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INTRODUCTION

Breast cancer is the most common cancer in adult women world-
wide [1], and the main cause of premature death among women
in economically developed countries [2]. The incidence is strongly
related to age and is predominantly occurring in older ages. In
Denmark, the incidence among postmenopausal women (50+
years) has increased considerably during the past decades from

150 to 393 per 100,000 person—years1 between 1943 and 2010
[3].

The social gradient in cancer is skewed, but whereas can-
cers of for example the lung and cervix are most prevalent in
socially deprived groups, breast cancer is more frequently ob-
served among women of higher socioeconomic position (SEP) [4-
8]. However, this tendency appears to be in transition as the
increased risk among women of higher SEP attenuates with
younger birth cohorts [8,9]. In a broader perspective, the (age-
standardized) incidence rates in economically developing coun-
tries have also caught up with the high levels observed in the
developed part of the world during the last decade [1].

The mechanisms underlying the social inequality in breast
cancer incidence are not well described; yet understanding the
pathways through which social factors affect the risk of breast
cancer is essential to causal inference and thus to effective pre-
vention strategies [10]. The rapid increase in breast cancer inci-
dence in economically developing countries suggests a strong
effect of lifestyle and reproductive behaviors, which is also sup-
ported in the epidemiologic literature [4,9,11-21]. Previous stud-
ies have suggested mediating effects of factors such as age at first
birth, parity, hormone therapy (HT) use, alcohol consumption,
physical inactivity and obesity on the relation between SEP and
breast cancer. For example, Heck et al. reported a relative risk of
postmenopausal breast cancer of 2.3 (95% confidence interval
(Cl): 1.2, 4.3) among women with a high compared to a low level
of education [11]. After adjustment for age at first birth, age at
menarche and menopause, alcohol consumption, use of HT and
oral contraceptives, body mass index (BMI) and height, the rela-
tive risk was reduced to 1.5 (95% Cl: 0.8, 2.7), which indicates that
SEP works partly through these factors.

However, the simplified method of assessing mediating
effects by comparing crude versus adjusted models can be biased
[22,23]. The main problems discussed are issues of mediator-
outcome confounding, exposure-dependent confounding of the
mediator-outcome relation, interactions between exposure and
mediators as well as interactions between mediators. Another
point is that these simple methods do not allow for a decomposi-
tion of the total effect into direct and indirect (mediated) path-
ways [24,25]. In recent years, more advanced methods have been
developed to address some of these issues [26,27].

If risk factors interact in synergy, clustering among them
will have a stronger impact on the incidence of breast cancer than
the sum of their individual effects, and prevention of one factor

1Age-standardized according to the world standard population
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will reduce the effect of the other [28]. For instance, a person
exposed to both alcohol consumption and HT use is at higher risk
of breast cancer than would be expected from the sum of their
separate effects if these interact [29,30]. Consequently, prevent-
ing alcohol consumption will both directly and indirectly decrease
the risk of breast cancer by removing part of the effect of HT use.
In this regard, interaction is of core public health importance and
intervention strategies may be improved through such identifica-
tions. Since many of the risk factors for postmenopausal breast
cancer cluster among women of higher SEP, it is likely that the
social inequality would also be reduced.

This thesis adds to the current knowledge on how SEP af-
fects postmenopausal breast cancer risk by applying new statisti-
cal methods in order to quantify mediating effects through life-
style and reproductive factors and by addressing interaction
between the mediators. In addition, assumptions and potential
biases involved with such analyses are discussed and investigated
through sensitivity analyses. The analyses were based on several
well-established prospective cohort studies specifically pooled
and linked with register data for the purpose of these mediation
analyses. This ensured a large population sample with a broad
age range and social distribution as well as a long follow-up time.
Additionally, it was possible to investigate detailed hormonal
pathways through international collaboration with the Women'’s
Health Initiative. Thus, the work included in this thesis provides
insight into the pathways through which SEP may affect the risk
of postmenopausal breast cancer, and thereby draws attention to
potential paths of intervention.

Aims

The overall objective of this thesis is to determine mechanisms
underlying social inequality in postmenopausal breast cancer by
addressing mediating effects through HT use, high BMI, lifestyle
and reproductive factors. This objective is addressed in three
papers and the synopsis which cover different aspects of the
pathways from SEP to breast cancer. Specifically, Paper | address-
es mediation by HT use, alcohol consumption, physical inactivity,
high BMI, parity and age at first birth in the relation between
educational level and postmenopausal breast cancer. Paper Il
concerns the hormonal pathways from high BMI and alcohol
consumption to breast cancer. Finally, Paper Ill addresses interac-
tion between hormone therapy use and BMI and alcohol con-
sumption in relation to postmenopausal breast cancer.

Structure of the synopsis

The synopsis is structured as follows: First, the background sec-
tion describes a framework for understanding how social factors
may affect health in general. This is followed by a conceptual
model of the hypothesized pathways from SEP to postmenopau-
sal breast cancer and the research questions forming this thesis.
This section also includes an overview of previous papers address-
ing mediating pathways of the relation between SEP and breast
cancer. Second, the data sources and methodology for the papers
and additional sensitivity analyses are briefly described. Third, the
results of the three studies are summarized and fourth, these
results and their potential sources of bias are quantified and
discussed. Finally, future perspectives of the findings are dis-
cussed.

BACKGROUND

This section provides a brief introduction to the research field of
social inequality in health. Also, a conceptual model of the path-
ways from SEP to postmenopausal breast cancer explored in this
thesis is presented, followed by a description of previous studies
on mechanisms underlying this relation.

Social inequality in health

The role of SEP in health has been studied for decades, and social
inequality in various diseases is widely documented [31,32].
However, much is yet to be learned about these associations and
the underlying mechanisms. In the model developed by Diderich-
sen and colleagues [31], presented in a simplified version below
(Figure 1) [33], three mechanisms of social inequality in health are
described: 1) Social stratification, 1) Differential exposure and Ill)
Differential vulnerability. In addition, the model illustrates possi-
ble policy entry points for reducing social inequality in health: A)
Influencing social stratification, B) decreasing exposures and C)
decreasing vulnerability. Social stratification (mechanism I) works
at the contextual level encapturing political, cultural, social and
environmental elements of society (e.g., legislation, cultural
norms, discrimination, access to health care, etc.). The concept of
differential exposure (mechanism II) represents the individual
exposure to risk factors, which are determined by social position.
Risk factors often tend to cluster in certain social groups and their
effects may interact with one another thereby causing differential
vulnerability (mechanism Ill). This means that the effect of a
specific exposure depends on the presence of other contributing
factors [31]. For instance, people of low SEP may be more vulner-
able to the effects of smoking due to processes related to child-
hood environmental circumstances or other risk factors also
linked to SEP.

This thesis deals with individual level mechanisms, primar-
ily differential exposure to certain risk factors related to lifestyle
and reproduction, but also the aspect of differential vulnerability
to these risk factors across socioeconomic groups.
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Figure 1
A framework for understanding social inequality in health [33].
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How does socioeconomic position affect breast cancer risk?

Women of higher SEP are generally better off concerning nearly
all health outcomes, but for breast cancer incidence the social
gradient is reverse [4-8]. The conceptual model presented in
Figure 2 summarizes the specific pathways (labeled A-H) ad-
dressed in this thesis. The model encompasses direct effects of
SEP on breast cancer (path A) and indirect (mediated) effects
through HT use (path B), fertility patterns (path C), lifestyle fac-
tors (path D) and high BMI (path E). Further, indirect effects of
lifestyle factors and high BMI through the hormones estradiol and
insulin are explored (paths F-H).

]
48’[ HT use J B

Fertility Parity

Age at first
patterns J

Y

Breast Cancer J

T

Figure 2
Conceptual model describing the hypothesized direct and indirect
pathways from SEP to breast cancer.

In Figure 2, path A represents the direct effect of SEP on breast
cancer, which in this case represents psychosocial and environ-
mental processes as well as other lifestyle related risk factors not
embedded in this thesis (e.g., diet or vitamin use) [18]. Following
the framework of Diderichsen et al. presented above, the direct
path may represent contextual as well as individual phenomena.

The use of HT is a risk factor of breast cancer, which is
more common among women of higher SEP as suggested by path
B [34-36]. A large study reanalyzing worldwide data found a high-
er risk of breast cancer in current and recent users of HT com-
pared to never-users as well as a higher risk with increasing dura-
tion of use [37]. HT use greatly increases serum estrogen levels
[38]. Estrogens stimulate the division of breast epithelial cells,
which increases the risk of mutation, and increasing levels of
serum estradiol are therefore likely to induce or promote breast
cancer [39,40].

The SEP of women also influences family planning behav-
ior (path C) as women of higher SEP tend to postpone childbear-
ing and reduce higher-order births [9,21]. Low age at first birth
(<30 years) and parity decrease the risk of breast cancer, probably
through altered hormonal profiles, differentiation of mammary
glands, or changes in the estrogen responsiveness of the gland
[41,42].

Lifestyle is closely related to SEP as suggested by path D.
Women of higher SEP are more likely to drink alcohol and gener-
ally consume larger quantities than women of lower SEP [11,20].
The risk of breast cancer has been found to increase with higher
levels of alcohol consumption [43,44]. The positive relation be-
tween alcohol and breast cancer may be due to increased levels
of endogenous estradiol following alcohol consumption (path F)
[45,46]. Physical activity level is another lifestyle factor found to

be higher in women of higher SEP (path D) [11]; however, the
relation between physical activity and postmenopausal breast
cancer is likely inverse [47], and thus physical activity may reduce
the overall effect of SEP on breast cancer. Several mechanisms
have been proposed to explain this relation. Firstly, physical
activity may lead to a reduction in body weight and decrease
central adiposity, thereby reducing the aromatization of androgen
to estrogen in fat tissue [48]. Further, physical activity has been
linked with lowered levels of estrogen (path F) in postmenopausal
women in both observational and experimental studies, and the
association persisted even after adjustment for BMI, suggestive of
an independent effect of physical activity [45,48]. Physical activity
is also associated with higher levels of circulating concentrations
of sex hormone-binding globulin (SHBG), thereby lowering the
amounts of free, active hormones in the body [48]. Another po-
tential mechanism is through exercise reduction in insulin [48,49].

High BMI is another risk factor possibly reducing the over-
all effect of SEP on postmenopausal breast cancer. The preva-
lence of high BMI/obesity is higher in women with lower SEP
(path E) [11,13,14], and overweight and obesity have been con-
sistently linked with the risk of postmenopausal breast cancer
[50,51]. Body fat directly affects levels of many circulating hor-
mones such as estrogens (path G), testosterone and insulin (path
H) [48]. In the adipose tissue of postmenopausal women, andro-
gens convert into estrogens leading to increased estrogen levels,
and several previous observational studies have linked testos-
terone to breast cancer [51,54]. Hyperinsulinemia has also been
suggested as a significant, independent risk factor of breast can-
cer after adjustment for estradiol and other risk factors [55].
Hyperinsulinemia lowers the levels of SHGB leading to increased
levels of bioavailable estradiol and testosterone [48]. Insulin has
also been found to stimulate breast cancer cell proliferation [56].

Thus, multiple potential mechanisms in the relation be-
tween SEP and breast cancer are at play. Numerous studies have
linked SEP with these risk factors of breast cancer separately, but
combined effects are not understood in depth. Since these factors
all partially take effect through similar hormonal pathways, modi-
fication by one factor on the effect of another factor is likely. For
instance, physical activity has been found to modify the associa-
tion between BMI and breast cancer, with inactive women in the
upper BMI quartile being at a markedly increased risk compared
with their lean and active counterparts [57]. Also, interactions
between HT use and BMI have been observed, where the in-
crease in relative risk of breast cancer among users of HT was
greater in women with low relative to high weight [37]. Similarly,
the effect of alcohol consumption on breast cancer risk may differ
according to HT status and BMI [29,30,58].

The focus on these specific pathways in the thesis was
guided by the literature reviewed above and on the current
knowledge on social inequality in postmenopausal breast cancer
presented in Table 1, described in detail below.

Previous studies on mediating effects of social inequality in
breast cancer

Table 1 provides an overview of previous prospective studies on
mediating effects of social inequality in postmenopausal breast
cancer. In general, all of the previous studies have shown a higher
risk of breast cancer among women of high versus low SEP as
measured by education, income or occupation. In most of the
previous studies, reproductive factors such as parity and age at
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first birth seem to account for a substantial part of the higher risk
of breast cancer in women of high educational level [9,11,14-
17,20,21]. Evidence of a significant contribution of HT use and
lifestyle factors have also been published previously
[11,13,15,17,20]; The large scale Norwegian Women and Cancer
Study (NOWAC) found a relative risk of 1.47 among women with a
high educational level compared to women with a low education-
al level [15]. Stepwise adjustment for multiple factors suggested
that reproductive factors explained 26% of the increased risk,
alcohol consumption accounted for 23% and current HT use and
BMI only accounted for approximately 3% of the social inequality.
A recent Danish study found a relative risk of 1.2 in the highest
versus lowest educated women, which was reduced to 1.06 after
adjustment for reproductive factors, HT use and alcohol con-
sumption [13]. Adjustment for BMI did not affect the estimate.
However, since most of the previous studies include these factors
in the model simultaneously, assessment of the relative contribu-
tions of each factor is not possible.

The studies investigating social inequalities in breast
cancer as defined according to occupational status generally
report a modest decrease of the social inequality after adjust-
ment for reproductive factors and factors such as alcohol con-
sumption and HT use [9,13,18]. The American study by Pudrovska
et al. found a relative risk of 1.72 (95% Cl: 1.25, 2.36) among
women in professional occupations and 1.57 (95% Cl: 1.02, 2.42)
in women with a managerial occupation compared to house-
wives. Reproductive factors were found to mediate 23% of the
association between professional occupations and breast cancer,
but did not affect the higher risk observed for managerial occupa-
tion. On the other hand, job authority appeared to mediate 55%
of the increased risk among women with a managerial occupa-
tion, but did not materially affect the higher risk observed in
professionals.

In conclusion, the previous literature supports the hy-
pothesis of mediating pathways from SEP to postmenopausal
breast cancer through reproductive patterns, lifestyle factors and
HT use. However, the decomposition of effects through each of
these factors and detailed analysis on how these mediators may
take effect — for example by interactions or through estrogen
pathways —is still a rather unexplored area of research.

MATERIALS AND METHODS

The results of Papers | and Ill were based on data from the Social
Inequality in Cancer Cohort Study, and Paper |l was based on data
from the Women’s Health Initiative Observational Study. These
data sources and assessments of SEP, mediators and confounders
as well as postmenopausal breast cancer are briefly described
below followed by a presentation of the applied statistical meth-
ods.

Data sources
The Social Inequality in Cancer (SIC) Cohort Study

The aim of establishing the SIC cohort was to elucidate social
inequality in different types of cancers and investigate mecha-
nisms behind these inequalities. The database combines data
from several large Danish population based cohort studies: The
Copenhagen City Heart Study (2nd wave), The Diet, Cancer and
Health Study and the Cohorts at the Research Centre for Popula-
tion and Health (MONICA I-lIl, the 1936-cohort and INTER99) and

register based follow-up. All studies include measurements of
lifestyle and biological risk factors for cancer. A cohort profile
describing the details of the establishment of the SIC cohort study
has been published previously [59], and will be described briefly
below.

The Copenhagen City Heart Study (CCHS) was initiated in
1976 where a random sample of citizens in the Copenhagen area
aged 20+ years was invited to participate (N=14,223 participants,
corresponding to a response rate of =74%) [60]. A second wave
was completed in 1981-83, which included all previously invited
and an additional 500 individuals aged 20-25 years (N=12,698;
response rate =70%). To date, three subsequent waves have been
carried out. At every wave, all participants completed a self-
administered questionnaire on health status, lifestyle and repro-
ductive factors and went through physical examinations (includ-
ing height, weight, blood pressure, etc.). The SIC cohort includes
measurements from the second wave in 1981-83.

The Diet, Cancer and Health Study (DCHS) was started in
the period of 1993—-1997 where almost all men and women aged
50 to 64 years residing in the areas of Copenhagen and Aarhus,
who fulfilled the inclusion criteria, were invited [61]. Participants
were eligible if they were born in Denmark and free of cancers at
the time of inclusion (N=57,053; response rate =35%). All partici-
pants completed a self-administered questionnaire concerning
lifestyle factors. Physical examinations included anthropometric
and blood pressure measures as well as samples of blood, urine
and fat.

The Cohorts at the Research Centre for Population and
Health (CRCPH) include several independent cohort studies of
which the three Danish World Health Organization MONICA co-
horts, the 1936-cohort (2™ wave) and the INTER99 study were
included in the SIC cohort [62]. Participants were drawn as ran-
dom samples of residents in the greater Copenhagen area and all
studies collected baseline information on socioeconomic varia-
bles, lifestyle and health by self-administered questionnaires
followed by physical examinations (anthropometric measures,
blood pressure etc.) and blood samples. The MONICA I-lll cohorts
included specific birth cohorts of men and women aged 30, 40, 50
and 60 years in 1982—-84 (N=3,785; response rate =79%), 1987—-88
(N=1,504; response rate =75%) and 1991-92 (N=2,027; response
rate =69%). MONICA Il also included 70-year olds. The 1936-
cohort consisted of men aged 45-years at baseline in 1981-82
(N=992; response rate =84%). INTER99 included birth cohorts of
men and women in five-year age intervals from 30 to 65 at base-
line in 1999-2001 (N=6,784; response rate =52%).

The variables of the different cohorts were pooled based
on a stepwise harmonization procedure [63], which involved
iterative rounds of discussion among members of the SIC steering
committee and generation of formal pairing rules to create each
variable. In this way, refinement of the harmonized variables was
ensured [59]. In total, the pooled SIC cohort included 83,006 men
and women aged 20-98 years at baseline. For the analyses in this
thesis, all postmenopausal women — defined as women aged 50+
years — who were free of cancer (other than non-melanoma skin
cancer) at baseline and who were born after 1920 (due to lack of
available information on sociodemographic variables from the
registers for women born before 1920) were included. In total,
33,562 women fulfilled these criteria.
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Table 1

Overview of prospective studies on mediating effects of the relation between SEP and postmenopausal breast cancer

First Population, Study Age at Measure of Breast

author N (cases) period baseline SEP Mediators cancer Findings, RR (95% CI)

Braaten Norway/ 1991- 30-50 yrs Education Parity, Age at first Overall BC RR=1.51 (1.05-2.16) for postmenopausal BC

(2004) Sweden 1999 birth, BMI, Height, Age among highest educated (16+ yrs.) vs. lowest (7—

[14] 102,860 at menarche, Oral 9 yrs). The RR was reduced to 1.09 (0.74-1.61)

(1,090) contraceptive use, after adjustment for all mediators. Predominant-
Alcohol consumption ly due to parity and age at first birth.

Braaten Norway 1991- 30-69 yrs Education Parity, Age at first Overall BC RR=1.46 (1.19-1.79) for BC among highest

(2005) 93,638 2001 birth, Alcohol con- educated (16+ yrs.) vs. lowest (7-9 yrs.).

[15] (3,259) sumption, BMI, Screen- Multiple adjusted RR=1.11 (0.89-1.38) where
ing participation, Oral reproductive patterns accounted for 26%,
contraceptive use, alcohol consumption for 23% and the remaining
Current HT use factors between 3—7% each.

Dang Denmark 1970- 20-39 yrs Education Age at first birth, Parity Overall BC RR=1.38 (1.31-1.45) for BC incidence in women

(2004) 674,084 1998 Socioeconomic with 12+ yrs. vs. <7 yrs. of education. Reduced to

[9] (22,884) group RR=1.26 (1.20-1.33) after adjustment for age at

(=occupation) first birth and parity.
RR=1.09 (0.95-1.26) for BC incidence in academ-
ics vs. salaried employees. Reduced to 1.05
(0.91-1.21) after adjustment for age at first birth
and parity.

Gadeyne Belgium 1991- 35-79 yrs. Education Parity, Age at first birth Overall BC RR=1.16 (1.06—1.28) for postmenopausal BC

(2012) 2.25 mio. 1995 (mortality) mortality among highest educated (‘tertiary’

[16] (8,224) education) vs. lowest (no or primary) education,

which reduced to 1.06 (0.96-1.16) after adjust-
ment for the mediators.

Heck USA 1971~ 25-74 yrs. Education Age at first birth Overall BC RR=2.3 (1.2-4.3) for highest (16+ yrs.) vs. lowest

(1997) 6,032 (229) 1993 /nulliparity, Age at (<12 yrs.) educated women.

[11] menarche, Age at Reduced to RR=1.9 (1.0-3.4) after adjustment
menopause, Oral con- for nulliparity/age at first birth and to
traceptive use, HT use, RR=1.5 (0.8-2.7) after adjustment for all media-
Alcohol consumption, tors.

BMI, Height

Larsen Denmark 1993- 50-64 yrs. Education Parity, Age at first Overall BC RR=1.20 (1.01-1.42) for higher vs. basic/high

(2011) 23,111 (907) 2006 Income Occu- birth, HT use, Alcohol school education. Reduced to RR=1.06 (0.88—

[13] pation consumption, BMI 1.26) after adjustment.

RR=1.46 (1.07-2.00) for self-employed vs.
unskilled worker. Reduced to RR=1.36 (0.99—
1.86) after adjustment.

RR=1.12 (0.89-1.41) for highest income quartile
vs. lowest. Reduced to RR=1.07 (0.85-1.34) after
adjustment.

Menvielle Europe (EPIC) 1992—- 50+ yrs. Education Parity, Age at first Overall BC For invasive breast cancers:

(2011) 102,721 1999 birth, Breast feeding, Invasive/ RR=1.20 (1.05-1.37) for university or postsec-

[20] (2,389) Age at menarche, Oral in situ ondary vocational vs. primary education. Re-
contraceptives use, duced to RR=1.11 (0.97-1.27) after adjustment
Height, BMI, Alcohol for reproductive history and to 1.00 (0.87-1.15)
consumption, Physical after adjustment for all risk factors.
activity Larger inequalities for in situ cancers which

remained after adjustment for all risk factors.

Palmer USA 1995- 21-69 yrs. Education Parity, Age at first Overall BC For overall BC: RR=1.17 (0.99-1.37) for highest

(2012) 55,895 2009 Neighborhood birth, Lactation, Age at ER status (17+ yrs.) vs. lowest education (<13 yrs.). Re-

[17] (1,343) SES menarche, Family duced to RR=1.06 (0.90-1.25) after adjustment
history of BC, Oral for parity and age at first birth and to RR=1.02
contraceptive use, Age (0.86—1.21) after further adjustment for the
at menopause, HT use, remaining factors.

BMI, Alcohol consump- For ER+ BCs: RR=1.44 (1.14-1.82) for highest
tion, Physical activity, (17+ yrs.) vs. lowest education (<13 yrs.). Re-
Geographic region, duced to RR=1.25 (0.97-1.60) after adjustment
Mammography use for parity and age at first birth and to RR=1.14
(0.88—1.48) after further adjustment for the
remaining factors.
Similar results for neighborhood SES

Pudrovska USA 1975— 36 yrs. Occupation Adiposity,Reproductive Overall BC RR=1.72 (1.25-2.36) for professionals vs. house-

(2013) 3,682 (297) 2011 history, HT use, Social wives. Reduced to RR=1.59 (1.15-2.20) after

[18] stress (work hours, job adjustment for reproductive history but not
autonomy and authori- affected by adiposity. Social stress also did not
ty, job satisfaction etc.) affect the RR. RR=1.57 (1.02-2.42) in managerial

occupation vs. housewives which was reduced to
1.42 after adjustment for job authority but not
affected by reproductive factors.

Strand Norway 1990- 35-54 yrs. Education Age at first birth, Parity Overall BC RR=1.25 (1.10-1.41) for BC deaths among

(2005) 512,353 2001 (mortality) women with >12 yrs. of education vs. <10 yrs.

[21] (2,052) Reduced to RR=1.20 (1.06—1.36) after adjust-

ment for parity and to RR=1.08 (0.95-1.23) after
adjustment for age at first birth.

Abbreviations: BC, breast cancer; BMI, body mass index; EPIC, European Investigation into Cancer; ER, estrogen receptor; HT, hormone therapy; N, number of partici-
pants; PR, progesterone receptor; RR, relative risk; SES, socioeconomic status; vs., versus; yrs., years.
For studies reporting separate findings according to menopausal status, only postmenopausal results are included.
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In study Ill, data on endogenous sex hormone levels were includ-
ed from a randomly selected subsample of the CCHS (N=1,150).
Blood samples were drawn at baseline (1981-83) and stored
at -20°C. Duplicate levels of free testosterone and 17B-estradiol
(E2) were measured in serum and the means of the two values
were applied in the analyses [58].

The Women'’s Health Initiative (WHI)

In 1991, the American National Institutes of Health established
the Women’s Health Initiative, which included four clinical trials
and an observational study (WHI-OS) [64,65]. The aim was to
examine determinants of cardiovascular disease, cancer and
other health problems of postmenopausal women. Women were
considered eligible based on the following criteria: age between
50-79 years, accessible for follow-up and an estimated survival of
at least 3 years. Information on demographic and lifestyle factors,
medical history and medication use was collected by a question-
naire and a physical examination at baseline. Blood samples were
collected following an overnight fast of at least 12 hours with
separated sera stored at -70°C within two hours of collection [66].
In total, the WHI-OS included 93,676 postmenopausal women.

The study population for Paper Il included data from two
case-cohort ancillary studies of the WHI-OS with measurements
of baseline endogenous estradiol (E2) levels [53,55] and fasting
insulin determinations [55]. Estradiol was measured in all partici-
pants, whereas insulin was only assessed in a subsample of non-
diabetics in one of the ancillary studies (N=791) [55]. The proce-
dure of combining the two subsamples of the WHI-OS is de-
scribed in detail in Paper Il [67]. Combining the two studies yield-
ed a total of 601 breast cancer cases and 1,000 subcohort
members.

Assessment of socioeconomic position

All participants in the SIC cohort were linked to national registries
through a unique personal identification number. Sociodemo-
graphic information was available from Statistics Denmark from
1980 and onwards. SEP was defined as highest attained educa-
tional level of the woman one year before baseline and catego-
rized as “low” (8-11 years, basic schooling), “medium” (11-14
years, upper secondary or vocational training) and “high” (15+
years) educational level.

In the WHI, educational attainment was assessed by a
baseline self-administered questionnaire in 11 specified catego-
ries ranging from not attending school at all (<1 year of grade
school) to obtaining a higher educational degree (Ph.D., M.D.
etc.).

Assessment of lifestyle, BMI, HT use and reproductive factors

Information on lifestyle and reproductive factors was assessed by
self-administered questionnaires in all cohorts [59,66]. Alcohol
was assessed as consumption of beer, wine and spirits in re-
sponse categories of “never/almost never”, “monthly”, “weekly”
and “daily” as well as the average number of drinks per week
within these categories. In the DCHS, leisure time physical activity
was assessed as the average number of hours spent in the past
year on various types of activity (e.g., cycling, walking) along with
number of hours becoming sweaty or short of breath as a result
of these activities. Similarly, the CCHS and the CRCPH assessed
the weekly level of physical activity during the past year in four

categories ranging from being almost entirely inactive to engaging
in vigorous physical activity. The WHI-OS asked about the fre-
quency, duration and intensity of exercise. Metabolic equivalent
values (METs) were assigned for the activities and multiplied by
the hours exercised at that intensity level per week and summed
for all types of activities. Smoking was assessed in categories of
never, past and current, and according to daily tobacco use
among current smokers in all cohorts. Reproductive factors in-
cluded self-reported parity and age at first birth. HT use was
classified as current HT use (yes versus no). All included cohorts
measured baseline weight and height at the physical examination.

Assessment of postmenopausal breast cancer

The SIC database was linked with various Danish population-
based registers. Time and type of cancer diagnosis was obtained
from the Danish Cancer Registry, in which breast cancer is defined
according to the International Classification of Diseases (ICD)
versions 7 and 10 (ICD7 code 174 and ICD10 code C50) coding
schemes [68]. Thus, histologic disease types (ductal, lobular etc.)
were considered jointly. The estrogen receptor (ER) determina-
tions of the tumors applied in Paper Il were obtained from the
Danish Breast Cancer Cooperative Group (DBCG). Since 1977, the
DBCG clinical database has covered all breast cancer cases in
Denmark with regard to demographic and histopathological vari-
ables, therapeutic interventions and follow-up. Cases were classi-
fied as positive ER status if immunohistochemical staining re-
vealed >10% ER positivity [69]. Information on emigration and
deaths was obtained from the Registry for Population Statistics
and Statistics Denmark.

The WHI collected information on breast cancer incidence
through annual self-administered questionnaires. Subsequently,
breast cancer status and clinical and pathological characteristics
of the tumors were confirmed through centralized reviews of
hospital discharge summaries, operative reports, history and
physical examination, radiology reports and oncology consultant
reports. Deaths were documented by death certificates and med-
ical records, as well as data linkage to the American National
Death Index and the National Center for Health Statistics [70].

In both cohorts, participants were followed from baseline
to the date of first breast cancer event, the date of death, emigra-
tion or end of follow-up, whichever occurred first.

Identification of confounders

Potential confounders of the relation between SEP and breast
cancers were identified through careful consideration of the
underlying causal relations based on prior knowledge [71]. The
directed acyclic graph (DAG) in the appendix depicts these hy-
pothesized pathways. The model emphasizes underlying causes of
SEP and postmenopausal breast cancer in order to evaluate po-
tential confounders of the relation and is therefore not complete-
ly exhaustive regarding internal causal relations between varia-
bles and regarding intermediate biological processes occurring on
the pathway from for example lifestyle factors to postmenopau-
sal breast cancer. This model explicitly states the assumptions
underlying the statistical analyses of this thesis, and the inclusion
of both measured and unmeasured factors serves as a basis for
the discussion of residual confounding.
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Statistical methods
The Aalen Additive Hazards Model

The analyses in all three papers were based on the Aalen additive
hazards model [72]. This model provides an estimate of the addi-
tional number of breast cancer cases associated with a given risk
factor (absolute effects) and allows for direct comparison of these
numbers across strata of other factors. Like the standard Cox
proportional hazards model, the Aalen model with time-constant
effects has an unspecified baseline hazard, and the effect of each
covariate is modeled by a single parameter. Thus, the two models
are equally flexible, but the interpretations of the effect measures
are different. For a given exposure, for example SEP, the absolute
effect (i.e., rate difference) of high educational level provides an
estimate of additional breast cancer cases per 100,000 person-
years at risk in the highly educated women compared with wom-
en of low educational attainment (adjusted for confounders) [72],
whereas the relative effect of a Cox model provides an estimate
of how many times greater the hazard is among women with a
high versus low educational level (i.e., the hazard ratio).

Assessment of mediation

Mediation analysis and thus the distinction between total, direct
and indirect effects are embedded in the counterfactual out-
comes framework [24,25]. In this setting, the total individual
causal effect (TE) of an exposure, A, on an outcome, Y, is defined
as the hypothetical contrast between the outcome that would
have been observed under exposure A=a versus A=a* for the
same individual:

TE=Yy- Yo

Definitions of direct and indirect effects

Traditionally, estimates of mediating effects have been derived
from two regression models — one excluding and one including
the potential mediator of interest [73]. The results of these two
analyses provide the total effect of the exposure on the outcome
(the unadjusted) and the controlled direct effect (CDE) of the
exposure on the outcome (the mediator-adjusted), respectively.
The term ‘controlled’ refers to the counterfactual contrast be-
tween the two setups in which the exposure is set to A=a and
A=ag*, but the mediator is kept fixed (‘controlled’) at the level
M=m [24,25]:
CDE =Yg m - Youm

The term ‘controlled’ direct effect refers to the effect of the ex-
posure on the outcome when fixing the mediator at some specific
level, for example the effect of SEP on breast cancer if an inter-
vention prevented alcohol consumption among all women. Con-
trolled effects do not allow for a straightforward definition of
indirect effects [24,25]. This is due to the fact that if the exposure
interacts with the mediator to cause the outcome, the controlled
direct effect does not equal the total effect, even if there is no
effect of the exposure on the mediator. The controlled direct
effect will depend on the level at which the mediator is fixed.

The mediation analyses in this thesis were based on the
computation of natural direct and indirect effects as originally
proposed by Robins & Greenland [25] and Pearl [24]. The natural
direct effect (NDE) differs from the controlled in that the media-

tor, M, takes the hypothetical value it would have taken under
the reference A=a*:

NDE =Yg mia*) = Yo*Mm(a*

Natural direct effects are in other words defined as the change in
outcome that would be observed if the exposure could be
changed or fixed (e.g., from high educational level to low), but
leaving the mediators unchanged (corresponding to high educa-
tional exposure). Thus the natural direct effect encompasses the
effect of A on Y through other pathways not involving M. Like-
wise, natural indirect (i.e., mediated) effects are defined as the
change in outcome when the exposure is kept fixed, but the
mediator is changed to the value it would take if the exposure
was changed:

NIE = Ya,M(a*) - Ya,M(a)

The natural indirect effect thus represents the effect of A on Y
due to the effect of A on M. The total effect decomposes into the
natural direct effect and the natural indirect effect even in situa-
tions of nonlinearities and exposure-mediator interaction [24,25].

The total, direct and indirect effects described above are
counterfactual measures, and thus not possible to quantify in
reality for each person. However, average/population causal
effects can be obtained assuming that there are no unmeasured
confounding of the exposure-mediator, exposure-outcome and
mediator-outcome relation and no confounding of the mediator-
outcome relation affected by the exposure (exposure-dependent
confounding).

In Paper | and Il, natural direct and indirect effects were directly
parameterized following the method of Lange, Vansteelandt &
Bekaert [27] and the method of Lange & Hansen [26], respective-
ly. The method by Lange, Vansteelandt & Bekaert applied in Pa-
per |, combines effect estimates from two models in three steps:
1) fitting a multinominal logistic regression model of the mediator
on exposure and confounders of this relation; 2) constructing
weights based on the probabilities of actually obtaining the medi-
ator (from the actual exposure and the auxiliary exposures) and 3)
fitting a marginal structural Aalen additive hazards model using
these weights to obtain natural direct and indirect effects. The
method by Lange & Hansen [26] applied in Paper Il combines the
Aalen additive hazards model of the direct effect of exposure on
outcome (i.e., adjusted for the mediator and potential confound-
ers) with a linear regression model for the exposure-mediator
relation. The indirect effect is given by the product of these two
parameter estimates. In both approaches, the total effect is de-
rived by summing the direct and the indirect effects. The mediat-
ed proportion is given by the indirect effect divided by the total
effect. Confidence limits for the direct effect are given in the
model output whereas limits for the indirect and total effects as
well as mediated proportions (indirect divided by total effect) are
computed by parametric bootstrap.

Mediated interactive effects

Assuming no interaction between exposure, SEP, and the media-
tors on the risk of outcome means that the social inequality in
postmenopausal breast cancer is the same across strata of the
mediators. In this case, the controlled direct effect equals the
natural direct effect. When exposure and mediator interact, the
natural direct and indirect effect still sum up to the total effect,
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but there are traditionally two ways of accounting for this interac-
tive effect in the mediation framework, depending on which of
the involved parameters are ascribed the interaction [74]. Tradi-
tionally, the total effect has been decomposed into a pure direct
effect and a total indirect effect, meaning that the interaction is
embedded in the indirect effect, or equivalently, a total direct
effect and a pure indirect effect when the direct effect accounts
for the interaction [25]. Recently, Vanderweele [74] has suggest-
ed a three-way decomposition into a direct, an indirect and an
interactive effect, which was applied in this thesis:

TE=Y1-Yo= (Yym() - Yome) + (Yom(1) - Yomio) + (Y11 - Y10 - Yor +
Yoo) (M1 - Mo)

Thus, in this setup, the total effect decomposes into a pure direct
effect, a pure indirect effect and the mediated interactive effect
given by the product of an additive interaction between the expo-
sure and the mediator on the outcome (Y41 - Y10 - Yo1 + Yoo) and
the effect of the exposure on the mediator (M; - Mg). The medi-
ated interactive effect is present only when there is an exposure-
mediator interaction and an effect of the exposure on the out-
come.

The interpretation of the mediated interactive effect re-
fers back to the differential vulnerability mechanism of social
inequality in health outcomes as presented in Figure 2. For in-
stance, the indirect effect of SEP on breast cancer risk through
physical activity may vary across SEP strata if other factors such as
childhood circumstances affected this relation.

Intertwined pathways

A strong underlying assumption of the applied methods for as-
sessing mediating effects is that all pathways are independent
[75-77]. This means that high BMI, reproductive patterns and
lifestyle factors for example are assumed to mediate the pathway
from SEP to breast cancer independently as depicted in Figure 3.
This is a highly unrealistic assumption, since we know that these
factors are closely related (cf. the appendix).

Age at
first birth

SEP Alcohol

Physical
activit

Breast
cancer

Figure 3
Underlying assumptions of the mediation analysis: Distinct path-
ways from SEP to breast cancer.

For instance, obesity is probably highly dependent on the level of
physical activity and vice versa. Although we do have information
on these factors, available methods of estimating the mediating
effects, do not allow for the adjustment of other intermediate
factors intertwined with this relation [27,75,76]. In a recent paper

[76], building on the work by Lange et al [27], the mediation
analysis method was extended to include more mediators in the
same model, but still assuming independent pathways. The au-
thors suggest a method for investigating whether the mediators
are intertwined by a regression analysis of the mediator (M1) on
the exposure (E) and the potential intertwined mediator (M2). If
the M2-parameter is statistically insignificant (in a reasonably
large dataset), non-intertwined pathways can reasonably be assu-
med [76]. If these pathways prove to be intertwined, the extent
may be evaluated by assessing mediation through a variable
combined by the intertwined factors [75]. The degree to which
the mediating effect of this combined variable differs from the
sum of the individual mediating effects provides an estimate of
the magnitude of this problem. The results section of this thesis
includes estimates of the degree to which the examined pathways
are intertwined based on the suggested method described above.

SUMMARY OF RESULTS

This chapter summarizes the main findings from the three papers
and the results of the additional sensitivity analyses addressing
intertwined mediating pathways. In Paper |, the paths from SEP to
breast cancer through HT use, reproductive patterns, lifestyle
factors and high BMI (paths A—E in the conceptual model, Figure
2.2) were addressed. Paper Il covers the paths from lifestyle
factors and high BMI (paths F-H) through estradiol and insulin to
breast cancer, and finally, Paper Ill addresses interaction between
the mediators HT use, alcohol consumption and BMlI in relation to
breast cancer.

Is the incidence of breast cancer socially skewed?

Among women with a medium versus low educational level in the
SIC cohort, 70 (95% Cl: 29, 112) additional breast cancer cases per
100,000 person-years at risk were observed (Figure 4). Corre-
spondingly, 74 (95% Cl: 22, 125) additional cases were observed
in women with a high versus low educational level. In relative
terms, a medium educational level was associated with a relative
risk of 1.19 (95% Cl: 1.07, 1.32) compared to a low educational
level and similarly, a high educational level was associated with a
relative risk of 1.21 (95% Cl: 1.05, 1.39).
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Figure 4

Social inequality in postmenopausal breast cancer as measured by
educational attainment in absolute and relative terms in the SIC
cohort (adjusted for age and study), N=33,562. Pyrs, person-
years.
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Are risk factors of breast cancer unevenly distributed across
social groups?

In Figure 5, the different risk factors of breast cancer are present-
ed according to educational level in the SIC cohort. The propor-
tion of obese women ranged from 18% in the lowest educated
women to 9% in the group of women with the highest education.
Likewise, the social gradient in physical inactivity was reversed
with 20% inactive women in the group with low education versus
16% in the highly educated group. High alcohol consumption (7+
drinks per week) was highly skewed across the social groups with
29% among the low educated versus 48% percent in the highly
educated women. Correspondingly, a positive association was
observed for nulliparity (10% and 16% in low and high education,
respectively), older age at first birth (12% versus 17%) and to a
lesser extent HT use (29% versus 31%).
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Figure 5

Postmenopausal breast cancer risk factors according to educa-
tional level in the SIC cohort, N=33,562. Wk, week; yrs, years.

To what extent do BMI, HT use, lifestyle and reproductive fac-
tors mediate the social inequality in breast cancer?

In Paper |, we examined the social inequality in breast cancer
among postmenopausal women in the SIC cohort and the mediat-
ing effects of BMI, HT use, lifestyle and reproductive factors. The
social inequality in postmenopausal breast cancer observed
among women in the SIC cohort is given in Figure 4 above. Below,
Figure 6 presents the observed additional breast cancer cases
according to BMI, lifestyle and reproductive factors and HT use in
the SIC cohort.

As expected, the analyses showed an association between
alcohol consumption, reproductive factors and HT use and post-
menopausal breast cancer. An alcohol consumption of 7+ drinks
versus <1 drink per week was associated with 123 (95% Cl: 69,
178) additional breast cancer cases per 100,000 person-years,
nulliparity versus 3+ children was associated with 180 (95% Cl:
108, 251) additional breast cancer cases per 100,000 person-years
and 155 (95% ClI: 80, 230) additional cases compared to women
giving birth before the age of 25 years. Current HT use was asso-
ciated with 270 (95% Cl: 222, 318) additional breast cancer cases
per 100,000 person-years compared to women who did not re-
port current HT use. The risk of breast cancer did not seem to
vary by BMI or physical activity.

The mediation analyses suggested that alcohol consumption me-
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Figure 6

Additional breast cancer cases according to BMI, lifestyle and
reproductive factors in the SIC cohort (adjusted for educational
level, age and study), N=33,652. Pyrs, person-years.

diated 26% (95% Cl: 14%, 69%) of the social inequality in breast
cancer. Correspondingly, the mediated proportion of parity was
19% (95% Cl: 10%, 45%), age at first birth 32% (95% Cl: 10%,
257%) and HT use 10% (95% Cl: 6%, 18%) when comparing highly
educated to low (Figure 7). High BMI and physical inactivity did
not appear to mediate the relation between educational level and
postmenopausal breast cancer; however, heterogeneity of effects
of educational level was observed across strata of physical activity
(P for interaction = 0.01). Decomposing this interaction between
SEP and physical activity showed a mediated effect through phys-
ical activity of 2 (95% Cl: -1, 5) additional cases for high compared
to low educational level, and a mediated interactive effect of -10
(95% Cl: -16, -4). This may mean that women of low educational
level are less vulnerable to physical inactivity than women of high
educational level (cf. Figure 1), but could on the other hand likely
be a chance finding or a result of differential misclassification, as
discussed later.
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Figure 7

Mediated proportions by each risk factor of the relation between
educational level and breast cancer in the SIC cohort (adjusted for
age and study), N=33,652.

It must be stressed that the mediated proportions for each risk
factor were derived from separate models and thus cannot be
added to a total sum of mediating effects due to potentially inter-
twined pathways (cf. Figure 1, Paper I).

Is the pathway from high BMI and alcohol consumption to
breast cancer mediated by estradiol and insulin?

In Paper 2, we addressed the effects of high BMI and alcohol
consumption on postmenopausal breast cancer and the indirect

DANISH MEDICAL JOURNAL 9



effects through estradiol and insulin (paths F, G and H in the
conceptual model Figure 2). A high serum estradiol level is a well-
established risk factor for breast cancer, but insulin has also been
suggested to be a significant, independent contributor to the
relationship between high BMI and breast cancer risk.

In a subsample of women from the WHI-0OS, a 5-unit in-
crease in BMI, and to a lesser extent alcohol consumption, were
associated with higher levels of estradiol. In the mediation anal-
yses including all breast cancer cases, a 5-unit increase in BMI was
associated with 50 (95% Cl: 23, 77) additional breast cancer cases
per 100,000 person-years, of which 24% (95% Cl: 3%, 68%) could
be ascribed to higher estradiol levels (Figure 8). Correspondingly,
an alcohol intake of 7+ drinks per week compared to abstinence
was associated with 178 (95% Cl: 60, 297) additional breast can-
cer cases per 100,000 person-years, however, the mediated effect
of estradiol on this relation was minimal (2%; 95% Cl: -1%, 11%).
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Figure 8

Direct effect of BMI and alcohol consumption and mediated ef-
fects through estradiol in the WHI-OS subsample (adjusted for
age, ethnicity, education, marital status, physical activity, smok-
ing, age at menarche/menopause, parity, age at 1% birth and 1%
degree relative with BC), N=1,601. BC, breast cancer; pyrs, person-
years; ref, reference; wk, week.

The potential mediating role of estradiol was further investigated
by restricting the analyses to ER positive breast cancers. In these
analyses, the contribution of each exposure was similar to the
main analysis. The indirect effect of estradiol, however, was re-
markably higher for the BMI analysis with 49% (95% Cl: 19%,
161%) of the total effect of BMI mediated through estradiol. The
associations observed for ER negative breast cancer cases were
quite different and statistically insignificant, indicating that the
effects on ER-positive breast cancer cases primarily drove the
results from the main analysis. However, very few cases (N=126)
were ER-negative, and thus, conclusions should be drawn with
caution.

The analyses on the subsample of the population with in-
sulin measurements showed that the effect of high BMI on post-
menopausal breast cancer risk was partly mediated by estradiol,
but to a much higher degree by insulin (Figure 9). The total effect
of a 5-unit increase in BMI was 52 (95% Cl: 12, 91) additional
breast cancer cases per 100,000 person-years at risk. Of this total
effect, an indirect effect of 11 (95% Cl: -2; 25) additional breast
cancer cases per 100,000 person-years was observed for the
pathway through estradiol and 34 (95% ClI: 9, 59) additional

breast cancer cases per 100,000 person-years were observed
through the insulin pathway corresponding to 21% (95% Cl: -4%,
119%) and 66% (95% Cl: 14, 273), respectively. The proportion
mediated by estradiol in this analysis corresponded to the analy-
sis without insulin in the model, which suggests that the two
factors represent distinct pathways.
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Figure 9
Direct effect of BMI and mediated effects of estradiol and insulin
on BC in the WHI-0OS subsample (adjusted for age, ethnicity, edu-
cational level, marital status, physical activity, smoking, age at
menarche/menopause/1° birth, parity and first-degree relative
with BC), N=791. BC, breast cancer; pyrs, person-years.

Does hormone therapy use interact with alcohol consumption
and BMI according to breast cancer risk?

In Paper Ill, the objective was to explore the combined effects of
HT use and high alcohol consumption as well as high BMI based
on the hypothesis that these combinations could increase breast
cancer risk beyond the sum of the separate effects.

Evidence of interaction between these factors was ob-
served in this study. In stratified analyses, overweight compared
to normalweight was associated with 54 (95% Cl: 6, 102) addi-
tional breast cancer cases per 100,000 person-years in non-HT
users and 121 fewer breast cancer cases (95% Cl: -216; -26) per
100,000 person-years in current HT users (P for interac-
tion=0.003). A high alcohol consumption (7+ drinks/week) com-
pared to abstinence was associated with 72 (95% Cl: 12, 131)
additional cases in non-HT users and 180 (95% Cl: 42, 319) addi-
tional cases in current users per 100,000 person-years at risk (P
for interaction=0.02).

The combined effects of HT/BMI and HT/alcohol con-
sumption are presented in Figure 10. When combining the effects
of HT use with BMI, markedly higher risks of BC were observed in
HT users across all BMI groups compared to normalweight non-HT
users. For example, 59 (95% Cl: -4, 122) additional breast cancer
cases per 100,000 person-years were observed among obese non-
HT users, and correspondingly 330 (95% Cl: 187, 477) additional
cases among obese HT-users compared to normalweight non-HT
users. For alcohol consumption combined with HT use, a marked-
ly elevated risk of 432 (95% Cl: 339, 524) additional breast cancer
cases was observed compared to abstinent, non-users of HT.

The analyses according to ER status of the tumor showed, that
these effects were largely restricted to ER-positive breast cancer
cases. For example, HT use combined with an alcohol consump-
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tion of 7+ drinks per week was associated with 360 (95% Cl: 285,
436) additional ER-positive cases per 100,000 person-years, 46
(95% ClI: 9, 82) ER-negative breast cancer cases and 27 (95% Cl: -6,
60) cases of unknown receptor status per 100,000 person-years
compared to abstinent non-HT users.
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Figure 10

Combined effects of HT use, BMI and alcohol consumption on
postmenopausal breast cancer in the SIC cohort (adjusted for age,
study, educational level, parity, BMI (analysis of alcohol consump-
tion), alcohol consumption (analysis of BMI), smoking, parity and
physical activity). BC, breast cancer; pyrs, person-years; ref, refer-
ence.
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Figure 11

Relative differences in 176-estradiol and testosterone levels by
BMI and alcohol consumption according to HT use in a subsample
of the SIC cohort (adjusted for age, educational level, parity, BMI
(analysis of alcohol consumption), alcohol consumption (analysis
of BMI), smoking, physical activity, parity and time of blood draw).
Ref, reference.

Are the investigated pathways intertwined?

As described in the Methods section, intertwined pathways were
investigated by a regression analysis of the mediator (M1) on the
exposure (E) and the potential intertwined mediator (M2). If the
M2-parameter is statistically insignificant, non-intertwined path-
ways can reasonably be assumed [76]. Table 2 presents the p-
values for this analysis in the SIC cohort. According to this, the
pathways investigated in Paper | are likely intertwined.

Table 2

P-values for intertwined pathways from a multinominal logistic regres-
sion analysis of the mediator (M1) on the exposure (educational level)
and the potential intertwined mediator (M2).

1 Physical Age at
M2 activity Alcohol BMI HT Parity 1% birth
Physical Activity
Alcohol 0.09
BMI <0.001 <0.001
HT 0.16 <0.001 <0.001
Parity 0.31 <0.001 <0.001 <0.001
Age at 1* birth 0.07 <0.001 <0.001 0.01 <0.001

Adjusted for age and study. Note that the sample sizes for analyses including HT use and
age at first birth are reduced due to missing information on these variables (N=2,641 for HT
use and N=3,475 for age at first birth).

Table 3 shows the results of the sensitivity analyses combining
the potentially intertwined factors for high versus low educational
level. The mediated proportion for the variable combined by
alcohol and BMI was 27%, which corresponds well to the estimat-
ed separate proportions (26% and 1%, respectively). The same
applies for most of the other combinations. However, the combi-
nation of alcohol with parity gives a mediated proportion of 39%,
which is somewhat lower than expected from the separate ef-
fects (26% and 19%, respectively). Since the two reproductive
factors parity and age at first birth both include the category of
nulliparous women, their effects are obviously intertwined, which
is also evident from this analysis in which the separate mediated
proportions of 19% and 32%, respectively, are reduced to 21% in
combination. A mediated proportion of 13% was observed by the
combination of BMI and physical activity, which is more than
expected from the individual proportions (1% and 3%, respective-
ly). This could be a chance finding or perhaps indicate misclassifi-
cation of the individual effects of these factors which may be
reduced by the combination of the two. Overall, the problem of
intertwined pathways does not seem to seriously affect the main
conclusions.

DiscussiON

In this section the findings of the three papers are discussed in
relation to previous studies on SEP and postmenopausal breast
cancer and in relation to the internal and external validity of the
findings. Sensitivity analyses are presented to substantiate the
conclusions.
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Table 3

Mediated proportions (95% Cl) for combinations of mediators (high
versus low education) in the SIC cohort.

T~ M1 Physical Age at 1%
M2 \‘“\\ activity Alcohol BMI HT Parity birth
Physical 3%
Activity (-1%,12%)
Alcohol 33% 26%
(13%,107%) (14%,69%)

BMI 13% 27% 1%

(-1%,51%) (10%,109%) (-24%,14%)
HT 13% 36% 6% 10%

(6%,54%) (17%,135%) (-8%,140%) (6%,18%)
Parity 21% 39% 21% 31% 19%

(7%,70%) (19%,130%) (6%6,90%) (15%,126%) (10%,45%)
Age at 1% 25% 70% 32% 52% 21% 32%
birth (-23%,148%) (-120%,484%)  (-120%,230%) (-145%,339%) (-29%,154%) (10%,257%)

Adjusted for age and study. The analyses including physical activity account for the interaction
between SEP and physical activity. Note that the sample sizes for analyses including HT use and age at
first birth are reduced due to missing information on these variables (N=2,641 for HT use and N=3,475
for age at first birth).

Main findings

In general, the findings of this thesis support the hypothesis of a
social gradient in postmenopausal breast cancer incidence and
provide some evidence of mediation through the expected path-
ways. Below the main results of the three studies are summarized
referring to the paths in the conceptual model (Figure 2).

e A higher risk of postmenopausal breast cancer was observed
among women with a medium or high educational level com-
pared to women with a low educational level.

e The effect of educational level on postmenopausal breast
cancer appeared to be partly mediated through HT use (path
B), fertility patterns (path C) and alcohol consumption (path
D). The mediating effect of physical activity (path D) was mod-
ified by educational level suggesting that women with a high
educational level may be more vulnerable to physical inactivi-
ty than women of low educational level. BMI did not mediate
the education-breast cancer relation (path E).

e A substantial effect of alcohol consumption on postmenopau-
sal breast cancer was observed, but this relation did not, as
hypothesized, seem to be mediated by endogenous estradiol
levels (path F).

e A higher risk of postmenopausal breast cancer was also ob-
served among women with a higher BMI in the WHI subsam-
ple of non-HT users, and the analyses showed mediating ef-
fects of both estradiol (path G) and insulin (path H).

® The effect of HT use on breast cancer interacted with alcohol
consumption and BMI. Combined with alcohol consumption,
HT use increased the number of breast cancer cases to a level
markedly higher than would be expected from the sum of
their separate effects. For BMI combined with HT use, a mod-
est positive association was observed for non-HT users
whereas markedly higher risks were observed across all BMI
groups in current HT-users with a tendency towards a U-
shaped relation.

Comparison with previous studies

As reviewed in a previous section, several previous prospective
studies have observed social inequalities in postmenopausal
breast cancer. These studies have consistently reported mediat-

ing effects of parity and age at first birth corresponding to the
magnitudes observed in Paper | [9,11,14-18,20,21]. Our findings
of mediated effects through alcohol consumption and HT use —
and lack of effect through BMI — are also consistent with the
existing litterature [11,13,15,17,20]. Thus, the findings of this
thesis support the conclusions of previous studies and add to the
field by quantifying the mediated paths with actual mediation
analyses, addressing the issue of potential differential vulnerabil-
ity across socioeconomic groups (i.e., exposure-mediator interac-
tions), and by investigating the degree to which the mediating
pathways are intertwined.

The literature on mediating effects of estradiol and insulin
on the relation between high BMI, alcohol consumption and
postmenopausal breast cancer is limited. In a large pooled analy-
sis of individual data from eight prospective cohorts, the relation
between BMI and postmenopausal breast cancer was found to be
largely explained by endogenous estrogen levels —in particular by
estradiol levels [51]. Another pooled analysis from the European
Investigation into Cancer (EPIC) collaboration confirmed this
finding [78]. Studies addressing the impact of insulin as a poten-
tial mediator of the relation between BMI and postmenopausal
breast cancer are fewer. However, in a recent case-cohort study
the role of C-peptide was investigated as a biomarker of insulin
secretion in the BMlI-breast cancer relation [79]. Adjustment for
C-peptide reduced the relative risk of breast cancer among over-
weight versus normalweight postmenopausal women from 1.62
(95% Cl: 1.07, 2.46) to 1.48 (95% Cl: 0.76, 2.06). Although the C-
peptide concentration cannot directly be translated into insulin
secretion levels, the study does lend support to the findings of
Paper 1l, in which insulin levels partially explained the excess
breast cancer risk among overweight and obese women.

Several previous studies have addressed the association
between alcohol consumption and endogenous estrogens [58,80-
82], and generally found higher levels among alcohol consumers.
However, a statistically significant relation between alcohol con-
sumption and estradiol is not consistently reported [58,80]. In a
controlled feeding study, women receiving a moderate alcohol
amount of 15-30 g/day (corresponding to 1-2 drinks/day) had
significantly increased levels of estrone sulphate and dehydroepi-
androsterone sulphate (DHEAS) — but not estradiol — compared to
women in the placebo group [46]. Also, a previous study of 128
healthy postmenopausal women examined the correlation be-
tween alcohol consumption and estradiol levels by comparing
self-reported alcohol information to prospectively collected food
records. The relation between estradiol levels and total weekly
alcohol intake was confirmed in analyses of alcohol consumption
based on the food record data, but not when considering the self-
reported alcohol variable [83]. Thus, the previous literature is
somewhat inconclusive regarding the association of alcohol con-
sumption and estradiol. The analysis in Paper lll, suggested a
modestly higher estradiol level with higher alcohol consumption
among non-HT users and an extremely elevated estradiol level in
women combining high alcohol intake with HT use. The results of
the mediation analyses in Paper Il do not lend further support to
a mediating role of estradiol in the alcohol-breast cancer relation
among non-HT users.

The observed interactions between HT use, high BMI and
alcohol consumption are consistent with the previous literature.
A recent large meta-analysis of epidemiologic studies on BMI, HT
use and breast cancer published from 1980-2012, reported a
significantly higher risk of breast cancer in never-users of HT with
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a higher BMI [84]. Among ever-HT users, a higher risk of breast
cancer was observed in cohort studies but not in the case-control
studies. In the EPIC cohort, an analysis of the joint exposure of
BMI and HT use showed a more than two-fold higher risk of
ER+/PR+ breast cancers among current users of HT across all BMI
strata compared to normalweight never-users of HT [85], which is
consistent with the findings of Paper IIl. The markedly higher risk
of postmenopausal breast cancer in women combining HT use
and alcohol consumption is also in accordance with findings of
previous studies [29,30,86-88]. However, the findings of Paper Ill
add to the literature by estimating the additional number of cases
associated with the combined effects and by testing the underly-
ing biological hypothesis of a combined effect of these factors on
estradiol and testosterone levels.

Strengths

This work on mechanisms underlying social inequality in breast
cancer differs from the previous literature by addressing the
question through a new analytical approach. The methods devel-
oped for the SIC project enabled a decomposition of the path-
ways of interest within the counterfactual framework of natural
direct and indirect effects. The papers were further strengthened
by the prospective design, the large sample size of the SIC cohort
and linkage to population-based registers on disease, death and
emigration. The inclusion of the WHI-data provided a relatively
large sample of postmenopausal women with hormone determi-
nations which supported the hypotheses on how mediators may
affect the risk of postmenopausal breast cancer.

Limitations

There are several points to consider with regards to the internal
validity of the three papers. Below, the internal validity is evalu-
ated focusing on the classical sources of bias: selection, misclassi-
fication and confounding as well as the problem of exposure-
dependent confounding in mediation analyses. Considerations
concerning the methodology and the external validity of the
findings conclude this section.

Selection bias

Selection bias of an exposure-outcome estimate arises from
conditioning on common effects of the exposure and outcome (or
other variables) [89]. In prospective cohort studies, selection bias
usually arises from differential follow-up, where for example the
drop-out rate could be higher among diseased compared to
healthy participants (Figure 12). In both the SIC cohort and in the
WHI-0S, loss to follow-up was negligible, which makes selection
bias due to differential loss to follow-up unlikely. The choice to
participate in a cohort study may depend on the SEP of the indi-
vidual and at the same time be related to the outcome through a
common cause such as family history of breast cancer. In the SIC
cohort, the older cohorts (the CCHS and the CRCPH) have a high
participation rate of 70% and above, but the low participation
rate of 35% in the DCHS has been found to be related to SEP, with
higher participation among individuals of a higher educational
level [61]. If participants at the same time are more likely to have
a relative with breast cancer, and thus be at higher risk of breast
cancer, the observed social gradient in breast cancer in the SIC
cohort could be partly non-causal. However, a register-based

study including all Danish women, have shown a similar relation
between educational attainment and postmenopausal breast
cancer [9]. The same potential problem applies to the WHI-0OS in
which spurious associations could be observed if non-participants
differed from participants with regard to their alcohol consump-
tion or BMI and with regard to their breast cancer risk. In the
overall WHI program, approximately 373,000 women were
screened for eligibility. In total, 160,000 women were included in
one of the trials or the observational study. Details on excluded
women are few, but since alcohol addiction was one of the exclu-
sion criteria, the women are likely to differ according to this fac-
tor [64]. Selection also occurred within the group of included
women, since the WHI-OS consisted of those who were ineligible
or uninterested in participating in the WHI trials. However, com-
parisons of the distribution of risk factors (e.g., self-rated health,
BMI and education) across the different trials and the WHI-OS did
not indicate major variations [64], and thus selection bias from
conditioning on willingness to participate in the observational
part of the WHI was likely small.

S Family breast
Participation | aMiyRreas
{ g cancer

Loss to
_follow-up |
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N

Breast
cancer

Figure 12
Potential sources of selection bias.

A similar structure may underlie problems of missing data, where
a complete case analysis could induce bias if the missing infor-
mation is a common effect of for example educational level and
one of the mediators. In Paper Il, multiple imputations were
applied to overcome this potential source of bias under the as-
sumption that variables were missing at random conditional on
the other predictors and the outcome [90]. However, comparing
the complete case analysis to the multiply imputed analysis re-
vealed only negligible differences [67]. In the SIC cohort, approx-
imately 1% of the postmenopausal women were excluded due to
missing information. However, the missingness was equally dis-
tributed across the SEP groups and thus not likely to have com-
promised the internal validity of the findings in Papers | and Ill.

Misclassification of exposure, mediators and outcome

Misclassification occurs when the measured variable is not a good
proxy for the actual exposure, confounder, mediator or outcome
of interest. This may be due to poor operationalization of the
etiological concept of interest (the unobserved construct), prob-
lems of measuring the variable correctly or due to crude categori-
zations of the measurements (Figure 13) [91].

DANISH MEDICAL JOURNAL 13



Unobserved
construct

Operationalization

Measurements
i Harmonization
/categorization

Figure 13
Levels of potential misclassification.

Figure 14 depicts the situation in which the true exposure, SEP,
and the true outcome, BC, are measured with error (SEP* and
BC*). Ugep and Ugc represent measurement errors on exposure
and outcome, respectively. The only situation in which the esti-
mate of the association between the measured SEP* and BC* is
free of bias, is when there is no true effect of SEP on BC [91].

u EP UBC
\ 4 Y
SEP* BC*
4 h
SEP > BC

Figure 14
Causal structure of measurement error, U, on exposure, SEP, and
outcome, BC.

The impact of measurement error depends on whether the error
is dependent and/or differential. Dependent measurement error
arises if some underlying factor influences both the measurement
error of the exposure and the disease (e.g., common-method bias
in which for example a person’s personality affects both the
reporting of exposure and outcome in a questionnaire). Differen-
tial misclassification of the exposure arises when the measure-
ment error depends on the true value of the outcome (e.g., recall
bias in case control studies) or other variables, and likewise the
outcome measurement may be differential with respect to the
exposure or other variables [91].

The causal diagram above describes the structure of po-
tential misclassification bias; however, evaluating the magnitude
or the direction of the bias is somewhat more complex. In the
following, potential misclassification of the different measure-
ments with focus on exposure, self-reported mediators and out-
come, will be discussed and the consequences evaluated through
sensitivity analyses based on plausible scenarios.

Exposure

The concept of SEP encompasses the economic, cultural, political
and social resources of individuals or groups determined by their
position within the structure of a society (cf. Figure 1) [92]. The
classification of the participants’ SEP was based on register infor-
mation on highest attained educational level. Educational level
was applied as a measure of SEP because of its wide availability
across the relevant data sets, and because it has been found to be
a reliable measure of SEP in European countries [93]. Also, com-

pared to income or occupation, educational level is a more con-
stant measure of lifelong social status, i.e., not affected by for
example retirement or changes in health status, issues relevant to
the aging population of the SIC cohort [8,92]. Inequalities in vari-
ous health outcomes have been shown to depend on the chosen
measure of SEP [94,95]. A recent Danish study of SEP and post-
menopausal breast cancer based on the DCHS data, measured
SEP by educational attainment, occupation and income. In this
study, a higher breast cancer incidence was observed in women
of high versus low SEP when SEP was measured by education or
occupation (adjusted for education), but a less clear gradient
when measuring SEP by individual income (adjusted for education
and occupation). The included mediators (reproductive patterns,
HT use, alcohol consumption and BMI) seemed to explain the
educational differences in breast cancer but not occupational
differences [13].

The operationalization of SEP by educational level in this
thesis relates to the underlying theory about the mechanisms
that link SEP with postmenopausal breast cancer (cf. the appen-
dix). The lifestyle factors, obesity and HT use are hypothesized to
be largely driven by health consciousness which probably relates
to a construct of knowledge or ability to turn health information
into behavior rather than actual wealth/material advantage, labor
market position or work-related characteristics (e.g., psychologi-
cal or physical work environment).

The information on educational level was obtained from a
high quality database from Statistics Denmark in which the cover-
age and validity of educational information is generally consid-
ered high [96]. A potential problem with the measurements of
education is that the baseline period of the SIC cohort is very
broad, and a simple linkage to registers on educational level does
not take into account the birth cohort effect of such a measure.
For example, the economic implications and credential value of
achieving a high school diploma attenuate with time, which may
in turn affect the social patterning of breast cancer over time
[97]. In Paper |, a sensitivity analysis addressing the potential
heterogeneity of the relation between education and breast
cancer according to strata of birth cohort did not indicate differ-
ential effects. However, the operationalization of SEP as meas-
ured by educational level alone may still not accurately reflect the
underlying construct of SEP.

Mediators

In this section, misclassification of self-reported mediators is
discussed. Since BMI and blood samples were assessed by staff at
the baseline physical examination and in similar ways across the
pooled cohorts, measurement errors are likely minimized. The
self-report of age at first birth and parity are also not likely to be
misclassified because such major and well-defined life-events are
easier to recall.

In all three papers, lifestyle factors were self-reported and
inevitably reported with some degree of error. In Papers | and IlI
we harmonized information across six cohorts, which added
further imprecision to the measurements. In situations of media-
tion by a dichotomous or normally-distributed non-differentially
and independently misclassified mediator, the mediating effect
will be biased towards the null, and hence the direct effect will be
biased away from the null [98,100]; However, in all other scenari-
os (e.g., where the mismeasured mediator is a non-monotonic
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function of the true mediator) the direction of the bias is not
straightforward [99-101].

As mentioned previously, in a study comparing self-
reported alcohol information to prospectively collected food
records, correlations of alcohol consumption and estradiol were
only observed when considering the food record data, which may
indicate misclassification [83]. However, other studies have found
self-reports of alcohol consumption to be generally reliable in
observational studies, showing correlations above 0.8 when com-
pared to detailed dietary records [83,102,103]. A study on the
Danish MONICA cohort found higher correlations between self-
reported alcohol and detailed assessments among men than
among women, but did not find evidence of differential reliability
according to SEP [102].

Studies on the reliability of self-reported measures of
physical activity suggest low to moderate correlations between
self-reports and directly observable measures (e.g., accelerome-
try) [104]. A recent study of older individuals (60+ years) by Sabia
et al. compared categories of physical activity based on a self-
reported questionnaire and direct measurements, and found that
less than 50% of the participants were classified in the same
tertile. Approximately 20% who were classified as highly physical-
ly active according to the questionnaire had a low physical activity
level according to the accelerometer-assessed measure and vice
versa [105]. The study also concluded that this discrepancy varied
by SEP, with higher correlations observed for high SEP compared
to low SEP [105]. Similarly, another study found that women of
low educational level tended to exaggerate their physical activity
level to a higher degree than women with a higher educational
level [106]. Thus, these previous studies indicate that the meas-
urements of physical activity level in this thesis may be seriously
misclassified, and the consequences will be further investigated in
sensitivity analyses below.

For participants included from the CCHS, mediators were
assessed as early as 1981. These baseline measurements were
taken as a constant measure of each participant’s mediator level
throughout the study period of up to 28 years. Obviously, HT use
and lifestyle risk factors such as alcohol consumption and physical
activity may change over time perhaps due to growing awareness
of the health risk it imposes or changes related to aging (e.g.,
increased sensitivity to alcohol or immobility leading to reduced
physical activity). A previous longitudinal study based on all four
waves of the CCHS, investigated the latency of alcohol consump-
tion on breast cancer by applying updated information on alcohol
consumption. They concluded that baseline measurements of
alcohol consumption were more strongly associated with breast
cancer probably due to long latency time [107]. This suggests
that, at least for alcohol consumption, the application of only
baseline measurements may not be a major problem. As dis-
cussed in Paper Ill, HT use may have decreased during follow-up
because of the growing awareness of unfavorable health implica-
tions. According to one study, the decline was independent of SEP
[108]. A sensitivity analysis ending follow-up in 2002 — in which
we expect a drop in HT use following the publications of several
studies suggesting adverse health effects of HT use — showed a
stronger effect of HT use on breast cancer in the restricted analy-
sis. This indicates that misclassification of HT use biased the over-
all estimates of the HT-breast cancer relation towards the null.

Another point to consider is the fact that the HT measure
did not distinguish between duration of use, route of administra-

tion or types of HT regimens (estrogen, progestin or combination
therapy). The risk of breast cancer has been shown to vary by HT
type, with the highest risk observed for combination therapy
[109]. Combination therapy is usually prescribed to women with
natural menopause whereas therapy of estrogen alone is more
common following surgical menopause [109], which has been
found to be more common in Danish women of low SEP [110].
The problem of having only a very crude version of the mediator
can be considered as a situation of ‘multiple versions of the medi-
ator’ (Figure 15) [111]. The consequence is that we estimate the
indirect effect through the binary HT use variable describing
whether or not the women use hormones, while there is another
indirect effect through type of HT use which we were unable to
estimate. This additional indirect effect will be incorporated in the
direct effect, and thus, the indirect effect of HT use “yes/no” is
underestimated in terms of the ‘true’ HT use. Thus, considering
the potential decrease in HT use over time and the lack of infor-
mation on HT type, the mediated effect of HT use was likely un-
derestimated in Paper .

[ Hysterectomy ]—)[ HT type ]

[ SEP }—{ HT use yes/no ]—)ﬁ]
cancer

Figure 15
Mediation through multiple versions of the mediator.

Outcome

Breast cancer was assessed prospectively in all included cohorts.
The Danish cohorts were linked to the nationwide Danish Cancer
Registry [68], and the WHI collected information through self-
administered questionnaires, which were further validated by
reviews of hospital discharge summaries [70]. The coverage from
such sources is considered quite high. However, it does not ac-
count for potential case detection variation between subgroups —
for instance educational variations, if women of higher educa-
tional level were more prone to attend their general practitioner
than women of low educational level. In 1991, an organized
mammography screening program of women aged 50-69 years
was introduced in the Copenhagen area, and an increased detec-
tion and overdiagnosis of breast cancer was seen in the following
years [112]. If screening attendance is related to educational level
or to any of the mediators included in our study, the lack of con-
trol for this factor may have biased the results. If women of high-
er educational level attended the screening visits to a higher
degree than women of low educational level, the observed social
inequality in breast cancer might be non-causal. A previous study
on socioeconomic differences in screening non-attendance in
Copenhagen found a U-shaped relation, that is ‘never-use’ of
screening was more frequently observed among women of both
low and high education compared to women with a medium
educational level [113]. Another study on more recent screening
data (2008-2009) from the Region of Central Denmark, from
which a large part of the DCHS was sampled, found non-
participation to be associated with low SEP [114]. Thus, some
degree of differential misclassification due to differences in
screening behavior is possible; however, our study included very
few cases from the investigated period of the latter study (=5%)
[114].
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In Papers Il and lll, we were able to distinguish breast can-
cer cases according to ER status, however, the histology of the
breast cancer cases was not considered in this thesis. During the
1980s and 1990s, the incidence of lobular tumors increased con-
siderably, whereas the incidence rate of ductal tumors remained
rather constant [115,116]. Previous studies have proposed dis-
tinct etiologies for these two main types of invasive breast can-
cers, which suggests different implications for prevention, diag-
nosis, treatment and prognosis [117,118]. Lobular tumors appear
to be more hormonally dependent than ductal [109,119,120],
which may indicate that the mediated effects observed in this
thesis could be different across histologic subtypes. A recent
publication within the Nurse’s Health study, examined potential
effect heterogeneity of risk factors according to breast cancer
histology [121]. Associations of these risk factors were all ob-
served in the expected directions, however, stronger effects of
age at menarche, age at first birth and postmenopausal HT use
were observed for lobular compared to ductal tumors. The asso-
ciations observed for BMI, alcohol consumption and family histo-
ry of breast cancer did not differ according to histologic subtype.
Thus, including information on histopathological subtypes of
breast cancer would have enhanced the biological understanding
of how HT use, lifestyle and reproductive factors affect breast
cancer risk.

How does misclassification affect the results?

Misclassifications should be evaluated according to whether they
are independent and/or non-differential as mentioned previously.
Since SEP, mediators and breast cancer were derived from differ-
ent sources and collected prospectively at different points in
time, dependent measurement errors do not seem obvious.
However, the above mentioned study by Sabia et al. suggested
differential misclassification of physical activity according to SEP
[105]. Figure 16 depicts such differential measurement error in
our setting.

Usep Upa Usc
Physical Breast

SEP* activity* cancer*
Physical Breast

SEP ysica Breas
activity _cancer

Figure 16
Differential measurement error, U,
activity according to SEP.

on the mediator physical

The degree to which SEP-dependent misclassification of the phys-
ical activity-level would have affected the mediation analysis was
evaluated by introducing further misclassification to the observed
physical activity variable (Figure 17) [122]. In this scenario, it was
assumed that 20% of the women of low educational level over-
reported their physical activity level, and that 15% of the women
with a medium and 10% with a high educational level over-
reported their level of physical activity, respectively. The sensitivi-
ty analysis randomly picked the women according to the men-
tioned percentages and the whole procedure was repeated 1,000
times to explore how the effect estimates changed. The total

effect, mediated effect and mediated interactive effect were
derived from the median of the replications along with 95% con-
fidence intervals.

Educational level
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Figure 17

Observed (misclassified) number of participants according to
educational level and physical activity.

The total (TE), mediated (ME, and mediated interactive (MIE)
effects from the original (observed) data and the results of the
simulations are presented in Table 4. In the original data, 70.5
additional breast cancer cases per 100,000 person-years were
observed among women with a medium educational level and
correspondingly 73.8 additional cases in women with a high edu-
cational level compared to women with a low educational level.
The mediated effect of physical activity was negligible for both
educational groups. A statistically significant mediated interactive
effect of 10.1 fewer cases per 100,000 person-years was observed
among the highly educated women. The results of the sensitivity
analysis suggest that the introduced misclassification of the me-
diator, as depicted in Figure 17, leads to bias towards the null, as
the mediated interactive effect was reduced to -1.3 cases per
100,000 person-years in the misclassified scenario. The second
misclassification scenario, in which the contrast in misclassifica-
tion across educational groups was increased (low educational
level 20%, medium educational level 10% and high educational
level 5%), led to a slightly positive mediated interaction. Introduc-
ing even further misclassification (low 30%, medium 20%, high
10%) led to a clearly positive mediated interactive effect of physi-
cal activity. Thus, the mediated interactive effect is very sensitive
to differential misclassification of the mediator, which may ex-
plain the unexpected interaction observed between SEP and
physical activity in Paper I.

Confounding

In the ideal setting, the estimates of breast cancer risks when
comparing exposed to unexposed participants would be causally
interpretable. However, such conclusions rely on an assumption
of exchangeability between exposed and unexposed persons, i.e.,
that the risk of breast cancer among highly educated women
would be equal to that of the low educated women if a hypothet-
ical intervention could change their educational level from high to
low [123]. In observational studies, exchangeability is approxi-
mated by adjustment for confounding [124]. In the mediation
analysis, confounding can occur at several levels as depicted in
Figure 18: Between exposure and outcome, exposure and media-
tor, mediator and outcome — and confounding of the mediator-
outcome dependent on the exposure is a further challenge. This
will be discussed in a separate section below.
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Table 4

Mediated proportions (95% Cl) for combinations of mediators (high versus low education) in the SIC cohort.

Medium education

High education

Additional breast cancer cases per 100,000 person-years

Additional breast cancer cases per 100,000 person-years

TE ME MIE TE ME MIE
Observed
70.5 1.0 -04 73.8 2.2 -10.1
95% Cl (29.0; 111.9) (-1.6; 1.8) (-2.9;2.2) (22.1; 125.6) (-0.5; 4.9) (-15.7; -4.5)
Misclassified
Median 70.2 0.02 0.1 73.5 0.2 -1.3
2.5%-97.5% (70.1; 70.4) (-1.0; 1.0) (-1.2; 1.5) (73.4; 73.7) (-0.5; 0.8) (-2.8;0.1)
Misclassified?
Median 70.1 -0.8 0.6 733 -0.5 2.3
2.5%-97.5% (69.9; 70.3) (-2.2;0.6) (-1.2; 2.4) (73.2; 73.6) (-1.6; 0.5) (0.7; 3.9)
Misclassified®
Median 70.0 -0.8 0.6 733 -1.4 6.3
2.5%-97.5% (69.8; 70.3) (-2.5;0.6) (-1.3; 2.6) (73.0; 73.6) (-3.1;0.1) (3.8; 9.0)

TE, total effect; ME, mediated effect; MIE, mediated interactive effect.

Medium and high education defined as 11-14 years (upper secondary or vocational) and 15+ years of education.
'Overreport of 20%, 15% and 10% among low, medium and high educational level, respectively.

*Overreport of 20%, 10% and 5% among low, medium and high educational level, respectively.

*0verreport of 30%, 20% and 10% among low, medium and high educational level, respectively.

Figure 18
Causal diagram of the relation between exposure, E, and out-
come, O, mediated through M and confounded by C and X.

The confounders identified for the analyses in this thesis, were
selected on the basis of prior knowledge of causal relations ob-
tained through literature reviews [71]. The DAG presented in the
appendix, depicts the assumed causal relation between SEP and
postmenopausal breast cancer. As appears from the diagram,
most factors are expected to lie on the causal path from SEP to
postmenopausal breast cancer. One exception is family history of
breast cancer, which was unmeasured in the SIC cohort and thus,
not included in Papers | and lll. If women with a family history of
breast cancer obtained a lower level of education and at the same
time were at higher risk of breast cancer, the social inequality in
breast cancer observed in Paper | is underestimated due to the
lack of control for family history of breast cancer. However, family
history of breast cancer is unlikely to have strongly influenced SEP
and, as discussed in the paper, the population attributable frac-
tion of family history to breast cancer is modest [125]. Thus, the
effect of this particular confounder is likely small.

Early-life SEP is another potential common cause of SEP,
the mediators and postmenopausal breast cancer [126]. Child-
hood SEP may affect breast cancer risk indirectly through adult
SEP and the mediators considered in this thesis; however, it is
possible that circumstances related to childhood SEP may shape

the environment and in turn affect biological processes of later
breast cancer independent of adult SEP (cf. a “critical period
mechanism”) [127]. Factors such as childhood physical activity,
diet and chronic inflammation have been put forward as possible
risk factors acting independently of adult SEP [128]. Results of a
recent analysis addressing the life-course perspective, suggested
that the direct effect of childhood SEP on breast cancer was nega-
tive, but that the mediated effect through adult SEP was positive
[128]. In this way, the additional number of breast cancer cases
among women of high educational level may be underestimated
in this study due to the lack of control for childhood SEP. In addi-
tion, the DAG also suggests potential confounding of the obesity-
breast cancer relation through age at menarche. This factor was
not measured among women in the SIC cohort [27]. Young age at
menarche is a risk factor for both adult obesity [129] as well as
postmenopausal breast cancer [130]. We did not observe an
overall effect of high BMI on breast cancer risk in Paper |, but lack
of control for this factor may have overestimated the effect in
Paper lIl.

In Papers Il and Ill, we considered the association be-
tween lifestyle and reproductive factors, BMI, HT use and breast
cancer. These relations involved adjustment for several confound-
ing factors. A great concern here is misclassification of confound-
ers, which inevitably leads to residual confounding [91,131,132].
As mentioned in the section above, misclassification is expected
for the self-reported lifestyle factors. In Papers Il and lll, the anal-
yses of the association between high BMI and breast cancer were
adjusted for physical activity level. The relation of both BMI and
breast cancer with physical activity is expected to be inverse
[47,50] and thus, perfect control for physical activity would re-
duce the BMI-breast cancer association. Since it is likely that
physical activity in our population was measured with error, some
of the additional number of breast cancer cases observed in
women with a higher BMI may be due to physical inactivity rather
than obesity. The magnitude of this residual confounding, how-
ever, also depends on the extent to which physical activity is
correlated with other included confounders [131]. Similar prob-
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lems arise in the alcohol-breast cancer analyses (Papers Il and Il1),
where adjustment for the measured smoking variable is likely to
be insufficient.

Exposure-dependent confounding

A special case of confounding in mediation analyses occurs when
a confounder of the mediator-outcome relation is affected by the
exposure. In such a situation, the natural direct and indirect ef-
fects cannot be identified with current methods irrespective of
whether the exposure-dependent confounder is measured or not
[75]. The possibility of exposure-dependent confounding may be
minimized in situations where the mediator occurs shortly after
the exposure, because when the mediator is measured immedi-
ately after the occurrence of the exposure, it is less likely that
another effect of the exposure would confound the mediator-
outcome relation [133]. This is, however, not the case for the
majority of mediators considered in this thesis and the inability to
take account of potential exposure-dependent confounding is a
severe limitation of these methods.

The concept of exposure-dependent confounding is close-
ly related to the problem of intertwined pathways evaluated
previously in this thesis. In that scenario, the lifestyle, BMI and
reproductive factors were expected to partly take affect through
the same pathways. The results of the analyses considering this
issue did not, however, suggest the mediators to be strongly
intertwined.

When considering the DAG presented in the appendix,
other factors which are consequences of SEP, may have con-
founded the mediator-outcome relations, e.g., ‘health conscious-
ness’. According to previous studies, health consciousness may be
affected by SEP [134,135], and may in turn affect both obesity
and the risk of breast cancer. If health conscious women are less
obese and at the same time at lower risk of breast cancer because
of a healthier lifestyle, the lack of control for health consciousness
overestimates the obesity-breast cancer relation (Figure 19).
Because of the inverse relation between SEP and obesity, the
indirect effect of SEP on breast cancer through obesity is likely
underestimated.

Health consciousness was not measured in the available
data. If measured, the problem could be addressed by considering
the mediator and the exposure-dependent confounder jointly.
However, since the actual interest is in the mediating effect of
obesity, this would be unsatisfactory. Other methods have re-
cently been proposed to account for this type of confounding
when measured in the data [75,77].

Health
consciousness

[ SEP ]—»[ Obesity Breast
cancer
Figure 19

Exposure-dependent confounding of the relation between the
mediator obesity and breast cancer through ‘health conscious-
ness’.

Other methodological considerations

Aside from the various sources of bias addressed above, other
methodological issues should be mentioned. Below, the determi-
nation of the study population by the definition of menopausal
status and the statistical methods applied are discussed.

Definition of postmenopausality

In this study, we defined postmenopausality according to age at
baseline (50+ years), a crude proxy for menopausal status which
may have caused some misclassification. Several other definitions
have been applied in previous epidemiological studies (e.g., com-
binations of information according to time since last menstrual
period, history of hysterectomy/oophorectomy and/or age)
[136,137]. Since the transition from premenopause to postmeno-
pause is complex and takes place over several years, no gold-
standard for determining menopausal status has been defined. A
recent study comparing various approaches to defining postmen-
opausality, reported modest overlap between the comprehensive
measures taking several aspects into account and the crude
measures according to age [136]. Based on the comprehensive
definition, 25% of the women aged 50-54 years were classified as
premenopausal, whereas 10% of the women aged 40-49 years
were classified as postmenopausal. However, the breast cancer
incidence did not vary considerably across the definitions. The
authors of another study comparing various definitions of post-
menopausality, concluded that when lacking information on
menstrual history an age-definition of 50 years would be the best
proxy for menopausal status [137].

Statistical methods

The methods applied in this thesis were developed in order to
quantify mediating effects. As mentioned previously, there are a
number of problems with the conventional method of comparing
crude and adjusted coefficients in nonlinear models. First of all,
the decomposition of the total effect into direct and mediated
pathways is not straightforward; and second, estimations are
limited by mediator-outcome confounding, exposure-dependent
confounding of the mediator-outcome relation, interactions
between exposure and mediators as well as interactions between
mediators [24,25].

By applying new methods, some — but far from all — of
these issues were addressed. The methods allowed for the de-
composition of effects, although limited to single pathways under
the assumption that all mediators of interest work through dis-
tinct, non-intertwined pathways. Sensitivity analyses suggested
that this assumption was not severely violated in the present
context. The methods also allowed for the three-way decomposi-
tion of the direct effect, the pure indirect effect and the mediated
interactive effect which is important when considering potential
differential vulnerability across SEP groups. We were not, howev-
er, able to account for exposure-dependent confounding and
interaction between mediators.

Mediation analysis is currently an active area of epidemio-
logic research and recent discussions have concerned the extent
to which the newer methods actually provide qualitatively differ-
ent results than the conventional mediator-adjustment approach.
Most of the previous work on mediating effects of the relation
between SEP and breast cancer has been based on the Cox pro-
portional hazards model or logistic regression. As noted previous-
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ly, the assumption of collapsibility underlying the comparison of
unadjusted to adjusted models of these types is questionable
[138]. However, recent work by Vanderweele and colleagues
showed that the adjustment approach can be used in situations
where the outcome is relatively rare (e.g., <15%) [139]. In situa-
tions where the effects of the exposure and mediator do not
interact, the controlled direct effect equals the natural direct
effect, and the natural indirect effect will equal the total effect
minus the controlled direct effect [139,140]. However, when the
outcome is common and/or the exposure and mediator interact,
actual mediation analyses — like the methods applied in this thesis
—are needed [141].

External validity

The participants included in the SIC cohort were all in principle
randomly selected from the general population of the urban
areas of Copenhagen and Aarhus. The representativeness of the
pooled cohort studies is questionable because of their participa-
tion rates, which were low — especially in the DCHS (approximate-
ly 35%). Studies comparing participants versus non-participants of
the cohorts included in the SIC collaboration, have shown a ten-
dency towards a higher participation rate among younger individ-
uals, individuals of a higher educational level and with a slightly
healthier risk factor profile [60-62]. These findings suggest, that
the diversity of the population according to these factors was
limited. Even if the non-response was negligible, the cohorts
would not be representative of citizens of more rural areas of
Denmark. It is also important to note that the SIC cohort mainly
consists of Caucasian women. Since ethnicity is associated with
SEP and also breast cancer etiology, there is reason to be cautious
about direct extrapolation to ethnic minority women.

The possibility of specific period effects should also be
acknowledged. The findings of this thesis is based on cohorts
which collected information on risk factors dating back to 1981.
These effects are likely dependent on the distribution of various
component causes, and their distribution will be specific to the
context in which the information was collected.

The same considerations apply for the WHI-OS in Paper Il
with regards to generalizability to the general American popula-
tion and the specific time period represented in these data.

CONCLUSION

The results of this thesis suggest that the social inequality in
postmenopausal breast cancer is largely mediated by HT use,
alcohol consumption and reproductive factors. Alcohol consump-
tion interacted with HT use and their combination was associated
with a markedly higher breast cancer risk than expected from
their individual effects. The analyses considering the combination
of HT use and alcohol consumption in relation to endogenous
hormone levels suggested that the higher risk may be driven by
noticeable higher estradiol levels and — to some extent — testos-
terone levels. The importance of estrogen in this relation was also
supported by the fact that the findings were largely restricted to
ER-positive breast cancer cases.

Overall, high BMI was not a significant mediator of the
SEP-breast cancer relation in the SIC cohort. High BMI was more
prevalent among women with low compared to high education,
but unexpectedly there was no overall association between BMI
and breast cancer. However, an interaction between BMI and HT

use was identified in further analyses, revealing a tendency to-
wards a higher risk of breast cancer with higher levels of BMI in
current non-HT users and a U-shaped relation in current HT users.
In the WHI-OS data — which only included current non-HT users —
a statistically significant higher risk of breast cancer was observed
with higher BMI. The analyses of endogenous hormone levels
indicated a role of estradiol, insulin and testosterone in the rela-
tion of BMI with postmenopausal breast cancer.

The various sources of bias discussed in this thesis raise
concern that the observed relations could be biased. In particular,
the impact of HT use and physical inactivity on the relation be-
tween SEP and breast cancer may have been affected by misclas-
sification, and the observed mediating effects are likely conserva-
tive estimates regarding the impact of each factor.

PERSPECTIVES

The findings of this thesis lend support to the notion that social
inequality in breast cancer could be reduced through preventive
strategies targeted HT use, alcohol consumption and reproductive
factors. However, it is important to keep in mind that findings
from epidemiological studies do not generally translate into in-
tervention effects, as the strength of a cause depends on the
prevalence of other causes of disease in a given population; and
that ethical and economic concerns also apply when planning
public health interventions.

According to the model developed by Diderichsen and col-
leagues presented at the beginning of this thesis (Figure 1), there
are three main policy entry points for reducing social inequality in
health: A) influencing social stratification, B) decreasing exposures
and C) decreasing vulnerability. We are obviously not able to — or
interested in — manipulating educational level from high to low
(i.e., entry point A), but policies targeted at reducing the effect of
SEP on mediators, would be more realistic (i.e., entry point B). For
example, policies that would encourage women of higher educa-
tional level to give birth to more children at younger ages and
reduce HT use and alcohol intake to the levels observed among
women of low education have the potential to prevent a large
share of the postmenopausal breast cancer cases observed in
women of high educational level. The combination of the effects
of HT use, alcohol intake and BMI also underpins the potential of
decreasing vulnerability, because women who use HT may be
particularly vulnerable in terms of postmenopausal breast cancer
if they also consume alcohol. Likewise, the risk of breast cancer
according to HT use also appeared to vary by BMI. These findings
need to be confirmed in other studies, but suggest that changing
clinical guidelines for the prescription of HT according to the BMI
or the alcohol habits of women may contribute to the prevention
of postmenopausal breast cancer.

In a broader perspective, affecting reproductive patterns
towards a lower age at first birth and an increase in higher-order
births has important implications for public health and society as
a whole. The negative consequences of postponement of
childbearing include lower fecundity and higher risks of adverse
pregnancy outcomes. In addition, the Danish welfare system
suffers from a decreasing workforce in proportion to the popula-
tion of non-working-age (0-15 and 65+ years), and increasing
higher-order births would decelerate this development. Thus, the
risks and benefits of altering reproductive patterns, alcohol and
HT behavior regarding other diseases are also important to
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acknowledge, and the apparent protective coronary effect of
moderate alcohol consumption is also worth considering.

Another consideration is that the social patterning of re-
productive factors, HT use and alcohol consumption may affect
the social inequality in one direction, but the increasing and high-
ly skewed prevalence of obesity and physical inactivity may work
in the opposite direction. The results of this thesis suggested
higher risks of breast cancer among non-HT users. An increase in
breast cancer among women of lower SEP due to a rise in obesity
would reduce the overall social inequality in breast cancer; but in
the interest of public health, it is important not to overlook the
future challenge of obesity in relation to postmenopausal breast
cancer incidence.

As mentioned previously, it is an ongoing discussion
whether the newer counterfactual-based mediation approaches
provide better estimates — and thus, whether they add more
public health insight relevant for prevention policies — compared
to the conventional mediator-adjustment approach. There is no
doubt that the development of these methods has elucidated the
potential biases that may underlie the reported mediating effects
in previous studies. However, recent publications based on the
newer methods are also accompanied by increasing numbers of
sensitivity analyses, which highlights the need for better data in
terms of misclassification and confounding.

Future studies should focus on life-course perspectives of
social inequality in breast cancer in order to unravel the relative
importance of risk factors and their timing from early childhood
to old age. Cohort studies with long follow-up times would enable
the identification of sensitive periods, and repeated measure-
ments of mediators would allow for analyses of health behavior
trajectories over time. In addition, there is a need for further
development of the methodology for the quantification of medi-
ating effects to handle current shortcomings such as exposure-
dependent confounding and the potential interactions between
mediators.

In conclusion, this thesis adds to the current knowledge on how
SEP affects postmenopausal breast cancer risk by quantifying the
mediating effects of several modifiable risk factors through the
application of new statistical methods. The results were qualita-
tively in accordance with findings of previous studies, but refined
by addressing interactions between SEP and the mediators and
between the mediators, by investigating hormonal pathways to
support the biological hypotheses and by testing the underlying
assumptions and potential biases through sensitivity analyses.

SUMMARY

This thesis is based on studies conducted in the period 2010-2014
at Department of Public Health, University of Copenhagen and at
Department of Epidemiology and Population Health, Albert Ein-
stein College of Medicine, New York. The results are presented in
three scientific papers and a synopsis.

The main objective of the thesis was to determine mech-
anisms underlying social inequality (defined by educational level)
in postmenopausal breast cancer (BC) by addressing mediating
effects through hormone therapy (HT) use, BMI, lifestyle and
reproductive factors. The results of previous studies suggest that
the higher risk of postmenopausal BC among women of high SEP
may be explained by reproductive factors and health behaviors.

Women of higher SEP generally have fewer children and give birth
at older ages than women of low SEP, and these factors have
been found to affect the risk of BC — probably through altered
hormone levels. Adverse effects on BC risk have also been docu-
mented for modifiable health behaviors that may affect hormone
levels, such as alcohol consumption, high body mass index (BMI),
physical inactivity, and HT use. Alcohol consumption and HT use
are likewise more common among women of higher SEP.

The analyses were based on the Social Inequality in Can-
cer (SIC) cohort and a subsample of the Women’s Health Initiative
Observational Study (WHI-0S). The SIC cohort was derived by
pooling 6 individual studies from the Copenhagen area including
33,562 women (1,733 BC cases) aged 50-70 years at baseline. The
subsample of WHI-OS consisted of two case-cohort studies with
measurements of endogenous estradiol (N=1,601) and insulin
(N=791). Assessment of mediation often relies on comparing
multiplicative models with and without the potential mediator.
Such approaches provide potentially biased results, because they
do not account for mediator-outcome confounding, exposure-
dependent mediator-outcome confounding, exposure-mediator
interaction and interactions between mediators. In addition,
these simple methods do not allow for a decomposition of the
total effect into direct and indirect pathways. The counterfactual-
based methods for quantifying mediating effects in this thesis
were developed specifically for this project taking into account
some of the shortcomings of previous methods.

The results of this thesis showed that a high versus low
educational level was associated with a higher risk of postmeno-
pausal BC and that this effect was partly mediated through HT
use, fertility patterns and alcohol consumption in the SIC data.
Overall BMI did not mediate the education-BC relation. The re-
sults from the WHI-OS for the effect of alcohol consumption on
BC risk did not — as hypothesized — seem to be mediated by en-
dogenous estradiol levels; however, the observed higher risk of
BC with higher levels of alcohol was restricted to estrogen-
receptor positive cases, which indicates a role of estrogens in this
relation. In the WHI-OS subsample of non-HT users, a higher risk
of BC was found with higher levels of BMI; both estradiol and
insulin mediated the effect of BMI on BC. The effect of HT use on
BC interacted synergistically with alcohol consumption and this
combination appeared to be associated with very high serum
levels of estradiol in the SIC data. For BMI combined with HT use,
a modest positive association was observed for non-HT users
whereas markedly higher risks were observed across all BMI
groups in current HT-users with a tendency towards a U-shaped
relation.

In conclusion, the social inequality in postmenopausal BC
seems to be largely mediated by HT use, alcohol consumption and
reproductive factors. Various sources of bias — especially misclas-
sification of mediators, but also exposure-dependent confounding
— raise some concern about the observed relations. Future studies
should focus on life-course perspectives to identify certain win-
dows of susceptibility and collect data on repeated measure-
ments of mediators to enable health behavior trajectories over
time. In addition, there is a need for further development of the
methodology for the quantification of mediating effects to handle
current shortcomings such as exposure-dependent confounding
and the potential interactions between mediators.
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APPENDIX

Directed acyclic graph (DAG) of the relation between SEP and postmenopausal breast cancer
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