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Abstract

Background: High mammographic density is strongly associ-
ated with increased breast cancer risk. Some, but not all, risk
factors for breast cancer are also associated with higher mammo-
graphic density.

Methods: The study cohort (N ¼ 24,840) was drawn from the
Research Program in Genes, Environment and Health of Kaiser
Permanente Northern California and included non-Hispanic
white females ages 40 to 74 years with a full-field digital mam-
mogram (FFDM). Percent density (PD) and dense area (DA) were
measured by a radiological technologist using Cumulus. The
association of age at menarche and late adolescent body mass
index (BMI) with PD and DA were modeled using linear regres-
sion adjusted for confounders.

Results: Age at menarche and late adolescent BMI were nega-
tively correlated. Age at menarche was positively associated with

PD (P value for trend <0.0001) and DA (P value for trend
<0.0001) in fully adjusted models. Compared with the reference
category of ages 12 to 13 years at menarche, menarche at age >16
years was associated with an increase in PD of 1.47% (95% CI,
0.69–2.25) and an increase in DA of 1.59 cm2 (95% CI, 0.48–
2.70). Late adolescent BMI was inversely associated with PD
(P < 0.0001) and DA (P < 0.0001) in fully adjusted models.

Conclusions: Age at menarche and late adolescent BMI are
both associated with Cumulus measures of mammographic den-
sity on processed FFDM images.

Impact: Age at menarche and late adolescent BMI may act
through different pathways. The long-term effects of age at
menarche on cancer risk may be mediated through factors
besides mammographic density. Cancer Epidemiol Biomarkers Prev;
26(9); 1450–8. �2017 AACR.

Introduction
Mammographic density, or the extent towhich the breast tissue

appears dense on a mammogram, is strongly associated with
breast cancer risk (1, 2). Ductal tissue, where breast cancer arises,

and the surrounding structurally supportive stromal collagen
appear white, while fatty tissue appears dark. Women with high
breast density have four to six times higher risk of breast cancer
than women with very low breast density (2, 3).

Mammographic density can be assessed using several different
metrics. The quantitative area-based Cumulus measurement is a
particularly good measure because of its consistently strong
associations with breast cancer risk across studies (2, 4). Cumulus
measures include quantification of the dense area (DA), the area
of the breast that appears radiopaque on a mammogram, and
percent density (PD), a measure of the dense area as a percentage
of the total breast area.Most previous epidemiologic studies using
Cumulus have assessed breast density using images from film-
screen mammography, whereas full-field digital mammography
(FFDM) has largely replaced conventional filmmammography in
health care settings over the last decade. Recently, we (5) and
others (6, 7) have shown that mammographic density measured
with Cumulus on processed digital mammograms is also signif-
icantly associated with breast cancer risk.

Studies of the determinants of mammographic density may
increase our ability to identify and understand risk factors that
play a role in the early stages of breast cancer development. As a
modifiable risk factor, mammographic density appears to change
within each woman over time. Mammographic density generally
peaksduring late adolescence anddeclineswith increasing age (8).
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Many lifestyle, demographic, genetic, and reproductive factors are
thought to influence mammographic density and breast cancer
risk. Epidemiologic studies have found that mammographic
density is associated with body mass index (BMI) at screening
(9–11), reproductive factors such as parity and age at first birth
(12–14), and with hormonal therapies (11). Further study of
the early-life determinants of mammographic density may pro-
vide useful information about potential preventive strategies for
breast cancer.

Age ofmenarche and late adolescent BMI have been reported to
have inverse associations with breast cancer risk (15, 16), but the
relationship of these pubertal factors with mammographic den-
sity remains poorly understood. Inconsistent associations
between age of menarche and mammographic density have been
reported (17–19), which could be because large sample sizes and
quantitative density measures are required to these effects with
high statistical power. Late adolescent BMI is a related pubertal
factorwhose relationship tomammographic density has not been
evaluated in many studies; however, one recent study found an
inverse association of late adolescent BMI with adult mammo-
graphic density (20). A large cohort of screening-age women is
needed to resolve the inconsistent associations that have been
reported with age at menarche and further study the association
with late adolescent BMI. This study investigates two interrelated
pubertal characteristics, age at menarche and late adolescent BMI,
in relation to mammographic density quantified using Cumulus
on FFDM images for 24,840 screening-age women in a large
integrated healthcare system.

Materials and Methods
Setting

This study is ancillary to a genome wide association study
(GWAS) of mammographic density conducted among approxi-
mately 25,000 non-Hispanic white female participants of the
Research Program in Genes, Environment and Health (RPGEH).
The methods related to this resource have been described previ-
ously (5). Briefly, the RPGEH was developed and is administered
by the Division of Research, Kaiser Permanente Northern Cali-
fornia (KPNC) as a resource for research on the genetic and
environmental determinants of common, age-related complex
health conditions. The resource links together surveys, biospeci-
mens, and derived data, with longitudinal data from electronic
health records (EHR) on a cohort of �200,000 consenting adult
KPNC members. Genome-wide genotyping has been performed
on DNA extracted from saliva samples of more than 100,000
RPGEH participants enrolled before 2010 (RC2 AG036607). The
mammographic density subcohort includes women in the
RPGEH, who completed a health survey and provided a saliva
sample for genotyping and who had at least one screening FFDM
between the ages of 40 and 74 during 2003–2013. Further
inclusion and exclusion criteria based onmammograms are given
below and illustrated in Fig. 1.

Mammograms
The EHR was used to identify screening mammograms on the

study population. Processed FFDMs from 37 different mammog-
raphy facilities, with 1–5 machines per facility, were obtained
from the KPNC imaging archive. For the large majority of women
whodid not have a personal history of breast cancer, we randomly
selected the right craniocaudal (CC) view for approximately 10%

to blind the reader to case–control status, and used the left CC
view otherwise. For women with a history of breast cancer, we
obtained the closest prediagnostic FFDM after the RPGEH
survey when available, or prior to the survey date otherwise,
and selected the CC view of the unaffected breast (i.e., we used
the left view for cases with cancer in the right breast and the
right view for cases with cancer in the left breast). We excluded
women who had bilateral breast cancer (n ¼ 15), breast
implants (n ¼ 903), breasts too large to be completely imaged
on a single exposure (n ¼ 245), unreadable images (n ¼ 44), or
unavailable images (n ¼ 625). FFDM images, in Digital Imag-
ing and Communications in Medicine (DICOM) format, were
deidentified and downsampled from a pixel size of 70 mm to a
pixel size of 200 mm for transfer to the Stanford Radiology 3D
and Quantitative Imaging Laboratory. Prior studies of scanned
film mammograms have used larger pixel sizes (8), and down-
sampling would not be expected to influence computer-assisted
density measurements on standard monitors that have lower
resolution than the study images.

Density assessments
Processed images acquired from Selenia Digital Mammog-

raphy System machines manufactured by Hologic, Inc. for
approximately 21,000 women were randomly assembled into
23 batches of up to 1,100 images including 10% random
replicates for quality control. FFDM images processed using
Tissue Equalization software manufactured by General Electric
(GE) for approximately 4,000 women were randomly assem-
bled into 6 additional batches of up to 700 images including
10% random replicates for quality control. Density measure-
ments were estimated with the Cumulus interactive threshold
method (9). We previously found that noise reduction of
processed Hologic FFDM images to make them appear more
film-like can significantly (P < 0.001) improve the reproduc-
ibility of readers with little prior experience applying Cumulus
to processed FFDM images (5). As readers gained experience
over time, high levels of reproducibility (Pearson r > 0.90) were
attained on processed FFDM images with or without noise
reduction. Here, we applied a median filter with a radius of
three pixels to all processed Hologic FFDM images (21). A
single radiological technologist (RYL), trained in Cumulus
assessments by M.J. Yaffe and J.A. Lipson, who consistently
attained a within-reader reliability >0.9 measured the total area
of the breast and area of dense tissue in the pre-assembled
batches using Cumulus6 (provided by M.J. YaffeY), which
automatically detects the outer edge of the breast for most
digital mammograms. The Cumulus software also calculated
the percentage of the total breast area occupied by dense tissue
(percent density).

Data sources for characteristics of cohort
Age atmammogramwas determinedbased ondate of birth and

date of mammogram. We used the BMI measured at the patient
visit closest to mammogram date when available from the EHR,
and computed from self-reported height and weight on the
RPGEH survey otherwise. The RPGEH survey provided self-
reported information on parity, age at first birth, number of
children, age at menarche, weight at age 18, family history of
breast cancer andmenopause. Late adolescent BMI was defined as
BMI at age 18, computed based on self-reported weight at age 18
and adult height available from the EHR. The KPNC pharmacy
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database, which records all dispensed outpatient and inpatient
prescriptions, was used to determine use of menopausal hor-
mones within the 5 years prior to FFDM.

Statistical methods
We modeled the outcomes of PD and DA using multivariable

linear regression analyses. To reduce skew and heteroscedasticity

Non-Hispanic white women, RPGEH survey available  
(2007−2009), GWAS data available, ages 40−74 at survey date     

n = 34,386 

With 1+ FFDM 
n = 28,813 

Excluded those 
without screening 
mammogram (n = 328) 

FFDM closest to and on or a�er survey date
n = 28,587

At least 1 screening mammogram iden�fied in KPNC 
radiology database 

n = 34,058

Hologic machines
n = 20,877

Excluded a�er DICOM 
filter 
• Failure to download   

from the radiology 
archive (n = 625)

• Implants (n = 386)
• View not found 

(n = 545)
• No digital image 

available (n = 59)
• Not GE nor Hologic

(n = 66)  

Excluded a�er 
review of images
• Mismatched  (n = 2)
• Implants (n = 517)
• Mastectomy  (n = 5)
• Breast par�ally 

imaged (n = 245)
• Unreadable due to 

obstruc�on/other 
reasons (n = 51)

Other exclusions
• Transgender (n = 4)
• Missing birthdate or 

BMI (n = 3)

Final cohort count
n = 24,840

GE  machines
n = 3,963

Excluded those 
without FFDM  
(n = 5,245)

Figure 1.

Design of the study cohort and inclusion criteria.
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in model residuals, we transformed PD by taking the square root
and we transformed DA by taking the cube root, similar to
previous studies (14, 22). We evaluated the effects of age at
menarche and late adolescent BMI in minimally adjusted models
and fully adjustedmodels. Minimally adjustedmodels controlled
for age, BMI at screening and image batch. For the key covariates
age and BMI at screening, we considered alternative models for
coding the covariates using linear and polynomial terms aswell as
log-transformation for BMI.We used the AIC to evaluatemodel fit
and chose the best-fitting model for age and BMI. The additional
covariates in the fully adjusted model were chosen a priori and
included parity, age at first birth, number of children, family
history of breast cancer, menopausal status, use of menopausal
hormones within five years, and image batch. Missing covariate
data from the survey were imputed using a Markov chain Monte
Carlo approach, with the initial estimate starting from the pos-
terior mode of the expectation-maximization algorithm solution
to the maximum likelihood estimates (21). We tested for a linear
trend in associations across category levels of age at menarche
using a Wald test. Late adolescent BMI was modeled as a contin-
uous variable, which provided a better fit than log-transformed
BMI based on the AIC to compare model fit. Separate multivar-
iable linear regression models were fit for Hologic and GE mam-
mograms, and random-effects meta-analysis was used to obtain
combined estimates. Parameter estimates and standard errors
were transformed from square root of percent density back to
percent density and from cube root of dense area back to dense
area using the Delta method (23). These nonlinear transforma-
tions induce a slight dependence of the rescaled parameter esti-
mate on the density of the reference category. Our transformation
for percent density used the overall mean percent density of
21.0% and our transformation for dense area used the overall
mean dense area of 28.0 cm2. A level of 0.05was used as the cutoff
for statistical significance. Regression analyses were implemented
in SAS version 9.3 and meta-analyses were implemented in R
version 3.2.2.

Results
Our study cohort included 24,840womenwho had amean age

of 62 years, and a mean BMI of 28. Most women were postmen-
opausal (81%). Digital mammograms were captured predomi-
nantly on Hologic machines (84%), with fewer mammograms
acquired from GE machines (16%). Table 1 provides additional
descriptive characteristics of the cohort.

Age at menarche and late adolescent BMI were negatively
correlated (Pearson correlation ¼ �0.16, P < 0.001). Bivariate
analyses of these two pubertal characteristics indicated a differ-
ence in mean late adolescent BMI across categories of age at
menarche. Women who were younger than 10 years at menarche
had amean late adolescent BMI that was 1.39 kg/m2 higher (95%
CI, 1.13–1.65) than women ages 12 to 13 years at menarche.

In linear regressionmodels of square root–transformed percent
density, we found that age and BMI at screening were both
inversely associated with the outcome. We found that the best-
fitting covariatemodel for age and BMI at screening included both
linear and squared terms for age, and included polynomial terms
up the third order for BMI. This covariatemodel with age and BMI
terms alone explained 42.4% of the variance of PD in Hologic
mammograms and 35.0%of the variance inGEmammograms. In
comparison, a model with age, age squared, and log-transformed

BMI explained 40.8% of the variance in Hologic mammograms
and 34.0% of the variance in GE mammograms. These covariate
models differed mainly in the relationship of BMI to percent
density among women with BMI greater than 40 or less than 20
(Fig. 2).

Results for the associations of age at menarche and late ado-
lescent BMI with percent density are shown in Table 2; Supple-
mentary Table S1. To facilitate interpretation, parameter esti-
mates, and standard errors on the scale of square root of percent
density (Supplementary Table S1) were transformed to estimate
the difference in percent density (Table 2). Both age at menarche
and late adolescent BMIhad statistically significant associations in
minimally adjusted models and in fully adjusted models. Older
age at menarche was associated with increases in percent density
in a minimal model adjusted only for age and BMI at screening
and imagebatch.We tested for a linear trend across categorieswith
respect to square root percent density. The trend across categories
was statistically significant (P < 0.0001), where a one-category
increase was associated with a change in PD of 0.71. The trend
remained statistically significant in the fully adjusted model (P <
0.0001), although the magnitude of the effect of the trend was
attenuated: a one-category increase was associated with a change

Table 1. Descriptive characteristics of study cohort of 24,840 women

N (%)

FFDM machine type
Hologic 20,877 (84.0)
GE 3,963 (16.0)

Age, mean (IQR) 61.5 (56.0–68.0)
BMI (kg/m2), mean (IQR) 27.6 (23.2–30.7)
Late adolescent BMI (kg/m2), mean (IQR) 21.1 (19.3–22.3)
Menopause (based on survey)
Premenopause 4,835 (19.5)
Postmenopause 20,005 (80.5)

Menopausal hormone therapy in last 5 years
No (includes premenopausal women) 18,680 (75.2)
Yes 6,160 (24.8)

Parity
Nulliparous 2,318 (9.3)
One child 3,662 (14.7)
Two children 9,217 (37.1)
Three children 4,168 (16.8)
Four or more children 2,045 (8.2)
Missing 3,430 (13.8)

Age at first birth
Have not given birth 2,318 (9.3)
<20 years 2,584 (10.4)
20–24 years 6,734 (27.1)
25–29 years 5,502 (22.2)
30–34 years 2,748 (11.1)
35–40 years 1,133 (4.6)
>40 years 252 (1.0)
Missing 3,569 (14.4)

Age at menarche
<10 years 491 (2.0)
10–11 years 4,617 (18.6)
12–13 years 13,177 (53.1)
14–15 years 4,147 (16.7)
>16 years 920 (3.7)
Never had a menstrual period 10 (<0.1)
Missing 1,478 (5.9)

Family history of breast cancer
No 22,505 (90.6)
Yes 2,335 (9.4)

Percent density (%), mean (IQR) 21.0 (8.1–31.1)
Dense area (cm2), mean (IQR) 28.0 (14.4–37.0)
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in PD of 0.58. Higher late adolescent BMI was associated with
lower percent density at screening age in a minimal model
adjusted only for age and BMI at screening and image batch, and
the association was only slightly attenuated in fully adjusted
models.

In linear regression models of cube root–transformed dense
area, we found that age and BMI at screening were both inversely
associated with our outcome. We found that the best-fitting
covariate model for age and BMI at screening included linear

and squared terms for both age and BMI. This covariate model
with age and BMI terms alone explained 11.4% of the variance of
DA in Hologic mammograms and 9.9% of the variance in GE
mammograms.

Results for the associations of age at menarche and late ado-
lescent BMI with dense area are shown in Supplementary Tables
S2 and Table S3. To facilitate interpretation, parameter estimates
and standard errors on the scale of cube root of DA (Supplemen-
tary Table S2) were transformed to estimate the difference in DA
(Table 3). Both pubertal factors had statistically significant effects
inminimally adjustedmodels and in fully adjustedmodels. Later
age at menarche was associated with greater dense area in min-
imally adjusted and fully adjusted models. A test for linear trend
across categories on the scale of cube root dense area was statis-
tically significant in the minimally adjusted model (P < 0.0001)
and the fully adjusted model (P < 0.0001). There was some
attenuation of the effect in the fully adjusted model as compared
to the minimally adjusted model. Higher late adolescent BMI
was associated with lower dense area in the minimally adjusted
model (P < 0.0001) and the fully adjusted model (P < 0.0001).
There was only a slight attenuation in the effect of late adolescent
BMI in the fully adjusted model as compared to the minimally
adjusted model.

We tested for effect modification by menopausal status. There
was no evidence of effect modification by menopausal status on
the effect of age at menarche on PD (P ¼ 0.8596) or DA (P ¼
0.6725). We did find evidence of a statistically significant effect
modificationbymenopausal status on the effect of late adolescent
BMI on PD (P ¼ 0.0311) and DA (P ¼ 0.0345). The direction of
the effectmodificationwas such that a stronger effect was found in
premenopausal women for the associationwith PDbut a stronger
effect was found in postmenopausal women for the association
with DA. The effect modification was modest, and late adolescent
BMI remained inversely associated with PD and DA among
both premenopausal and postmenopausal women in fully
adjusted models. Supplementary Table S3 shows the estimated

Figure 2.

Relationship of BMI to percent density
under two alternative models for BMI.

Table 2. Associations of percent density with age at menarche and late
adolescent BMI

Minimally adjusted
modelsa

Fully adjusted modelb

Estimated difference
in PDc (95% CI)

Estimated difference
in PDc (95% CI)

Age at menarche
<10 years �1.24 (�2.21 to�0.28) �0.96 (�1.93–0.00)
10–11 years �0.48 (�0.86 to �0.11) �0.37 (�0.74–0.00)
12–13 years 0.00 Reference 0.00 Reference
14–15 years 0.89 (0.49–1.28) 0.73 (0.34–1.12)
>16 years 1.75 (0.97–2.54) 1.47 (0.69, 2.25)

Late adolescent BMId

18.0 (10th percentile) 0.88 (0.83–0.93) 0.84 (0.79–0.90)
19.2 (25th percentile) 0.49 (0.43–0.54) 0.47 (0.41–0.52)
20.7 (median) 0.00 Reference 0.00 Reference
22.3 (75th percentile) �0.51 (�0.56 to�0.46) �0.49 (�0.54 to �0.44)
24.6 (90th percentile) �1.24 (�1.29 to �1.19) �1.19 (�1.24 to �1.14)

aModels adjusted only for age at screening, BMI at screening, and image batch.
bModel with simultaneous inclusion of age atmenarche and late adolescent BMI,
and adjusted for age at screening, BMI at screening, menopause, MHT, parity,
number of children, age at first birth, family history of breast cancer, and image
batch.
cParameter estimates from the model for square root of percent density were
transformed to estimate the difference in percent density.
dLate adolescent BMI was included as a continuous covariate with a linear
relationship to square-root percent density.Wepresent estimated differences in
percent density for specific percentiles of late adolescent BMI relative to the
median.
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associations of late adolescent BMI with PD and DA by meno-
pausal status in fully adjusted regression models.

Discussion
In this large study of 24,840 women, we found that age at

menarche was positively associated and late adolescent BMI was
inversely associated with Cumulus measures of mammographic
density on processed FFDM images acquired from Hologic and
GE machines.

The association of age at menarche with mammographic den-
sity has been inconsistent in previous smaller studies. Anumber of
studies have reported finding no evidence of an association
between age at menarche and measures of mammographic den-
sity (14, 17, 24–26). Some studies have reported a positive trend
between percent density and age at menarche. Butler and collea-
gues (13) reported that percent density increased with increasing
age at menarche among pre- and perimenopausal women in
unadjusted models, but the trend was not statistically significant
in fully adjusted models. Haars and colleagues (22) reported a
positive association between age at menarche and dense area. A
positive association between age at menarche and patterns of
higher density using Wolfe's density classification has been
reported, which was statistically significant in both adjusted and
unadjusted models (19). Our finding of a positive association
between age at menarche and percent density is supported by
these previous studies that showed some evidence of a positive
trend. Moreover, our study provides new stronger evidence
because the associations were statistically significant for both
percent density and dense area in fully adjusted models.

Although adult BMI at mammography screening is known to
have a strong inverse association with PD, very few studies have
examined BMI in early life around age 18, puberty or in child-
hood. The few studies that have examinedBMIduring these earlier

periods have found an inverse association with mammographic
density, similar to the association with adult BMI. A study of
childhood weight/BMI identified an inverse association between
mammographic density measures and BMI measured at ages 7 to
15 years with the strongest in late adolescence (20). Similarly,
Soguel and colleagues (27) found a negative correlation between
BMI at 18 years of age and mammographic density, with correla-
tions of �0.18 and �0.09 for PD and DA, respectively.

Age at menarche and late adolescent BMI are interrelated.
Earlier age at menarche is associated with higher BMI in adoles-
cence and higher risk of obesity during young adulthood and
midlife (28–30). One concern is that many previously reported
associations of age atmenarche andmammographic density were
reported only in unadjusted models. We found robust positive
trends between age at menarche and mammographic density
measures that remained statistically significant in fully adjusted
models, including BMI in youth and adulthood and reproductive
factors later in life. Thus, our study provides new evidence that age
at menarche is independently positively associated with percent
density even after adjusting for BMI at screening and late adoles-
cent BMI.

Overall, effect sizes for both age at menarche and late adoles-
cent BMIweremodest. The difference in PDbetween the youngest
and oldest age at menarche categories was estimated to be 2.43%
in our fully adjusted model. The difference in PD between the
10th and 90th percentiles of post-adolescent BMI was estimated
to be 2.03% in our fully adjusted model. In comparison, post-
menopausal hormone use, a well-established risk factor for
increased mammographic density, has been associated with dif-
ference in PD of approximately 6% (31, 32). One reason that
previous studies of age at menarche have reported inconsistent
effects could be that greater power is required to detect smaller
effect sizes.

Althoughwe did find evidence of a statistically significant effect
modificationbymenopausal status on the effect of late adolescent
BMI on PD, the effect modification was modest, and late adoles-
cent BMI remained inversely associated with PD and DA among
bothpremenopausal andpostmenopausalwomen in fully adjust-
ed models. Thus, the statistically significant interaction may not
represent a true biologic interaction. We also note that these
interaction tests were secondary analyses performed after the
main statistical analyses and the statistically significant P values
were close to 0.05; thus, considerations of multiple testing would
indicate that these nominally statistically significant interactions
be interpreted more as suggestive effects. In addition, although
we adjusted for BMI at the time of themammogram, it is possible
that there is additional confounding by BMI changes across the
lifespan.

Relationship to breast cancer risk
Age at menarche is inversely associated with breast cancer risk

(33). Since mammographic density has a strong positive rela-
tionship to breast cancer risk, one might expect that age at
menarche would be inversely associated with mammographic
density. In contrast, we found that age at menarche is associated
positively with mammographic density. Because these associa-
tions are not in the same direction, this suggests that the effect of
age at menarche on breast cancer risk is not predominantly
mediated through a pathway reflected directly or indirectly by
mammographic density. Our findings are supported by a recent
mediation analysis, which found that the association of age at

Table 3. Associations of dense area with age at menarche and late adolescent
BMI

Minimally adjusted
modelsa

Fully adjusted modelb

Estimated difference
in DAc, cm2 (95% CI)

Estimated difference
in DAc, cm2 (95% CI)

Age at menarche
<10 years �0.35 (�1.40–0.70) �0.34 (�1.74–1.05)
10–11 years �0.64 (�1.04 to �0.25) �0.62 (�1.15 to �0.10)
12–13 years 0.00 Reference 0.00 Reference
14–15 years 0.56 (0.14–0.98) 0.42 (�0.14–0.98)
>16 years 1.76 (0.91–2.61) 1.59 (0.48–2.70)

Late adolescent BMId

18.0 (10th percentile) 0.97 (0.89–1.06) 0.94 (0.86–1.03)
19.2 (25th percentile) 0.54 (0.45–0.63) 0.52 (0.43, 0.61)
20.7 (median) 0.00 Reference 0.00 Reference
22.3 (75th percentile) �0.57 (�0.65 to �0.48) �0.55 (�0.64 to �0.46)
24.6 (90th percentile) �1.37 (�1.45 to �1.28) �1.33 (�1.41 to �1.24)

aModels adjusted only for age at screening, BMI at screening, and image batch.
bModel with simultaneous inclusion of age atmenarche and late adolescent BMI,
and adjusted for age at screening, BMI at screening, menopause, MHT, parity,
number of children, age at first birth, family history of breast cancer, and image
batch.
cParameter estimates from the model for cube root of dense area were
transformed to estimate the difference in dense area.
dLate adolescent BMI was included as a continuous covariate with a linear
relationship to cube-root dense area. We present estimated differences in
percent density for specific percentiles of late adolescent BMI relative to the
median.
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menarche with breast cancer risk was not mediated by PD (34).
Additional studies are needed to further elucidate the relationship
between different pubertal stages and breast density.

BMI in late adolescence is inversely associated with breast
cancer risk (35–39). Thus, BMI at screening and BMI in late
adolescence are associated with breast cancer risk in different
directions. However, the inverse association of late adolescent
BMI with both mammographic density and breast cancer risk
suggests that the effect of late adolescent BMI on breast cancer risk
could be mediated through a pathway acting on mammographic
density. Our findings are supported by a large cohort study which
found evidence that the inverse association of youth body fatness
and breast cancer was mediated by mammographic density (36).

A number of mechanisms have been hypothesized to explain
the relationship of mammographic density to breast cancer risk;
these potential mechanisms are reviewed by Martin and Boyd
(40) and Pettersson and Tamimi (41). Studies of the histologic
basis ofmammographic density show that breast tissue collagen is
a major component explaining up to 29% of the variation in
percent density (40), and studies have consistently reported that
mammographic density is positively associatedwith the stroma in
breast tissue samples (41–43). Age and postmenopausal BMI are
positively associated with breast cancer risk (44), inversely asso-
ciated with mammographic density (45), and inversely related to
the percentage of collagen found in breast tissue (46). In contrast,
number of live births is inversely associatedwith breast cancer risk
(44), inversely associated with mammographic density (45), and
inversely related to the percentage of collagen found in breast
tissue (46). Growth factors like IGF-1 and stromalmatrix proteins
like stromal proteoglycan, expressed in association with breast
cancer, have been highlighted as important factors also associated
with mammographic density (40, 46). Endogenous estrogen is
positively associated with breast cancer risk in many studies (47).
Mammographic density may reflect cumulative exposure to
endogenous estrogens, which may increase breast cancer risk
through its mitogenic effects (40). Breast size has been reported
to modify the association of dense area with breast cancer, with
weaker associations found in larger breasts (48). Thus, the inverse
associations of late adolescent BMI with breast density and cancer
risk may be mediated by increased nondense (fatty) area and
adipocytes that support normal breast epithelial proliferation
throughout puberty and inhibit later carcinogenesis (40).

Strengths and limitations
This study has a number of strengths and limitations. This is the

largest cohort study of mammographic density to date and has
high statistical power to identify novel epidemiologic risk factors.
In addition, all mammographic density measurements were per-
formed by a single radiological technologist using the well-estab-
lished Cumulus method. FFDM is now standard practice inmany
health care settings, while most research is still based on conven-
tional film mammography. Studies that established Cumulus as
the gold-standard measurement of mammographic density by
showing strong associations with breast cancer risk have used
images that were obtained using film mammography and sub-
sequently digitized (1, 2, 4, 11, 49). Recently, we reported that
mammographic density assessed by Cumulus on FFDM images
show similarly strong associations with breast cancer risk, vali-
dating the use of Cumulus measures on FFDM images (5).

The cohort is characterized by a wide range of covariate values
across age and BMI, and includes both premenopausal and

postmenopausal women, and is drawn from a population-based
sample unselected for breast cancer status or other phenotypes; all
of these factors increase the generalizability of results. One lim-
itation is that the cohort includes only non-Hispanic white
women because it is ancillary to a GWAS, thus it is not represen-
tative of race/ethnicity differences in mammographic density.

In any retrospective study when survey data are collected to
assess past information, there is potential for recall bias; however,
this is population sample study and density reads were done
blinded to survey responses, so any measurement error in the
survey data covariates would be nondifferential with respect to
density. Another concern arising from the survey data is the
missing responses. Because restricting to a complete case analysis
would likely induce bias in the parameter estimates, we used an
imputation approach which is expected to yield unbiased param-
eter estimates (21). In addition, we performed a sensitivity anal-
ysis by creating amissing category for each variable, andwe found
that the magnitude and direction of our results were consistent,
indicating that our findings were not overly influenced by our
imputation procedure.

Conclusions
In this large population-based study, we found that the puber-

tal factors age at menarche and late adolescent BMI were each
associatedwith quantitativemeasures ofmammographic density.
These associations were consistent in minimally adjusted models
and fully adjusted models, and across both percent density and
dense area. Results support the hypothesis that late adolescent
BMImay be associated with breast cancer via a pathway acting on
density. However, results do not support a similar hypothesis for
age at menarche. Further research is needed to elucidate the
biological mechanisms through which early-life factors influence
mammographic density and later breast cancer risk, to determine
any differences by race and ethnicity, and to enable better early
prevention of breast cancer.
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