Curr Opin Radiol 1991; 3: 571-578.



