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Towards an understanding of breast cancer etiology

Hans-Olov Adami U†, Lisa B. Signorello† and Dimitrios Trichopoulos†

We present an etiological model for breast cancer in humans,
and we examine whether it accommodates the patterns of
occurrence of this disease and the associated risk factors. The

( )model has four components: 1 the likelihood of breast
( )cancer occurrence depends on the number of cells at risk; 2

the number of target cells is partially determined early in life,
( )perhaps even in utero ; 3 while a pregnancy stimulates

the replication of already initiated cells, it conveys long-term
protection through structural changes, terminal cellular

( )differentiation, and perhaps other mechanisms; and 4 in
adult life, mammotropic hormones, in conjunction with
their receptors, affect the number of target cells, the likelihood
of retention of spontaneous somatic mutations, and the rate
of expansion of initiated clones. The model accommodates
several hypotheses but also allows new insights.
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Introduction

WHETHER THE INCIDENCE of breast cancer is slightly
decreasing, as is perhaps happening in the United
States,1 or definitely increasing, as is clearly happen-
ing in most countries worldwide,2 primary preven-
tion of breast cancer remains as elusive as our under-
standing of the etiology of the disease. Some investi-
gators have argued that we can explain a sub-
stantial part of the variability of breast cancer inci-
dence among populations.3 No attempt, however, has
been made to integrate established facts and plausi-

From the UDepartment of Medical Epidemiology, Karolinska
Institutet, Box 281, SE-171 77 Stockholm, Sweden and the
†Department of Epidemiology, Harvard School of Public Health,
677 Huntington Avenue, Boston, MA 02115, USA

Q1998 Academic Press
1044-579Xr98r040255q08 $30.00r0

ble hypotheses into a coherent biologic model for
breast cancer etiology in humans.

Recent findings from animal and epidemiological
investigations led Adami et al4 to postulate an etio-
logical model for breast cancer in humans. Following
their lead, we will attempt to expand on the theoreti-
cal arguments and on the biological evidence in
support of this model, and we will try to assess how
the model accommodates the established risk profile
of breast cancer.

Breast cancer risk factors

The epidemiology of breast cancer has been reviewed
by many authors,5,6 and Kelsey7 ] 10 has followed the
evolution of the relevant research over a period of 20
years. Breast cancer is almost 100 times more com-
mon among women than among men. The incidence
of the disease increases sharply with age, with a
characteristic inflection around the age of meno-
pause. An earlier age at menarche and a later age at
menopause are associated with increased risk whereas,
for a given age at menopause, a surgical one result-
ing from bilateral oophorectomy conveys more pro-
tection than a naturally occurring one. A pregnancy
conveys, in general terms, protection, but in a com-
plex way.11 ] 13 The earlier the age at first full-term
pregnancy, the more substantial the protection, so
that after the age of approximately 35 a first preg-
nancy actually increases breast cancer risk. Subse-
quent full-term pregnancies have similar, but quanti-
tatively much weaker effects. The net effect of a
pregnancy results from a transient increase of breast
cancer risk followed by a long-term reduction of this
risk.11 Prolonged lactation conveys some protection,
but the effect is small and may be limited to pre-
menopausal breast cancer.14 Height is positively asso-
ciated with breast cancer risk, whereas obesity is
inversely related to this risk among premenopausal,
but positively among post-menopausal women. Two
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other risk factors are quantitatively important. Cau-
casian women in Europe and North America have a
more than fivefold risk compared to women in Asia

Žor Japan, and a high-density mammogram 75% or
more of the total breast area with dense mammo-

.graphic appearance indicates an almost fourfold risk
Žin comparison to a low-density mammogram 25% or

less or total breast area with dense mammographic
. 15appearance . It is not well-established to what ex-

tent mammographic patterns reflect forms of atypical
hyperplasia, which is also an established risk factor
for breast cancer.16 Universally, breast cancer tends
to be slightly more common among women of higher
socioeconomic status and among urban rather than
rural residents.

It has long been known that there is a familial
aggregation of breast cancer,5 and at least four genes
that convey increased susceptibility to breast cancer
have been identified, namely BRCA1, BRCA2, p53

Ž .and AT ataxia telangiectasia . These genes are
thought, however, to be responsible for less than 5%
of breast cancer cases overall, although this propor-
tion is higher among younger women and in certain
population groups.17 ] 19

Several environmental and lifestyle factors have
been studied in relation to breast cancer, but the
evidence appears adequate only for a few and, even
for these, the respective associations are at most of
moderate strength. Current or recent use of oral
contraceptives and hormone replacement therapy
slightly increase the risk for breast cancer,20,21

whereas ionizing radiation is an established cause of
the disease of limited quantitative importance.5 There
is also strong evidence for an association between
consumption of alcoholic beverages and breast can-
cer risk that can not be explained in terms of con-
founding or bias.22 In contrast, there is little, if any,
evidence for a major influence of adult diet, physical
activity, or exposure to organochlorines or electro-
magnetic fields.

An etiological model

Adami et al4 have proposed an etiological model with
Ž .four key components: 1 the likelihood of breast

cancer occurrence depends on the number of cells at
Ž .risk; 2 the number of target cells and their respon-

siveness to hormonal stimulation is partially de-
Ž .termined early in life, perhaps even in utero; 3 while

a pregnancy stimulates the replication of already ini-
tiated cells, it conveys long-term protection through

structural changes, terminal cellular differentiation,
Ž .and perhaps other mechanisms; and 4 in adult life,

mammotropic hormones, in conjunction with their
receptors, affect the number of target cells, the likeli-
hood of retention of spontaneous somatic mutations,
and the rate of expansion of initiated clones. We will
consider, in turn, the evidence in support of each of
these components.

The number of cells at risk

It is intuitively appealing that the magnitude of breast
cancer risk should depend on the transition rates of
susceptible cells or, equivalently, the number of these
proliferating cells.23 The empirical evidence in sup-
port of this thesis is indirect, but fairly strong.24

Mammographic density is a powerful predictor of
breast cancer risk, and this density is nothing more
than the expression of mammary gland mass as a
fraction of the total breast area.15,25 Moreover,
small-breasted women who were motivated to have
augmentation mammoplasty, and whose mammary
gland mass had to be small, were found to have
substantially reduced breast cancer risk, as were
women who had undergone surgical reduction of
their breasts.26,27 Mammary gland mass is likely to
reflect total number of mammary cells at risk.

Perinatal influences on breast cancer risk

There is substantial interindividual structural variabil-
ity in newborn mammary tissue, ranging from a rudi-
mentary ductal system without lobules to well-devel-
oped branching ducts with terminal lobules.28 Sev-
eral authors have considered the possibility that in-
trauterine factors and perinatal events or conditions
could affect breast cancer risk in the offspring.29 ] 41

Throughout the prenatal period, the mammary gland
tissue exists in a partially undifferentiated state that
creates a ‘fertile soil’ for cancer initiation and several
chemicals have been found to cause prenatal carci-
nogenesis in several animal species. A recent study by
Hilaviki-Clarke et al35 reported that the female off-
spring of pregnant rats fed a high-fat diet had a
higher incidence of mammary tumors when exposed
to dimethylbenzanthracene than did the female off-
spring of pregnant rats fed a low-fat diet. Another
observation compatible with intrauterine factors af-
fecting breast cancer risk in the offspring is that
familial risk of breast cancer among first degree
relatives is higher when the sister rather than the
mother is affected.42,43
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Birthweight and, to a lesser extent, other birth size
indicators are crucial variables for the documentation
of intrauterine influences on disease risk. A large
study in Sweden suggested a positive association
between birthweight and breast cancer risk,29 al-
though in a subsequent paper the association was
very weak and far from significant.33 In yet another
study in Sweden, high risk adult mammographic pat-
terns were significantly associated with higher placen-
tal weight.38 Lastly, in a case-control study nested
within the large Nurses’ cohort in the USA, a strong
and statistically significant association was found
between birthweight and breast cancer risk.37 Mecha-
nisms that have been advanced to explain the empiri-
cal evidence linking perinatal events or conditions to
breast cancer in adult life have invoked modulation
of physiologic processes by exogenous factors, includ-
ing maternal nutrition, or poorly specified ‘program-
ming’ during fetal life.44

Pregnancy effects on mammary cells

The parenchymal or ductal system of the human
breast undergoes profound changes from neonatal
life to old age. Russo and Russo41,45 ] 49 have pio-
neered research in this area, mostly in rats, but also
in humans. During and after the peri-menarcheal
years, the mammary ducts divide in a dichotomous
manner, eventually creating terminal end buds, occa-
sionally with rudimentary alveolar formations. These
primitive ducts and associated alveolar buds have
been termed lobules type 1 and 2. Differentiation of
the glandular epithelial cells takes place gradually
and culminates in the generation of lobules type 3
and 4, characterized by terminally differentiated
glandular tissue. These changes happen mostly after
the occurrence of the first full-term pregnancy and,
to a lesser extent, after the occurrence of subsequent
pregnancies and lactation. The rate of cellular prolif-
eration is much higher in lobules type 1 and 2, and a
high rate of cellular replication is intimately linked to
the likelihood of genetic errors that could lead to loss
of growth control.50 Thus, a first full-term pregnancy
reduces the cellular population at risk and makes
many of the previously susceptible cells fully or par-
tially refractory to cancer-initiating events.

Mammotropic hormones

Exposure to mammotropic hormones, mainly estro-
gens, but also progesterone, prolactin, and insulin-

like growth factor 1, during adolescence and in adult
Ž .life can affect breast cancer risk by: i increasing the

cellular population at risk during the pre-initiation
Ž . Ž .stage; ii influencing clonal expansion; and iii

modulating growth enhancement of subclinical tu-
mors. Estrogens are likely to be the dominant actors
in this process, but their effect depends on the pres-
ence of a sufficient number of estrogen receptors in
the target tissue. Several case-control investigations
have indicated that estrogen levels are likely to be
higher among women with breast cancer than among
controls,51,52 and recent studies confirmed this asso-
ciation prospectively.53,54 Estrogen production rates
and blood levels are generally higher among Cau-
casian than among Asian women,55,56 but the differ-
ences are not sufficiently large to explain the fivefold
contrast of breast cancer incidence between these
two groups. In a small study, estrogen receptors were
significantly more frequently positive in the normal
breast of Caucasian than of Asian and African
women.57 Moreover, in the endometrium, the con-
centration of cytoplasmic estrogen receptors has been
found to be at least four times higher in Finnish than
in Japanese women.58 Lastly, the proportion of
women with estrogen receptor positive breast cancer
is lower among Asian than among Caucasian
patients.59 ] 61 It may be that higher prevalence of
estrogen receptor positivity may be a characteristic of
populations at increased risk for breast cancer. In
fact, it has recently been reported that overexpres-
sion of estrogen receptors in normal breast epithe-
lium may increase breast cancer risk in individual
women.62 Several recent studies also indicate that
IGF-1 is positively associated with breast cancer risk
among premenopausal women.63 ] 66

Pregnancy estrogens have been found in a recent
study to be higher among Chinese than among white
American women,67 raising the possibility that high
prenatal exposure to estrogens permanently down-
regulates estrogen receptor expression in the mam-
mary and other estrogen-responsive tissues.57,58 A
similar phenomenon has been described with respect
to post-natal cholesterol intake and serum choles-
terol homeostasis in later life}a relatively high
cholesterol intake during the immediate post-natal
period has been associated with more effective
catabolism of the compound in adult life and lower
blood cholesterol levels.68 ] 72 The phenomenon has
been described as a form of physiologic ‘training’
which occurs early in life in response to certain
stimuli.
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Breast cancer risk factors in light of the
proposed etiological model

In this section, we will examine how the proposed
etiological model accommodates the established risk
factors of breast cancer. Our approach will be a
biological, rather than statistical, one. We will not

Žaddress histopathological factors e.g. atypical dyspla-
.sia , because the importance of these variables can be

easily conceptualized in the context of the well-
established natural history of cancer from hyperplasia
to metaplasia to dysplasia. Nor will we consider genes,
whose mode of action remains at present poorly
understood.

Gender

In adult life, mammotropic hormones are likely to
interact with mammory gland mass, the latter re-
flecting numbers of cells at risk. Because estrogen
production in later life is not substantially different
between the two genders, the sharply higher breast
cancer risk among women than among men could
plausibly be explained, at least in part, in terms of the
correspondingly higher mammary gland mass among
the former.

Age

The increasing incidence of breast cancer with age
reflects, as for many other cancers, the accumulation
of somatic mutations over time. The characteristic
inflection of breast cancer incidence around the time
of menopause, however, is likely to reflect the cessa-
tion of ovarian function and thus decreasing expo-
sure to gonadal hormones.

Age at menarche

An earlier age at menarche increases duration of
exposure to ovarian hormones. Earlier age at menar-
che also appears to be associated with a more rapid

Žestablishment of regular ovulatory cycles i.e. a smaller
number of anovulatory cycles in the peri-menarcheal

.period and perhaps with higher levels of estrogens
throughout the reproductive life of the woman.73

Age at menopause

A later age at menopause necessarily prolongs expo-
sure to ovarian hormones. A surgical menopause
confers more protection than a natural menopause at
the same age because bilateral oophorectomy elimi-

nates the gonadal source of estrogens abruptly,
whereas natural menopause is typically characterized
by a gradual decline in estrogen levels.

Age at first full-term pregnancy

A pregnancy is accompanied by many-fold increases
of estrogens and other mammotropic hormones that
can boost already initiated clones but also makes a
large fraction of previously susceptible cells refractory
to carcinogenesis after undergoing terminal differ-
entiation. When the first pregnancy occurs at an
early age, fewer cells are likely to have already been
initiated. In addition, the period of protection covers
a larger fraction of the remaining life span. The
transient increase in risk following a pregnancy ex-
plains a longstanding enigma, namely, why breast
cancer risk is higher among parous than among
nulliparous women of premenopausal age.8

Subsequent pregnancies and lactation

Subsequent full-term pregnancies, and perhaps even
lactation, may impart terminal differentiation to cells
that have not already been switched to that stage
under the influence of the first full-term pregnancy.

Height

Adult height, mammary gland mass and number of
cells at risk are likely to be positively interrelated,
albeit weakly, since all reflect, to a certain extent,
overall growth.

Obesity and premenopausal breast cancer

The prevalence of high-risk mammograms, that is,
mammograms with a high fraction of total breast size
occupied by mammary gland tissue, as opposed to fat,
is four times higher among lean women than among
obese women, as the large study by Byrne et al15 has
conclusively demonstrated. The inverse association
between obesity and breast density underlies the in-
verse association between obesity and breast cancer
risk among premenopausal women, because the asso-
ciations of breast density with obesity and breast

Ž .cancer risk inverse and positive, respectively are
both strong. It has been argued that obese women
are at lower risk for premenopausal breast cancer
because they have a higher frequency of anovulation,
but the relations of anovulation to obesity and breast

Ž .cancer risk positive and inverse, respectively are, at
best, weak.
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Obesity and post-menopausal breast cancer

Among post-menopausal women, the adipose tissue is
the principal source of estrogens that enhance the
expansion of initiated clones and the growth of sub-
clinical tumors. Obesity also increases bioavailability
of estrogen through reduction of sex-hormone bind-
ing globulin. Women who were thin and gained
considerable weight between early adulthood and the
post-menopause would be at increased breast cancer
risk post-menopausally on two accounts: the high risk
mammographic pattern that characterizes thin pre-
menopausal women and the increased estrogen
bioavailability imparted by adiposity in later life.

Mammographic patterns

Mammographic patterns mostly describe the fraction
of breast occupied by mammary gland mass, and this
mass is a direct correlate of the number of cells at
risk.

The low breast cancer risk of Asian women

Asian women are shorter than Caucasian women and
the small size of their breasts implies small mammary
gland mass. Small-breasted Asian women should be
contrasted to small-breasted, but typically taller, Cau-
casian women. Among the latter, small breasts are
associated with high breast density,15,38 whereas
among the former, small breasts are not associated
with this pattern.74 Lower levels of estrogens55,56 and
possibly estrogen receptors57 among Asian women as
compared to Caucasian women, may also contribute
to the striking breast cancer risk differential.55 ] 61

Socioeconomic status

The socioeconomic gradient of breast cancer risk is
characteristically stronger in countries that are cur-
rently developing. Birthweight, a possible breast can-
cer risk factor,37 is generally higher among women of
higher socioeconomic status, except perhaps among
women of countries that have been economically
advanced for a long time.

Exogenous estrogens

Oral contraceptives and menopausal estrogens obvi-
ously possess estrogenic properties, which can ex-
plain the small excess in breast cancer risk associated
with their use.

Ionizing radiation

Ionizing radiation is an established cause of somatic
mutations.

Alcoholic beverages

Ethanol has been found to increase levels of circulat-
ing estrogens in both pre- and post-menopausal
women.75,76

Physical activity

Physical activity in adolescence delays menarche77

and, during adulthood, may reduce estrogen levels.78

The link between exercise and hormone levels is not
strong, but the evidence for an inverse association
between physical activity and breast cancer is also
weak.

Diet

Because Asian migrants to the United States eventu-
ally acquire the breast cancer incidence pattern of
the host country, it can be inferred that some lifestyle

Ž . 79 ] 81factor s are responsible. Diet has been a prime
candidate because it has provided a plausible expla-
nation for the change in incidence of other cancer
types among these migrants, notably stomach and
colorectal cancer. However, adult diet has been found
to exercise, at most, a minimal effect on breast can-
cer risk. The fact that breast cancer incidence assimi-
lation appears to require at least two, and perhaps
several, generations points to early life as a critical
period,82 and the positive association between height
and breast cancer risk in both ecological and analyti-
cal epidemiological studies suggests that excessive
energy intake or reduced expenditure in early life
could be important. There are indications that con-
sumption of vegetables and fruits,83 olive oil,84 and
soy-based foods85 may have preventive potential, per-
haps on account of antioxidant properties but, at this
stage, it is more important to firmly document these
associations than to speculate about the underlying
biology.

Conclusion

In the etiological model we propose, breast cancer
risk increases with the number of susceptible cells
which, in turn, depend on early-life or even prenatal
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influences that modulate the number of the relevant
stem cells. Susceptible cells become refractory fol-
lowing a full-term first pregnancy, with subsequent
pregnancies and lactation complementing this
process. Mammotropic hormones, primarily estro-
gens in conjunction with their receptors, affect both
the pre-initiation and the post-initiation stages in the
natural history of breast cancer. The proposed etio-
logical model accounts for most aspects of the epi-
demiology of breast cancer in humans. The formula-
tion of this model has, however, largely relied on the
results of epidemiologic studies. Thus, the compati-
bility of model-based predictions with existing empir-
ical evidence does not provide powerful independent
documentation of its validity. There are, however,
several model-based predictions that can be empiri-
cally evaluated and a number of model links amenable
to preventive interventions. These interventions,
however, may require substantial life-style changes
and have long latency periods.
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