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Tobacco smoke has both carcinogenic effects and anti-estrogenic properties and its inconsistent association with breast cancer risk in
observational studies may be because of these competing effects across the lifecourse. We conducted a prospective study of prenatal smoke
exposure, childhood household smoke exposure, and adult active smoke exposure and mammographic density, a strong intermediate marker of
breast cancer risk, in an adult follow-up of existing US birth cohorts. Specifically, we followed up women who were born between 1959 and
1967 and whose mothers participated in either the Collaborative Perinatal Project (Boston and Providence sites) or the Childhood Health and
Development Study in California. Of the 1134 women interviewed in adulthood (ranging in age from 39 to 49 years at interview), 79% had a
screening mammogram. Cigarette smoking was reported by mothers at the time of their pregnancy; 40% of mothers smoked while pregnant. Women
whose mothers smoked during pregnancy had a 3.1% (95% confidence interval (CI) 5 26.0%, 20.2%) lower mammographic density than women
whose mothers did not smoke during pregnancy. When we further accounted for adult body mass index and adult smoking status, the association
remained (b 5 22.7, 95% CI 5 25.0, 20.3). When we examined patterns of smoking, prenatal smoke exposure without adult smoke exposure was
associated with a 5.6% decrease in mammographic density (b 5 25.6, 95% CI 5 29.6, 21.6). Given the strength of mammographic density as an
intermediate marker for breast cancer, the inverse associations between mammographic density and smoking patterns across the lifecourse may help
explain the complex association between cigarette smoking and breast cancer risk.
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Introduction

Cigarette smoke, a known carcinogen, increases the risk of
cancer at many sites. The association between cigarette smoke
and breast cancer is much more modest (as reviewed in1,2),
though evidence suggests a stronger association in selected
subgroups defined by genes related to poorer DNA repair
(including BRCA1), carcinogen metabolism and oxidative
damage.3–8 Cigarette smoke has both anti-estrogenic and
carcinogenic properties, and its inconsistent association with
breast cancer risk in observational studies may result from
these competing effects.9,10 Timing and duration of exposure
may be particularly important. For example, among 111,140

participants in the Nurses’ Health Study, smoking more than
30 pack-years between menarche and menopause increased
breast cancer risk by 28%; conversely, smoking after meno-
pause was inversely related to breast cancer incidence.11

Most studies of breast cancer etiology have focused on
exposures and behaviors in adulthood. However, increasing
epidemiologic evidence supports the impact of exposures
much earlier in life, including in the prenatal period, on breast
cancer susceptibility.12,13 Strong associations between maternal
diethylstilbestrol exposure and the daughter’s subsequent risk of
clear cell vaginal cancer provided the first epidemiologic evi-
dence that an in utero exposure, particularly a hormonal one,
could be a cause of cancer later in life.14–16 Prenatal exposures
may increase breast cancer risk by increasing the number of
mammary cells, increasing the rate of cell division, increasing the
number of in utero mutations, imprinting the fetal ovary and
altering epigenetic profiles.17,18 Evidence to support the prenatal
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environmental influences on breast cancer emerged from
epidemiologic studies investigating proxies for the hormonal
intrauterine environment such as older maternal age at
birth,19–23 twinning24–29 and higher birth weight.26,30–32 These
markers of the intrauterine environment are non-specific and
many other prenatal exposures remain unexplored. Because
most prenatal factors are not as easily or reliably recalled in
adulthood,33 studies with prospectively collected data on
specific exposures in early life are required to investigate these
potential associations.

Prenatal smoke exposure has been associated with the risk
of breast cancer and benign breast disease in some stu-
dies,31,34 although other studies have not observed an asso-
ciation.24,35,36 As breast cancer susceptibility may be affected
by early life factors and smoking patterns can be influenced
by socioeconomic and family environment across the life-
course, we conducted a prospective study of both passive and
active cigarette smoke exposure and breast cancer risk. We
measured breast cancer risk using mammographic density, a
strong intermediate marker of breast cancer risk, which has
been associated with many hormonal risk factors for breast
cancer.37–43 Adult cigarette smoking has been consistently,
inversely associated with mammographic density, perhaps
reflecting the anti-estrogenic effect of cigarette smoke.44–46 We
conducted our study in an adult follow-up of existing US birth
cohorts; these cohorts have prospectively collected data on
prenatal smoke exposure, which were collected before smoking
behavior (particularly during pregnancy) was widely stigma-
tized and subject to social desirability bias when reporting.

Methods

Study sample

The Early Determinants of Mammographic Density (EDMD)
study is an adult follow-up of women born in two US birth
cohorts – the Child Health and Development Study (CHDS),
which was conducted in California from 1960 to 1967,47 and
two sites of the Collaborative Perinatal Project conducted in
Boston, Massachusetts, and Providence, Rhode Island, from
1959 to 1966.48 These birth cohorts were established to inves-
tigate prenatal and familial antecedents of childhood growth
and development. Both cohorts recruited pregnant women who
received prenatal care at a participating hospital. The CHDS
recruited pregnant women receiving prenatal care at the Kaiser
Family Health Plan in Oakland, California. The New England
sites of the Collaborative Perinatal Project (referred to hereafter
as the New England Family Study, NEFS) recruited pregnant
women receiving prenatal care at one of the teaching hospitals of
Harvard Medical School and Brown University. Both studies
followed up the pregnant women prospectively through preg-
nancy and childbirth and followed up their children postnatally
through early childhood. The EDMD study includes the Early
Determinants of Adult Health (EDAH) sample (described in49),
but greatly extended it with separate funding, in order to address

specific questions about prenatal exposures and breast cancer risk
across the continuum of birth size.

Adult follow-up eligibility

We restricted eligibility for the EDMD study to women who
fulfiled the following criteria: (1) singleton birth; (2) survived
to last childhood follow-up; (3) birth weight and length
recorded at birth; (4) childhood height and weight measures
for at least two time points; (5) third trimester serum available;
(6) at least one sister in the original cohort meeting the same
criteria. Please see Susser et al.49 in this issue for additional
information on sampling from the overall EDAH. There were
2423 women across the NEFS and CHDS cohorts who met
these criteria (1163 sibling sets). The sibling sample was designed
to reduce bias due to family-level confounders such as socio-
economic status. We supplemented this sibling sample with an
additional sample of women who met the first five criteria, but
did not have a sibling who met these eligibility criteria. In total,
3256 women were eligible for inclusion in the EDMD study.

Recruitment for follow-up

We attempted contact with 1925 (59.1%) women who were
randomly selected from the pool of 3256 eligible women. Of
those we attempted to contact, we were able to successfully
trace 68.8% of the women (n 5 1314). Of the successfully
traced women, 1134 (86.3%) participated in the EDMD
study. This final sample consisted of 521 singletons and 296
sibling sets comprised 613 individuals (277 sets of 2 siblings,
17 sets of 3 siblings, 2 sets of 4 siblings). Tracing rates were
higher for the CHDS cohort than for the NEFS cohort (80.2%
v. 59.1%); however, participation rates were very similar across
the CHDS and NEFS once the women were successfully traced
(85% and 88%, respectively). The study was approved by the
Institutional Review Boards at Columbia University Medical
Center, Kaiser Permanente, Brigham and Women’s Hospital
and Brown University.

Baseline childhood data

Childhood and prenatal data were based on direct measure-
ments and maternal reports at exam visits. Data on prenatal
smoke exposure (yes/no and intensity of smoking), maternal
pre-pregnancy body size and maternal education were based on
maternal reports during prenatal visits. Birth characteristics
including birth weight, birth length and placental weight were
measured using calibrated scales and standardized procedures.
Placental weight (grams) was collected and recorded according
to the Benirschke protocol.50 Gestational age was defined as the
time elapsed from 1st day of last menstrual period (LMP) to the
day of delivery. LMP was established at the initial prenatal
registration interview by a trained interviewer. In the NEFS,
childhood height and weight measures were collected by trained
clinical staff at either 8 months or 12 months, and at either
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4 years or 7 years. In the CHDS, height and weight measures
were recorded from the information collected at pediatric visits
from 1 to 5 years of age (66 months).49

Adult interview data collection

Women who agreed to participate completed a 45-min
computer-assisted telephone interview, in which data were
collected on personal health history and medication use, first
degree family history of cancer, sociodemographic factors,
alcohol use, detailed reproductive history, anthropometric
measures and lifecourse exposures to passive and active tobacco
smoke. We used data from the adult interviews including
exposure to childhood environmental tobacco smoke (ETS)
from birth to age 18 (defined as report of smoking in the home
by the mother, father or other household members), age at
menarche (reported in increments of 0.5 years), own smoking
behavior of the participants at the time of interview (included
in this analyses as never, former and current), alcohol intake
(included in this analyses as nondrinker, ,3 drinks per week,
3–7 drinks per week and .7 drinks per week), highest com-
pleted education, current household income, current body
mass index (BMI, kg/m2, calculated from self-reported height
and weight) and age at last mammogram.

Mammographic density data

During the interview, we asked participants whether they had
had a mammogram in the 2 years before the interview or
whether they planned to have a mammogram in the following
12 months. We asked participants who responded affirmatively
to the above questions to provide information about the facility
where they had their most recent mammogram or where they
planned to have a mammogram, and to sign medical release
authorization forms allowing us to borrow their mammograms
for density assessment. Researchers at the Columbia University
requested films from radiological facilities of the participants,
digitized the films using a Kodak Lumisys Film Digitizer
(Kodak LS85) and promptly returned the films to the facilities.
Of the 981 participants who had a previous or future planned
mammogram (87% of all 1134 participants), 893 (91%)
provided a signed medical release form. We were unable to
obtain mammograms for 23 participants and excluded mam-
mograms for 51 participants because of poor image quality. Of
the 819 participants with available mammograms of sufficient
quality, 119 participants only had digital mammograms
and were not included in the analysis, leaving a sample size of
700 women. For our primary analysis, we further excluded
22 who were missing prenatal smoke data; thus, our analysis was
restricted to 678 film mammograms. We assessed mammo-
graphic density using Cumulus, a computer-assisted threshold-
ing program51 in which the reader outlines the total breast area
and dense area, and the software measures the size by identifying
the number of pixels within the outlined areas. We calculated
absolute breast area and dense area by converting the measure

from pixels to cm2. Percent mammographic density was
calculated as dense area divided by breast area multiplied by
100. We read films in batches of approximately 50 films, and
repeated readings for 10% of films from the same batch. We
repeated an additional 10% of films in every batch to estimate
batch-to-batch variability. Each batch included films from
both sites and films from siblings were read in the same batch.
All cranio-caudal (CC) films that were available for a parti-
cipant were read in the same batch. If both left and right
images were available, we only read left breast images. We
used the film taken closest to the date of interview in our
analyses, using the left CC if available and the right CC if the
left was unavailable (the correlation between left and right side
breast density measures is in the range of 0.92–0.9652).
The overall within-batch correlation coefficient was 0.96 for
percent density and the intraclass correlation coefficient for
between-batch reliability was 0.95.

Statistical analysis

We compared early life, child and adult risk factors between
those exposed to prenatal smoke and those unexposed to
prenatal smoke separately by site (Table 1). We also investi-
gated patterns of exposure to prenatal smoke, childhood ETS
and adult smoking status at the time of interview (never,
former and current; Table 2).

We assessed the association between prenatal smoke expo-
sure and percent mammographic density (hereafter referred to as
mammographic density) using generalized estimating equation
models to account for the correlated nature of the outcome
among sibling sets. This method enabled us to include all parti-
cipants, including singletons. Because of the differences in overall
density from film and digital mammography, we conducted the
primary analyses using women who had film mammograms.
We performed secondary analyses including all women with any
mammogram, film or digital. The overall inferences did not
change when we included women with digital mammograms
(data not shown); however, we do not present these data so that
the overall measures of density are comparable across all indivi-
duals. We also conducted all the analyses separately by geographic
site; however, the overall inferences did not change by site, and
thus we present all models with both sites combined.

We estimated three primary models. The first model
(labeled Model 1 in Tables 3–6) was a model of prenatal
smoke exposure and mammographic density adjusting for age
at mammogram. The second model (labeled Model 2 in
Tables 3–6) adjusted for potential confounders that altered
the association between prenatal smoke exposure and mam-
mographic percent density by more than 10 percent. We
considered both maternal education and maternal weight gain
as potential confounders; however, maternal weight gain was
not a confounder of the association between prenatal smoke
and mammographic density. This second model can be
viewed as the model providing the overall total effect of
prenatal smoke exposure. The third model (labeled Model 3
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Table 1. Distribution of early life, child and adult characteristics by prenatal smoke exposure, EDMD

NEFS CHDS

Prenatal smoke
(n 5 176), Mean 6 S.D.
or n (%)

No prenatal smoke
(n 5 174), Mean 6 S.D.
or n (%)

Prenatal smoke
(n 5 96), Mean 6 S.D.
or n (%)

No prenatal smoke
(n 5 232), Mean 6 S.D.
or n (%)

Early life
Maternal age at registration 24.3 6 5.4 26.9 6 6.2 25.9 6 5.3 26.8 6 5.8
Birth weight (kg) 3.3 6 0.6 3.5 6 0.5 3.3 6 0.5 3.6 6 0.5
Birth length (cm) 50.4 6 2.6 50.6 6 3.9 51.2 6 2.4 52.4 6 2.4
Maternal weight gain (kg) 9.1 6 4.1 8.9 6 3.8 8.8 6 3.7 9.8 6 4.2
Maternal education at registration

,HS 77 (44.0) 46 (27.1) 18 (18.8) 33 (14.2)
HS graduate 75 (42.9) 89 (52.4) 41 (42.7) 74 (31.9)
HS1 grad, some college, >college grad 23 (13.1) 35 (20.6) 37 (38.5) 125 (53.9)

Maternal race
Non-Hispanic White 161 (91.5) 159 (91.4) 74 (77.1) 164 (70.7)
Non-Hispanic Black 15 (8.5) 14 (8.0) 13 (13.5) 37 (15.9)
Hispanic 0 (0.0) 0 (0.0) 5 (5.2) 20 (8.6)
Non-Hispanic API/other 0 (0.0) 1 (0.6) 4 (4.2) 11 (4.7)

Child
Child environmental tobacco smoke exposure

Yes 167 (94.9) 115 (66.1) 90 (94.7) 124 (53.4)
No 9 (5.1) 59 (33.9) 5 (5.3) 108 (46.6)

Age at menarche 12.7 6 1.5 12.9 6 1.7 13.0 6 1.8 12.4 6 1.4
Adult

Adult smoking status
Never 62 (35.2) 80 (46.0) 65 (68.4) 160 (69.0)
Former 77 (43.8) 66 (37.9) 22 (23.2) 47 (20.3)
Current 37 (21.0) 28 (16.1) 8 (8.4) 25 (10.8)

Alcohol intake at interview
Nondrinker 67 (38.3) 58 (33.5) 32 (33.7) 84 (36.2)
,3 drinks/week 49 (28.0) 44 (25.4) 33 (34.7) 79 (34.1)
3–7 drinks/week 29 (16.6) 45 (26.0) 21 (22.1) 47 (20.3)
.7 drinks/week 30 (17.1) 26 (15.0) 9 (9.5) 22 (9.5)

Income
,$25,000 13 (7.6) 14 (8.3) 6 (6.5) 16 (7.2)
$25,000–$50,000 25 (14.6) 26 (15.5) 20 (21.5) 37 (16.6)
$50,000–,$75,000 33 (19.3) 30 (17.9) 14 (15.1) 46 (20.6)
$75,000–,$100,000 44 (25.7) 31 (18.5) 15 (16.1) 44 (19.7)
$100,000–,$150,000 41 (24.0) 44 (26.2) 15 (16.1) 59 (26.5)
>$150,000 15 (8.8) 23 (13.7) 23 (24.7) 21 (9.4)

Education
HS or less 41 (23.3) 33 (19.0) 11 (11.5) 36 (15.5)
Some college/technical/trade school 50 (28.4) 36 (20.7) 30 (31.3) 63 (27.2)
Associate degree 23 (13.1) 25 (14.4) 9 (9.4) 16 (6.9)
Bachelor’s degree 49 (27.8) 54 (31.0) 29 (30.2) 79 (34.1)
Masters or doctoral degree 13 (7.4) 26 (14.9) 17 (17.7) 38 (16.4)

BMI (kg/m2) 27.6 6 6.0 26.2 6 4.9 27.6 6 7.3 28.1 6 7.0
Age at mammogram 43.1 6 2.4 43.2 6 2.5 43.2 6 2.2 43 6 2.1
Adult race

Non-Hispanic White 155 (88.6) 155 (89.6) 71 (74.0) 149 (64.2)
Non-Hispanic Black 14 (8.0) 14 (8.1) 13 (13.5) 42 (18.1)
Hispanic 3 (1.7) 2 (1.2) 7 (7.3) 25 (10.8)
Non-Hispanic API/Other 3 (1.7) 2 (1.2) 5 (5.2) 16 (6.9)

Menopausal status
Premenopausal 123 (71.1) 117 (69.6) 62 (67.4) 161 (72.2)
Menopausal transition/perimenopausal 22 (12.7) 33 (19.6) 18 (19.6) 33 (14.8)
Postmenopausal 28 (16.2) 18 (10.7) 12 (13.0) 29 (13.0)

EDMD, Early Determinants of Mammographic Density; API, Asian and Pacific Islanders; NEFS, New England Family Study; CHDS, Child
Health and Development Study; HS, high school.
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in Tables 3, 5 and 6) included further accounting for adult
smoking status and adult body size, which are important
a priori predictors of mammographic density and may also be
potential mediators in the prenatal smoke exposure pathway.
In addition, in Table 3 we report a separate overall model for
adult smoking not adjusting for prenatal smoke exposure
and other early life variables. In Table 4, we report models
adjusting for adult smoking status and adult body size sepa-
rately so that the reader can evaluate the impact of these
potential mediators on the estimate of association between
prenatal smoke exposure and mammographic density. We

considered the following variables as potential mediators:
birth weight, birth length, age at menarche, adult body size
(measured as BMI) and adult smoking status. We also eval-
uated the association between the amount of prenatal smoke
exposure (maternal cigarettes per day smoked during preg-
nancy: nonsmoker, .0 to ,1

2 pack/day, 1
2 pack/day to

,1 pack/day and >1 pack/day) and mammographic percent
density for the three models described above (Table 5).

We assessed the impact on mammographic density of
patterns of smoking for prenatal smoke exposure and (a) child-
hood ETS, (b) adult smoking exposure, (c) childhood ETS and
adult smoking exposure (labeled panels a, b, c, respectively, in
Table 6). To compare patterns of exposure with prenatal smoke
and childhood ETS and mammographic density, we created a
four-level variable: no smoke exposure; prenatal smoke exposure
only; prenatal smoke and child ETS exposures; and child ETS
exposure only. To compare patterns of exposures with prenatal
smoke and adult smoke exposure and mammographic percent
density, we created a six-level variable: no smoke exposure;
prenatal smoke exposure only; adult current smoke only; adult
former smoke only; prenatal smoke and adult former smoke; and
prenatal smoke and adult current smoke. To compare patterns of
childhood ETS and adult smoke exposure and mammographic
percent density, we created a six-level variable: no smoke expo-
sure; child ETS exposure only; adult current smoke only; adult
former smoke only; child ETS and adult former smoke; and
child ETS and adult current smoke. We assessed formal tests of
statistical interaction in each of these three models. Because of
sample size constraints, we were unable to compare three-way
patterns of smoke exposure across the lifecourse (prenatal, child
ETS and adult smoking status) and mammographic density. In
addition to the primary analyses considering mammographic
density as the outcome variable, we examined whether our
overall inferences were altered when we considered dense tissue
area (in cm2) as the outcome. We performed analyses using the
SAS version 9.2.

Table 2. Relation between exposure to prenatal smoke, Child ETS and adult smoke, EDMD

Prenatal smoke, n (%) No prenatal smoke, n (%) P-value

Child ETS ,0.0001a

No 14 (5.2) 167 (41.1)
Yes 257 (94.8) 239 (58.9)

Mother and father 164 (60.5) 56 (13.8)
Mother only 75 (27.7) 39 (9.6)
Father only 18 (6.6) 129 (31.8)
Other only 0 (0.0) 15 (3.7)

Adult smoking status 0.01
Never 127 (46.9) 240 (59.1)
Former 99 (36.5) 113 (27.8)
Current 45 (16.6) 53 (13.1)

ETS, environmental tobacco smoke; EDMD, Early Determinants of Mammographic Density.
a For comparison of prenatal smoke and overall childhood ETS.

Table 3. Linear regression models of the association between prenatal
smoke and adult smoking status and percent mammographic density,
EDMD

Percent mammographic density
b (95% CI)

Prenatal smoke exposure
No Ref.
Yes

Model 1a 23.80 (26.69, 20.91)
Model 2b 23.08 (26.00, 20.15)
Model 3c 22.65 (25.01, 20.30)

Adult smoke exposured

Never Ref.
Former 22.11 (24.69, 0.46)
Current 22.56 (26.06, 0.94)

CI, confidence interval; BMI, body mass index; EDMD, Early
Determinants of Mammographic Density.

a Adjusted for age at mammogram.
b Adjusted for age at mammogram and maternal education.
c Adjusted for age at mammogram, maternal education, adult

smoking status, BMI.
d Adjusted for age at mammogram, maternal education, BMI.
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Results

The majority of women in our cohort 79% had a mammo-
gram. Women who had a mammogram were more likely to
be never smokers and less likely to be current smokers than
women without a mammograms. Table 1 summarizes the
descriptive statistics for the women who had mammograms of
sufficient quality for inclusion. Descriptive statistics are
shown separately by NEFS and CHDS cohorts in Table 1.
The average age of participants at the time of interview was
44.1 years (S.D. 1.8, range 39.2–49.2), and the average age at
mammogram was 43.1 years (S.D. 2.3, range 30.4–48.6).
Overall 40.1% of the mothers smoked during pregnancy in
the EDMD birth cohort; the percentage was higher in NEFS
than in CHDS, 50.3% and 29.3%, respectively. Women in
either birth cohort who were exposed to prenatal smoke were

more likely to have a lower birth weight, have a mother with
less than a high school education and be exposed to childhood
environmental smoke than women who were unexposed to
prenatal tobacco smoke (Table 1). Prenatal smoke exposure was
not associated with maternal race, a woman’s own education,
age at mammogram and a woman’s own self-reported race in
adulthood (Table 1). There were some descriptive differences
across the two cohorts. Specifically, in the NEFS, maternal age
and adult BMI varied by prenatal smoke exposure; whereas in
the CHDS, birthlength, maternal weight gain, age at menarche,
and income varied by prenatal smoke exposure (Table 1).

Table 2 summarizes the association between prenatal
smoke exposure and smoke exposure during two other life
periods, that is, childhood ETS and active smoking status in
adulthood. Prenatal smoke exposure was strongly correlated
with exposure to childhood ETS, with 94.8% of women with

Table 4. Linear regression models of the association between prenatal smoke and mammographic percent density
exploring the role of potential intermediate variables, EDMD

Model 1a Model 2b

b (95% CI) b (95% CI)

Prenatal smoke exposure
No Ref. Ref.
Yes 23.80 (26.69, 20.91) 23.08 (26.00, 20.15)

1Birth weight 24.13 (27.14, 21.13) 23.41 (26.42, 20.40)
1 Birth length 24.34 (27.24, 21.44) 23.63 (26.56, 20.70)
1Age at menarche 23.87 (26.76, 20.98) 23.18 (26.10, 20.25)
1Current BMI 23.12 (25.43, 20.81) 22.82 (25.16, 20.48)
1Adult smoking status 23.27 (26.19, 20.34) 22.72 (25.68, 0.24)

BMI, body mass index; CI, confidence interval; EDMD, Early Determinants of Mammographic Density.
a Adjusted for age at mammogram.
b Adjusted for age at mammogram and maternal education.

Table 5. Linear regression models of the association between number of maternal cigarettes per day and mammographic percent
density in the daughter, EDMD

Model 1a Model 2b Model 3c

b (95% CI) b (95% CI) b (95% CI)

Number of maternal cigarettes per day
None Ref. Ref. Ref.

01 to ,1
2 pack/day 25.14 (29.13, 21.16) 24.62 (28.60, 20.63) 22.05 (25.11, 1.02)

1
2 pack to ,1 pack/day 22.21 (26.48, 2.07) 21.45 (25.79, 2.88) 22.01 (25.66, 1.64)

>1 pack/day 23.66 (27.98, 0.66) 22.72 (27.11, 1.68) 23.74 (27.11, 20.37)
P for trend 0.05 0.16 0.02

CI, confidence interval; EDMD, Early Determinants of Mammographic Density.
a Adjusted for age at mammogram.
b Adjusted for age at mammogram and maternal education.
c Adjusted for age at mammogram, maternal education, adult smoking status and BMI.
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Table 6. Multivariable models of patterns of smoke exposure, EDMD

EDMD (both sites)

Model 1a Model 2b Model 3c

b (95% CI) b (95% CI) b (95% CI)

Panel A: Prenatal and child ETS exposure and mammographic percent density
Prenatal and childhood smoke exposure

No smoke Ref. Ref. Ref.
Prenatal onlyd – – –
Child ETS only 22.54 (26.38, 1.30) 22.34 (26.26, 1.58) 20.97 (24.26, 2.31)
Prenatal 1 Child ETS 25.04 (28.78, 21.31) 24.21 (28.08, 20.34) 23.00 (26.07, 0.08)

EDMD, Early Determinants of Mammographic Density; ETS, environmental tobacco smoke.
aAdjusted for age at mammogram; P for interaction 5 0.32.
bAdjusted for age at mammogram and maternal education; P for interaction 5 0.26.
cAdjusted for age at mammogram, maternal education, adult smoking status and BMI; P for interaction 5 0.14.
dSmall sample size, not reported.

Model 1e Model 2f Model 3g

b (95% CI) b (95% CI) b (95% CI)

Panel B: Prenatal and adult tobacco smoke exposure and mammographic percent density
Prenatal and adult tobacco smoke exposure

No prenatal, no adult Ref. Ref. Ref.
Prenatal, no adult 25.71 (29.66, 21.76) 25.58 (29.59, 21.58) 25.76 (28.75, 22.76)
No prenatal, former adult 24.30 (28.40, 20.20) 24.80 (28.86, 20.75) 24.65 (28.05, 21.25)
No prenatal, current adult 28.90 (213.98, 23.82) 28.62 (213.77, 23.47) 24.72 (29.39, 20.05)
Prenatal, former adult 26.11 (210.53, 21.68) 25.32 (29.80, 20.83) 23.63 (27.18, 20.07)
Prenatal, current adult 26.98 (212.78, 21.17) 26.23 (211.97, 20.49) 24.66 (29.73, 0.41)

EDMD, Early Determinants of Mammographic Density.
eAdjusted for age at mammogram; P for interaction 5 0.13.
fAdjusted for age at mammogram and maternal education; P for interaction 5 0.08.
gAdjusted for age at mammogram, maternal education and BMI; P for interaction 5 0.02.

Model 1h Model 2i Model 3j

b (95% CI) b (95% CI) b (95% CI)

Panel C: Child ETS and adult tobacco smoke exposure and mammographic percent density
Child ETS and adult tobacco smoke exposure

No child ETS, no adult Ref. Ref. Ref.
Child ETS, no adult 23.93 (28.12, 0.25) 23.51 (27.77, 0.75) 23.34 (26.66, 20.01)
No child ETS, former adult 25.04 (211.16, 1.08) 24.90 (210.96, 1.16) 24.79 (29.49, 20.08)
No child ETS, current adultk – – –
Child ETS, former Adult 26.07 (210.51, 21.63) 25.63 (210.15, 21.12) 24.27 (27.89, 20.64)
Child ETS, current adult 28.08 (213.10, 23.05) 27.25 (212.38, 22.13) 23.98 (28.31, 0.36)

EDMD, Early Determinants of Mammographic Density; ETS, environmental tobacco smoke.
hAdjusted for age at mammogram; P for interaction 5 0.13.
iAdjusted for age at mammogram and maternal education; P for interaction 5 0.15.
jAdjusted for age at mammogram, maternal education and BMI; P for interaction 5 0.01.
kSmall sample size, not reported.
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prenatal smoke exposure also exposed to childhood ETS
through one or both the parents’ smoking. Only 14 women
(5.2%) who were exposed to prenatal smoke were not exposed
to childhood ETS, whereas 58.9% of women (n 5 239) who
were not exposed to prenatal smoke were exposed to childhood
ETS. Childhood ETS exposure was more likely to be from both
parents for women who were exposed to prenatal smoke and
the father only if not exposed to prenatal smoke. Of women
with prenatal smoke exposure, 53.1% were ever smokers
in adulthood. In contrast, only 40.9% of women who were not
exposed to prenatal smoke exposure were ever smokers in
adulthood (Table 2).

Table 3 reports the association between prenatal smoke and
mammographic density in the age-adjusted model (Model 1),
age and maternal education adjusted model (Model 2) and
the model further accounting for adult smoking and BMI
(Model 3). Overall, in the age-adjusted model, those exposed
to prenatal smoke had on average 3.8% lower mammo-
graphic density compared with those who were not exposed
(b 5 23.8, 95% CI 5 26.7, 20.9). The association between
prenatal smoke and mammographic density was weaker after
further adjustment by maternal education (Model 2:
b 5 23.1, 95% CI 5 26.0, 20.2). Model 3 reports the
association further adjusted for adult BMI and adult smoking
pattern. Model 3 findings support an independent effect of
prenatal smoke exposure even after adjusting for adult smoke
exposure (Model 3: b 5 22.7, 95% CI 5 25.0, 20.3).
Table 3 also reports the overall effect of adult smoke exposure
not adjusting for prenatal smoke exposure. There was an
inverse, but not statistically significant, association between
current smoke exposure and mammographic density
(b 5 22.6, 95% CI 5 26.1, 0.9).

To further explore potential intermediaries between pre-
natal smoke exposure and mammographic density, Table 4
reports the age-adjusted (Model 1) and maternal education
and age-adjusted (Model 2) for each potential intermediate
including birth weight, birth length, age at menarche, current
BMI and adult smoking status. As Table 4 illustrates, adult
BMI and adult smoking status (but not birth weight, birth
length or age at menarche) reduced the overall association
between prenatal smoke exposure and adult smoking status.

Table 5 reports the association between intensity of pre-
natal smoke exposure and mammographic density across the
three models. These models support a general decrease in
mammographic density from any amount of prenatal smoke
exposure, but do not support a dose–response association.
Adult BMI was higher in those whose mothers smoked
,1

2 pack a day (average BMI 5 28.5) than for those whose
mothers smoked more (average BMI 5 27.3 and 27.0 for 1

2 to
,1 pack/day and >1 pack a day, respectively); however, the
overall association between adult BMI and intensity of pre-
natal smoke exposure was not statistically significant.

Table 6 reports the results from models focusing on
combined measures of prenatal smoke exposure and child-
hood ETS exposure (panel a), prenatal smoke exposure and

adult smoking status (panel b) and childhood ETS and adult
smoking status (panel c). Overall, those exposed to either
childhood ETS or both prenatal and childhood ETS com-
bined had lower mammographic density. As reported in
Table 2, only 14 women were exposed to prenatal smoke and
not childhood ETS, thus we did not report estimates for this
subset. Those exposed to prenatal smoke and childhood ETS
had lower mammographic density (Model 2: b 5 24.2, 95%
CI 5 28.1, 20.3). The effect of childhood ETS without
prenatal smoke on mammographic density was weaker and
not statistically significant (Model 2: b 5 22.3, 95% CI 5

26.3, 1.6). The overall test for statistical interaction was not
significant for any of the three models in Table 6, panel a
(P 5 0.32, 0.26, 0.14 for Models 1, 2 and 3, respectively).
Panel b of Table 6 reports the combination of prenatal smoke
exposure and adult smoking status. As Table 6 (Model 2)
reveals, when we examined these combined patterns of
smoking, women who were exposed to prenatal smoke and
not to adult smoke, had a 5.6% lower mammographic density
(b 5 25.6, 95% CI 5 29.6, 21.6). Women who were not
exposed to prenatal smoke but who were active smokers in
adulthood also had lower mammographic density (b 5 24.8,
95% CI 5 28.9, 20.8 for former smokers; and b 5 28.6,
95% CI 5 213.8, 23.5 for current smokers). Women who
had both prenatal and current adult smoke exposure had a
6.2% lower mammographic density (b 5 26.2, 95% CI
212.0, 20.5). Women who had both prenatal and former
adult smoke exposure had a 5.3% lower mammographic
density (b 5 25.3, 95% CI 29.8, 20.8). The overall test for
statistical additive interaction was not significant for Models 1
and 2 (P 5 0.13, 0.08), but was statistically significant for
Model 3, shown (P 5 0.02) in Table 6, panel b. Figure 1
summarizes the overall distribution of percent density by
different categories of smoke exposure and supports that
prenatal smoke exposure irrespective of active cigarette
smoking in adulthood is associated with lower density of the
magnitude of that for women only exposed to adult cigarette
smoke. Panel c of Table 6 reports the combination of childhood
ETS and adult smoking status. We did not report the estimate
of association for women who were current adult smokers not
exposed to childhood ETS, because there were too few women
in this category. Women who had both childhood ETS and
current adult smoke exposure had on average a 7.3% lower
mammographic density (b 5 27.3, 95% CI 212.4, 22.1,
Model 2). Women who had both childhood ETS and former
adult smoke exposure had a 5.6% lower mammographic
density (b 5 25.6, 95% CI 210.2, 21.1). The overall test
for statistical additive interaction was not significant for
Models 1 and 2 (P 5 0.13, 0.15) and was significant for
Model 3 (P 5 0.01) in Table 6, panel c.

In addition to examining percent density as an outcome, we
examined the same models with dense area as the outcome.
The overall inferences for prenatal smoke and mammographic
density were similar and in some cases even stronger; prenatal
smoking was statistically significantly, inversely associated with
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dense area in all models used in Tables 3– 6. Table 7 reports
the models for dense area from the primary analysis reported in
Table 3 for percent density. The association between prenatal
smoke and dense area was statistically significant after adjusting
for maternal education (b 5 24.4, 95% CI 5 27.9, 20.9),
and also for further adjusting for BMI and adult smoking status
(b 5 24.5, 95% CI 5 28.1, 21.0). Adult smoking status was

not associated with dense area (b 5 21.4, 95% CI 5 26.4, 3.6
for current, b 5 0.6, 95% CI 5 23.2, 4.3 for former).

Discussion

Both prenatal smoke exposure and adult smoke exposure were
inversely associated with mammographic density. Impor-
tantly, the association between prenatal smoke exposure and
mammographic density was observed even in women who did
not smoke in adulthood. Although one study observed a positive
association between prenatal smoke exposure and breast cancer
risk,31 other studies have not observed an association between
prenatal smoke exposure and later breast cancer risk.24,35,36

Strohsnitter et al.,53 observed an inverse association between
prenatal smoke exposure and breast cancer risk in a cohort study,
with maternal report of smoking during pregnancy. The authors
argued that previous case–control studies may have been biased
because they relied on recall of prenatal smoke exposure by the
daughter at diagnosis of cancer rather than a direct report from
the mother. Both the study by Strohsnitter and our present
study, collected pregnancy smoke exposure directly from the
mothers, and thus have the distinct advantage of minimizing
measurement error. Our study, however, collected the data from
the mothers at the time of pregnancy rather than relying on
maternal recall. Prenatal smoke exposure is also associated with
later age at menarche,54 lower maternal estrogen levels,24,55

reduced maternal serum levels of growth factors56 and higher
levels of maternal testosterone,57 all factors that may potentially
reduce the risk of breast cancer.

We observed a statistically significant inverse association
between current active cigarette smoking and mammographic
density. Other cross-sectional studies of mammographic
density have also examined the association between adult

Fig. 1. Distribution of percent mammographic density by category of smoke exposure.

Table 7. Linear regression models of the association between prenatal
smoke and adult smoking status and dense area (cm2), EDMD

Dense area (cm2)

b (95% CI)

Prenatal smoke exposure
No Ref.
Yes

Model 1a 24.35 (27.76, 20.94)
Model 2b 24.38 (27.92, 20.85)
Model 3c 24.54 (28.06, 21.01)

Adult smoke exposured

Never Ref.
Former 0.58 (23.15, 4.31)
Current 21.35 (26.35, 3.64)

CI, confidence interval; EDMD, Early Determinants of
Mammographic Density.

a Adjusted for age at mammogram.
b Adjusted for age at mammogram and maternal education.
c Adjusted for age at mammogram, maternal education, adult

smoking status and BMI.
d Adjusted for age at mammogram, maternal education and BMI.
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smoking status and density.44–46 These studies, which have
been conducted in three different countries, reported an
inverse association between adult cigarette smoking and
mammographic density. Although the published literature
supports a consistent inverse association between adult
cigarette smoking and mammographic density, it is possible
that studies with null findings have remained unpublished. A
study by Jeffreys et al.,46 also suggested that smoking during
early adulthood (as measured by college health interviews)
was associated with lower mammographic density in a
population of women with median age of 58.9 years (inter-
quartile range (IQR) 5 55.3–60.6). Collectively, these studies
add support to the anti-estrogenic effects of cigarette smoke
and the resulting decrease in mammographic density. Mam-
mographic density has been shown to be sensitive to changes
in the hormonal environment; for example, mammographic
density increases with hormone replacement therapy and
decreases with tamoxifen.58

We did not observe an association between adult cigarette
smoke and dense area. Because current smokers had sig-
nificantly higher BMI, the inverse association we observed for
adult smoke and percent density may have resulted from
residual confounding of the association from measurement
error in body size rather than by a decreased area of dense tissue
in adult smokers. The consistent, inverse association we
observed for prenatal smoke exposure and density measured as
percent density and dense area supports our overall inference
that prenatal smoke has a persistent effect on mammographic
density in adulthood.

Maternal education was a partial confounder of the asso-
ciation between prenatal smoke exposure and mammographic
density. Parental education has been used as a broad proxy for
early-life socioeconomic conditions.59 An inverse and strong
socioeconomic gradient in smoking behavior has been docu-
mented for the past several decades. Specifically, although the
prevalence of smoking has declined over time, this trend has
occurred at a slower rate in women and in lower socioeconomic
groups.60–62 One of the most convincing explanations for the
emergence and persistence of a socioeconomic gradient in
smoking involves the accumulation of evidence and public
knowledge of health consequences of smoking beginning in
the 1950s, which allowed those with more socioeconomic
resources to more effectively avoid smoking than those with
fewer resources.62,63 In our study, we observed a similar link
between maternal education and maternal smoking, with higher
proportions of smokers among mothers with a high school
education or less. Although, maternal education and prenatal
smoke exposure are both associated with lower birthweight,64

we observed an inverse association between prenatal smoke
exposure and mammographic density even after accounting for
these factors.64

A key strength of our study was the availability of pro-
spective, valid measures of prenatal smoke, collected before
the attachment of any stigma to the reporting of pregnancy
smoking. Over a third of the mothers in our cohorts smoked

during pregnancy, which allowed us to examine this exposure
with sufficient power. In addition, we were able to assess
breast cancer risk through the use of mammographic density,
a strong intermediate marker of breast cancer risk. The high
reliability of mammographic density assessment also increased
our overall power to detect very modest associations. Addi-
tional strengths of our study include the availability of
environmental tobacco exposure in childhood and active
smoke exposure in adulthood. When we evaluated childhood
ETS in the absence of prenatal smoke exposure, childhood ETS
was not associated with mammographic density. However,
when we investigated childhood ETS without adult smoke
exposure, we observed that those exposed to childhood ETS
had statistically, significantly lower mammographic density
(Table 6, panel c). Because of numerical constraints, we were
unable to explore the patterns of mammographic density in
those exposed only to childhood ETS without prenatal and
adult exposure to further tease the individual effects apart. Very
few women in our study population were current smokers and
were not exposed to childhood ETS.

Building on existing birth cohorts to address the role of
early life factors on breast cancer risk has a number of distinct
advantages including the availability of prospective measures
that cannot be easily recalled in adulthood.65–67 However,
there are a number of challenges that affect observational
studies of this type. First, many exposures are more likely to
remain constant over the lifecourse than to change, making it
difficult to understand whether exposures are more important
at specific susceptibility periods than in other periods. For
example, almost all of the women exposed to prenatal smoke
also reported being exposed to smoke in childhood; only
17 women were exposed to smoke prenatally, but not in
childhood. Although these women were much more likely to
have a lower mammographic density, the limits of any statistical
regression model, and the potential for over-fitting the model,
need to be recognized with such a small sample size. We were
also able to consider a number of potential intermediaries
of the prenatal smoke and mammographic density association
and our overall inferences remained after accounting for
these intermediaries, although there may be unaccounted for
confounding of these intermediaries with our outcome.

Although the vast majority of women in our cohort (79%)
had a mammogram, there were some differences between those
who had a mammogram compared with those who did not,
which may impact on the generalizability of our results. For
example, participants who participated in the mammogram
portion of the study were more likely to be never smokers
and less likely to be current smokers than non-participants.
However, there were no statistically significant differences
between participants in the mammogram portion of the study
compared with non-participants in the mammogram portion
of the study by birth length, age at menarche, prenatal
smoke exposure, age, maternal age at registration, paternal
age at registration, birth weight, maternal pre-pregnancy
BMI, family income at registration, maternal and paternal
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education, child ETS, alcohol intake at interview, adult
income, BMI, menopausal status, hormone replacement
therapy use, adult race, maternal race or height and weight
at age 1 year. We were also able to achieve a high overall
participation rate (86.3%) and a high overall tracing rate
(68.3%). These participation rates are as high or higher than
most birth cohorts of similar ages.65,68,69

In conclusion, our study suggests that both prenatal smoke
exposure and active adult cigarette smoking are associated
with lower mammographic density. Given the strength of the
association between mammographic density and breast can-
cer, this study suggests that cigarette smoke exposure may
lower overall breast cancer risk by reducing mammographic
density. However, coupled against the carcinogenic effects of
cigarette smoke, which increases many cancers and may
increase breast cancer risk through a pathway other than
mammographic density, the overall effect of cigarette smoke
on breast cancer risk will likely vary across populations with
different exposure timing of cigarette smoking and back-
ground mammographic density levels.
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