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Breast density is a modifiable factor that is strongly associated with breast cancer risk. We sought to understand the
influence of newer technologies of full-field digital mammography (FFDM) on breast density research and to determine
whether results are comparable across studies using FFDM and previous studies using traditional film-screen mam-
mography. We studied 24,840 screening-age (40-74 years) non-Hispanic white women who were participants in the
Research Program on Genes, Environment and Health of Kaiser Permanente Northern California and underwent
screening mammography with either Hologic (Hologic, Inc., Marlborough, Massachusetts) or General Electric (General
Electric Company, Boston, Massachusetts) FFDM machines between 2003 and 2013. We estimated the associations
of parity, age at first birth, age at menarche, and menopausal status with percent density and dense area as measured
by a single radiological technologist using Cumulus software (Canto Software, Inc., San Francisco, California). We found
that associations between reproductive factors and mammographic density measured using processed FFDM images
were generally similar in magnitude and direction to those from prior studies using film mammography. Estimated asso-
ciations for both types of FFDM machines were in the same direction. There was some evidence of heterogeneity in the
magnitude of the effect sizes by machine type, which we accounted for using random-effects meta-analysis when com-
bining results. Our findings demonstrate the robustness of quantitative mammographic density measurements across

FFDM and film mammography platforms.

breast cancer; mammographic density; mammography; risk factors

Abbreviations: BMI, body mass index; DA, dense area; FFDM, full-field digital mammography; GE, General Electric; KPNC, Kaiser

Permanente Northern California; PD, percent density.

There is great interest in studying mammographic density
because it is strongly associated with breast cancer risk (1, 2)
and is modifiable (3). Epidemiologic studies have consistently
found that women with high breast density have 4-6 times’
higher risk of breast cancer than women with low breast den-
sity (2, 3). The dense area (DA) of the breast appears radi-
opaque on a mammogram and is comprised of more stromal
and epithelial tissue than the radiotranslucent nondense areas,
which are comprised largely of fatty tissues (4). Percent density
(PD) is a measure of the dense area of the breast as a percentage
of total breast area.

Mammographic density is modifiable and generally decreases
with age (5). A number of reproductive factors have been stud-
ied in relation to their association with mammographic density
and breast cancer risk. Postmenopausal status has been strongly
associated with a decrease in mammographic density (6). Lower
mammographic density has also been associated with other
reproductive factors, such as having more children, younger age
at first birth, and younger age at menarche (7-10).

Most previous epidemiologic studies of mammographic
density have used film-screen mammography, whereas over
the last decade full-field digital mammography (FFDM) has
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largely replaced conventional film mammography. Further-
more, there are multiple types of FFDM machines currently in
use, and technological differences may affect the visual appear-
ance of dense tissue in the processed mammograms used for
clinical interpretation and its association with breast cancer out-
comes and risk factors. Recently, we (11) and others (12, 13)
have shown that quantitative mammographic density measured
on processed digital mammograms is strongly associated with
breast cancer risk, with a similar direction and magnitude as the
associations found when using film mammograms—providing
some validation of the use of FFDM for research. However,
there is a need for large-scale studies to verify the comparability
of the associations between reproductive factors and quantita-
tive mammographic density measured on FFDM to those estab-
lished using digitized film mammograms.

We examined whether associations of reproductive factors
with mammographic density, measured using Cumulus soft-
ware (Canto Software, Inc., San Francisco, California) (14), on
FFDM images from 24,840 screening-age women were similar
to previously reported associations based on film-screen
mammography. We also considered whether the associations
differed for FFDM machines manufactured by Hologic, Inc.
(Marlborough, Massachusetts) and the General Electric Com-
pany (GE) (Boston, Massachusetts), which are the two most
common types of FFDM machines used in the United States.

METHODS
Study population

This study drew from participants in the Research Program
on Genes, Environment and Health, a program developed and
administered by the Division of Research of Kaiser Permanente
Northern California (KPNC) (Oakland, California). The study
included non-Hispanic white female participants who were gen-
otyped and whose mammographic density was measured as part
of a genome-wide association study of mammographic density,
as described previously (11, 15). Women between the ages of
40 and 74 years were eligible to be included in this study if they
had completed a health survey, provided a saliva sample for ge-
notyping, and undergone at least 1| FFDM mammogram for
breast cancer screening between 2003 and 2013.

Mammograms

Screening FFDM mammograms were identified in the wom-
en’s electronic health records and obtained from the KPNC
imaging archive. FFDM mammograms came from 37 different
mammography facilities within KPNC, with 1-5 machines per
facility. Image selection and exclusion criteria have been
described previously (16). Of the 24,840 women in the final
cohort, 1,406 women (5.7%) had previously had breast cancer.
We used the left craniocaudal view for the majority of the
cohort. For women with previous breast cancer, we selected
the craniocaudal view of the unaffected breast from the closest
prediagnostic screening examination. We randomly selected
the right craniocaudal view for approximately 10% of the
women who did not have a personal history of breast cancer,
to blind the reader to case/control status.
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Density assessments

FFDM images, in Digital Imaging and Communications in
Medicine format (National Electrical Manufacturers Associa-
tion, Arlington, Virginia), were down-sampled to a pixel size
of 200 pm for transfer to the Stanford Radiology 3D and Quan-
titative Imaging Laboratory (Stanford University, Stanford,
California). We applied a median filter with a radius of 3 pixels
to the processed Hologic FFDM images to make them appear
more film-like and to improve reproducibility (11). Images
were randomly assembled into batches, including random rep-
licates for quality control. DA and PD density measurements
were obtained using the Cumulus interactive threshold method
(14) by a single expert radiological technologist trained in
Cumulus assessments. Reader reproducibility was high for
both types of images, with batch-adjusted Pearson R values of
0.952 for PD and 0.925 for DA on Hologic images and 0.961
for PD and 0.941 for DA on GE images (see Web Appendix 1,
available at https://academic.oup.com/aje).

Data sources for characteristics of cohort

Age at mammography was determined on the basis of birth-
date (demographic database) and date of the mammogram
(mammography database). Body mass index (BMI; weight (kg)/
height (m)?) measured at the patient visit closest to the mammo-
gram date was obtained from the electronic health record. The
Research Program on Genes, Environment and Health survey
provided information on parity, age at first birth, age at menar-
che, family history of breast cancer, and menopause. The KPNC
pharmacy database, which records all dispensed outpatient and
inpatient prescriptions, was used to determine use of menopausal
hormones within the 5 years prior to FFDM.

Literature review of published associations with PD and DA

We conducted a literature review of previously published
studies of quantitative mammographic density to compare the as-
sociations obtained in this study using FFDM measurements
with previously published associations obtained using digitized
film mammograms. Four of the authors (S.E.A., N.U.O., RM.,
and V.M.) independently searched for relevant articles using
PubMed (National Library of Medicine, Bethesda, Maryland).
To be included, the study had to have examined the associations
of 1 or more reproductive factors (menopause, parity, age at first
birth, and age at menarche) with the quantitative mammographic
density outcome measures PD and/or DA. Studies examining
mammographic density using the Wolfe classification (17) or the
Breast Imaging Reporting and Data System classification (18)
were excluded. For each study meeting our criteria, we extracted
the effect estimates and reviewed the study design, study popu-
lation, mammographic density assessment method, statistical
model, and adjustment covariates. We then compared associa-
tions estimated in the present study with the previously pub-
lished associations to evaluate the similarity of the estimates.

Statistical methods

To reduce skew and heteroscedasticity in model residuals,
we applied a square-root transformation to PD measurements
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and a cube-root transformation to DA measurements. We
adjusted for batch effects by fitting a regression model on batch
and taking the residuals. We conducted F tests for differences
in variance by machine type. We modeled the mammographic
density outcomes of PD and DA using multivariable linear
regression analyses. Model covariates were chosen a priori
based on their established associations with mammographic
density in prior studies (6) and included age, BMI, parity (num-
ber of children), age at first birth, family history of breast can-
cer, menopausal status, and use of menopausal hormones
within the past 5 years. We included BMI and BMI? in the DA
model and BMI, BMIz, and BMT in the PD model, based on
the best model fit as determined by Akaike’s Information Crite-
rion (16). Missing covariate data from the survey were imputed
using the Markov chain Monte Carlo approach (19). Meno-
pausal status was modeled as a dichotomous variable. Age at
first birth and parity were modeled categorically on the basis of
data collected in the survey. We tested for a linear trend in asso-
ciations across category levels.

Separate multivariable linear regression models were fitted
for Hologic and GE mammograms. Heterogeneity in effect es-
timates was computed using the I* statistic (20), and the statisti-
cal significance of the heterogeneity was tested formally by
Cochran’s Q test (21). Random-effects meta-analysis was used
to obtain combined parameter estimates (22). Parameter esti-
mates and standard errors were transformed using the delta
method to reflect change in PD and DA (23). We conducted a
sensitivity analysis restricted to women without a history of
breast cancer at the time of the mammogram. An a level of
0.05 was used as the cutoff for statistical significance. Regres-
sion analyses were implemented in SAS, version 9.3 (SAS
Institute, Inc., Cary, North Carolina), and meta-analyses were
implemented in R, version 3.2.2 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

The study cohort included 24,840 women with a mean age
of 62 years and a mean BMI of 28. Most women were post-
menopausal (81%). Digital mammograms were acquired pre-
dominantly on Hologic machines (84%), and the remainder on
GE machines (16%). Table 1 gives descriptive characteristics
for the full cohort and for the GE and Hologic subcohorts. There
were small but statistically significant differences in mean age
and BMI between women screened at clinics using Hologic
machines and women screened at clinics using GE machines.

Results from linear regression models

Table 2 shows the associations of reproductive factors (men-
opause, parity, age at first birth, and age at menarche) with PD
and DA in our study. These associations represent the com-
bined estimates from the random-effects meta-analysis of the
associations from each machine type (as described above in
“Statistical methods”). To facilitate interpretation, parameter
estimates and standard errors from linear regression models for
batch-corrected square-root PD and cube-root DA were trans-
formed to estimate absolute differences in PD and DA.

Menopausal status, parity, age at first birth, and age at men-
arche all had statistically significant associations with breast

density. We found that postmenopausal women had breast
density lower than that of premenopausal women by approxi-
mately 3.5% for PD and 4.2 cm? for DA. Nulliparity was asso-
ciated with higher breast density, and both PD and DA
decreased as the number of children increased. Older age at
first birth was associated with higher breast density, such that
women who first gave birth at age 40 years or more were esti-
mated to have 2.4% higher PD and 3.3 cm? higher DA than
women who first gave birth before age 20 years. Older age at
menarche was associated with higher PD, such that women
whose age at menarche was >16 years were estimated to have
2.9% higher PD and 2.4 cm? higher DA than women whose
age at menarche was <10 years. We found similar results in a
sensitivity analysis restricting the data to women without a his-
tory of breast cancer (Web Table 1).

Comparison with previous studies

We reviewed 13 previously published studies of the quanti-
tative mammographic density measures PD and DA. Each
study had examined the associations of mammographic den-
sity with 1 or more reproductive factors: menopause, parity,
age at first birth, or age at menarche. Table 3 shows a summary
of the results of each study. Further details on study design,
mammographic density assessment methods, statistical mod-
els, and adjustment covariates are given in Web Table 2.

The association of menopausal status with mammographic
density in our study was consistent with previously published
studies using film mammograms. In 9 studies that evaluated
menopausal status, investigators all reported that postmeno-
pausal women had lower mammaographic density than premen-
opausal women (9, 24-31). Effect estimates associated with
being postmenopausal ranged from a 0.88% decrease in PD to
a 5.37% decrease and from a 1.42-cm? decrease in DA to a
4.09-cm? decrease. Our effect estimates of a 3.5% decrease in
PD and a 4.2-cm? decrease in DA for postmenopausal women
were similar to estimates reported in these previous studies.

Our findings on the relationship between parity and mam-
mographic density were also consistent with those of prior
studies using film mammograms. Parous status versus nullip-
arous status was associated with decreased mammographic
density in 5 prior studies (25, 26, 29, 30, 32), and number of
children was inversely associated with mammographic density
in 7 studies (9, 10, 26, 27, 30, 32, 33). Three additional studies
of parity and mammographic density also found inverse asso-
ciations, but the associations were not statistically significant
(8, 28, 31). Effect estimates associated with parity ranged from
a0.28% decrease in PD per child to a 2.49% decrease per child
and from a 1.19-cm? decrease in DA per child to a 2.94-cm?
decrease per child. Our effect estimates of an approximately
0.76% decrease in PD and a 1.17-cm? decrease in DA per
child were similar to the estimates reported in these previous
studies.

The association of age at first birth with mammographic
density across 9 previous studies (8, 10, 27-33) has been less
consistent than the association of menopause or parity with
mammographic density. Age at first birth had a positive and
statistically significant association with mammographic den-
sity in 2 studies (30, 32). Of the 7 studies that did not find a
statistically significant association between age at first birth
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Table 1.

Characteristics of 24,840 Women in the Research Program on Genes, Environment and Health Who

Underwent Full-Field Digital Mammography for Breast Cancer Screening, Kaiser Permanente Northern

California, 2003-2013

Entire Cohort

Machine Manufacturer

Covariate (n =24,840) Hologic? (n = 20,877) GE® (n = 3,963)
No. % No. % No. %
Age, years® 61.5 (56.0-68.0) 61.9 (56.0-69.0) 59.3 (53.0-66.0)

Body mass index®

27.6 (23.2-30.7)

Menopausal status

Premenopausal 4,835
Postmenopausal 20,005
Parity (no. of children)
0 (nulliparous) 2,318
1 3,662
2 9,217
>3 6,213
Missing data 3,430
Age at first birth, years
N/A (nulliparous) 2,318
<20 2,584
2024 6,734
25-29 5,502
30-34 2,748
35-40 1,133
>40 252
Missing data 3,569
Age at menarche, years
<10 491
10-11 4,617
12-13 13,177
14-15 4,147
>16 920
Never had a menstrual period 10
Missing data 1,478

Mammographic density
Percent density, %°
Dense area, cm?°©

19.5
80.5

9.3
14.7
37.1
25.0
13.8

9.3
10.4
271
22.2
1.1

4.6

1.0
14.4

2.0
18.6
53.1
16.7

3.7
<0.1

5.9

21.0(8.1-31.1)
28.0 (14.4-37.0)

27.7 (23.3-30.8) 27.0(22.8-30.0)

3,941 18.9 894 22.6
16,936 81.1 3,069 77.4
1,860 8.9 458 11.6
3,097 14.8 565 14.3
7,866 37.7 1,351 34.1
5,265 252 948 23.9
2,789 13.4 641 16.2
1,860 8.9 458 11.6
2,208 10.6 376 9.5
5,710 27.3 1,024 25.8
4,693 225 809 20.4
2,329 11.2 419 10.6
948 4.5 185 4.7
216 1.0 36 0.9
2,913 14.0 656 16.6
422 2.0 69 1.7
3,893 18.6 724 18.3
11,037 52.9 2,140 54.0
3,500 16.8 647 16.3
748 3.6 172 4.3

9 <0.1 1 <0.1
1,268 6.1 210 5.3

20.4 (8.0-30.0)
27.9 (14.5-36.5)

24.3(9.6-35.5)
28.9(13.3-39.0)

Abbreviations: GE, General Electric; N/A, not applicable.

@ Hologic, Inc., Marlborough, Massachusetts.

b General Electric Company, Boston, Massachusetts.
¢ Values are expressed as mean (interquartile range).

9 Weight (kg)/height (m)2.

and mammographic density, researchers in 2 studies reported
positive effects (27, 28), those in 1 study reported an inverse
effect (33), and those in 4 studies reported finding no associa-
tion but did not report the specific effect estimates or their
direction (8, 10, 29, 31). Our effect estimates of an approxi-
mately 0.10% increase in PD and a 0.13-cm? increase in DA
per year of age at first birth were consistent with, though
slightly smaller than, the reported associations of a 0.35%
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increase in PD and a 0.34-cm? increase in DA per year of age
at first birth in the study by Heng et al. (30).

Results from previous studies evaluating age at menarche
and mammographic density were inconsistent. In 5 studies, in-
vestigators reported finding no evidence of an association
between age at menarche and mammographic density (9, 29-31,
33). Tehranifar et al. (28) reported that older age at menar-
che was associated with decreased mammographic density,
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Table2. Associations® of Mammographic Percent Density With Reproductive Factors Among 24,840
Women in the Research Program on Genes, Environment and Health Who Underwent Full-Field Digital
Mammography for Breast Cancer Screening, Kaiser Permanente Northern California, 2003-2013

Percent Density, %" Dense Area, cm?°©

Reproductive Factor

Estimated Difference 95% CI Estimated Difference 95% ClI
Menopausal status
Premenopausal 3.50 0.62,6.38 4.20 0.69,7.71
Postmenopausal 0.00 Referent 0.00 Referent
Parity
0 (nulliparous) 1.16 0.60,1.72 1.35 0.55,2.14
1 0.32 -0.09,0.73 0.89 —-0.07,1.86
2 0.00 Referent 0.00 Referent
>3 -1.11 -2.87,0.65 -2.15 —4.70,0.40
Age atfirst birth, years
<20 -0.54 -1.00, -0.09 -0.88 -1.52,-0.23
2024 0.00 Referent 0.00 Referent
25-29 0.25 —-0.54,1.04 0.17 —0.55,0.90
30-34 0.75 0.25,1.25 0.50 -0.21,1.20
35-39 1.11 0.39,1.82 1.20 0.18,2.22
>40 1.89 -0.15,3.92 2.45 0.47,4.43
Age at menarche, years
<10 -1.19 -2.15,-0.22 —-0.58 -1.97,0.81
10-11 —-0.46 —-0.84,-0.09 -0.74 -1.26,-0.22
12-13 0.00 Referent 0.00 Referent
14-15 0.87 0.47,1.27 0.57 0.01,1.13
>16 1.69 0.91,2.48 1.83 0.72,2.95

Abbreviation: Cl, confidence interval.

& Combined effects for Hologic (Hologic, Inc., Marlborough, Massachusetts) and General Electric (General
Electric Company, Boston, Massachusetts) full-field digital mammography machines.

® Parameter estimates from the model for batch-corrected square root of percent density were trans-
formed to estimate the difference in percent density. The model included age, body mass index, menopause,
menopausal hormone therapy, family history of breast cancer, parity, age at first birth, and age at menarche.

¢ Parameter estimates from the model for cube root of dense area were transformed to estimate the differ-
ence in dense area. The model included age, body mass index, menopause, menopausal hormone therapy,
family history of breast cancer, parity, age at first birth, and age at menarche.

but only the association with DA was statistically significant.
Consistent with our findings, 2 previous studies found a positive
trend between PD and age at menarche. Butler et al. (8) reported
that PD increased with increasing age at menarche among
pre- and perimenopausal women in unadjusted models, and
the trend was suggestive but not statistically significant in
fully adjusted models. Haars et al. (10) reported a positive
association between age at menarche and DA of 1.55 cm? per
year of age at menarche; for PD, the estimated 1.0% change
per year of age at menarche was not statistically significant.
Our effect estimates of an approximately 0.36% change in PD
and 0.30-cm” change in DA per year of age at menarche are
within the range of estimates reported in these two studies.

Comparison of results for GE and Hologic machines

Figure 1 shows the parameter estimates and 95% confidence
intervals for the association of each reproductive factor with

transformed PD based on the separate regression models for
women with Hologic and GE images and the combined esti-
mate from the random-effects meta-analysis. The trends of
association for each reproductive factor showed the same
pattern among women with Hologic images and women with
GE images, although there were some small differences in
the magnitudes of the estimated associations. Menopausal sta-
tus had a strong association with PD among women with both
types of images, although the magnitude of this effect also
showed high heterogeneity (I =90%; P = 0.002), and the
two estimated 95% confidence intervals did not overlap. Parity
showed a clear inverse trend with PD for women with both Ho-
logic and GE images; we found no heterogeneity in the esti-
mated effects for nulliparous women or women with 1 child
(I = 0%) as compared with 2 children, yet we found high het-
erogeneity in the estimated effect for 3 or more children (> =

91%, P =0.001). Age at first birth showed a clear positive
trend with PD for both Hologic and GE images, although the

Am J Epidemiol. 2019;188(6):1144-1154
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Table 3. Results From Previous Studies of Associations Between Mammographic Density and Reproductive Factors, 2003-2017

Study (First Author, Year

(Reference No.)) and
Density Measure®

Reproductive Factor

Menopause

Parity Age at First Birth Age at Menarche

Burton, 2017 (24)

SQRT PD
SQRT DA
Busana, 2016 (25)

STDPD
Yaghjyan, 2016 (32)

SQRTPD
SQRT DA

SQRT PD
SQRT DA

Couwenberg, 2014
26

PD quintiles

PD quintiles
Lokate, 2013 (27)

PD change
DA change
Nguyen, 2013 (9)

STDPD
STD DA

Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreased DA and PD in
adjusted models.

p=-0.46,P <0.05
p=-0.55P <0.05

Menopausal status (postmenopausal
vs. pre- and perimenopausal) was
associated with decreased PD in
adjusted models.

p=-0.47, P < 0.001

Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreasing quintiles of PD in an
unadjusted model.

P <0.001

Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreasing PD and DA over
time.

p=-0.88,P <0.01
p=-1.42,P < 0.01

Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreased PD and DA in
adjusted models.

p=-0.374, P < 0.001
p=-0.162, P < 0.001

Parous status (parous vs. nulliparous)
was associated with decreased PD in
adjusted models.

p=-0.43,P < 0.001

Parous status (parous vs. nulliparous)
was associated with decreased PD
and DA in adjusted models among
postmenopausal women.

B =—0.60, P < 0.05
p=—-0.66, P < 0.05

Parity (no. of children; continuous) had
an inverse association with PD and DA
in adjusted models among
postmenopausal women.

p=-0.07,P <0.05
p=-0.14,P < 0.05

Parous status (parous vs. nulliparous)
was associated with decreasing
quintiles of PD in an unadjusted
model.

Age atfirst birth (years; continuous) had a
positive association with PD but not DA
in adjusted models among
postmenopausal women.

p=0.03, P < 0.05
p=0.01,P > 0.05

P <0.001

Parity (no. of children; continuous) was
associated with decreasing quintiles of
PD in an unadjusted model.

P <0.001

Parity (no. of children; continuous) was
associated with decreasing PD over
time but not with DA.

Age atfirst birth (>25 years vs. <25 years)
had a suggestive association with
increasing PD and DA over time (not
formally tested).

p=-0.58,P <0.05
p=-0.39,P > 0.05

Parity (no. of live births; continuous) had

Age at menarche (years; continuous) had
an inverse association with PD and DA

no association with PD or DA in adjusted

in adjusted models. models.
p=-0.142, P < 0.001 f=-0.006, P > 0.05
f=-0.059, P < 0.001 f=-0.010,P > 0.05

Table continues
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Table3. Continued

Study (First Author, Year

Reproductive Factor

(Reference No.)) and

Density Measure® Menopause

Parity Age at First Birth

Age at Menarche

Tehranifar, 2011 (28) Postmenopausal status (vs. pre- and
perimenopausal) was not associated

with PD or DA in adjusted models.

PD p=-1.68,P>0.05
DA p=-2.75P > 0.05

Wong, 2011 (29) Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreased PD in an adjusted

model.
PD P < 0.001

Butler, 2008 (8) Perimenopausal status (vs.
premenopausal) was not associated

with PD in an adjusted model.
PD f=-1.63,P>0.05
Modugno, 2006 (33)

PD

Haars, 2005 (10) Age at menopause (years; continuous)
had a positive association with PD

and DA in adjusted models.
PD $=0.80,P <0.05
DA f=0.84,P <0.05

Heng, 2004 (30) Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreased PD and DA in

adjusted models.

PD p=-5.37, P < 0.001
DA f =-4.09, P <0.001
PD
DA

Gapstur, 2003 (31) Menopausal status (postmenopausal
vs. premenopausal) was associated
with decreased PD in adjusted

models.
PD f=-5.19,P <0.01

Parity (>2 children vs. 0) was not
associated with PD or DA in adjusted
models.

Age atfirst birth (years; continuous) was

models.

p=-1.56,P > 0.05
p=-4.13,P>0.05

Parous status (parous vs. nulliparous)
was associated with decreased PD in
an adjusted model.

p=0.05,P>0.05
p=0.04,P > 0.05

was not associated with PD in an
adjusted model.

P < 0.001

Parity (no. of births; >3 vs. 0) had a
suggestive association with decreased
PD in adjusted models.

B =—-5.16, P < 0.05

Parity (no. of births; continuous) had an
inverse association with PD in an
adjusted model.

p=-0.28, P <0.001

Parity (no. of children; continuous) had
an inverse association with PD in an

P >0.05

Age atfirst birth (years; continuous) was
not associated with PD in an adjusted
model.

P> 0.05

Age at first birth (years; continuous) was
not associated with PD in an adjusted
model.

f=-0.33,P>0.05
Age atfirst birth (years; categorical) was

adjusted model. models.
f=-2.49,P < 0.001 P> 0.05
f=-2.94,P < 0.001 P> 0.05

Parous status (parous vs. nulliparous)
was associated with decreased PD but
not DA in adjusted models.

Age atfirst delivery (years; continuous)

DA in adjusted models.

p=-3.15P <0.05
p=-1.37,P>0.05

Parity (no. of children; continuous) had
an inverse association with PD and DA
in adjusted models.

p=-1.20,P <0.01
p=-1.19,P <0.01

Parity (no. of births; continuous) was not
associated with PD in adjusted
models.

p=0.35P <0.05
p=0.34,P <0.05

Age atfirst birth (years; categorical) was
not associated with PD in unadjusted
models. The association was not
analyzed in adjusted models.

p=-0.08, P> 0.05 P =0.60

not associated with PD or DA in adjusted

Age atfirst birth (<30 years vs. >30 years)

not associated with PD or DA in adjusted

was positively associated with PD and

Age at menarche (>13 years vs.
<11 years) was associated with
decreased DA but not PD in adjusted
models.

p=-1.34,P>0.05
p=-6.10,P <0.05

Age at menarche (>14 years vs.
<14 years) was not associated with PD
in an adjusted model.

P >0.05

Age at menarche (>13 years vs.
<12 years) had a suggestive association
with increased PD in an adjusted model.

p=3.32,P=0.09

Age at menarche (years; continuous) had
no association with PD in an adjusted
model.

p=-0.056,P > 0.05

Age at menarche (years; continuous) had a
positive association with DA but not with
PD in adjusted models.

p=1.00,P > 0.05
p=1.55,P <0.05

Age at menarche (years; continuous) was
not associated with PD or DA in adjusted
models.

p=0.22,P > 0.05
p=0.44,P > 0.05

Age at menarche (years; categorical) was
not associated with PD in unadjusted
models. The association was not
analyzed in adjusted models.

P =0.69

Abbreviations: DA, dense area; PD, percent density; SQRT, square-root—transformed; STD, standardized.

@ See full details in Table 1.
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magnitude of the trend appeared slightly stronger in GE
images. The parameter estimates for age at first birth showed
low-to-moderate heterogeneity (I* values ranging from 0% to
49%). Age at menarche showed a clear inverse trend with PD
among women screened using either GE or Hologic machines,
with no heterogeneity in effect estimates (/= 0%). Other
small differences we observed in the distributions and regres-
sion models of PD and DA by machine type are described in
Web Appendix 2, Web Table 3, and Web Figure 1.

DISCUSSION

Our study found that reproductive factors, including meno-
pausal status, parity, age at first birth, and age at menarche, were
all associated with quantitative mammographic density mea-
sured using Cumulus software on processed FFDM images. The
associations identified in this study were consistent with associa-
tions reported in previous studies of quantitative mammographic
density that used film mammograms, illustrating the robustness
of density measures acquired from 2 different digital mammog-
raphy platforms. When comparing women screened using Holo-
gic machines with women screened using GE machines, we
found that associations of reproductive factors with mammo-
graphic density were similar in magnitude and direction and that
small differences by manufacturer could be handled through
appropriate statistical modeling.

Comparison with previous studies

Menopausal status had the strongest association with mam-
mographic density in previously published studies using film
mammograms, as well as in our study using processed FFDM
images. Associations of parity, age at first birth, and age at meno-
pause with mammographic density were smaller in magnitude
than those for menopausal status in both our study and previous
studies using film mammograms. Overall, the similarity in mag-
nitude and direction of the associations found in our study and
previous studies based on film mammograms shows that quanti-
tative mammaographic density measures obtained using Cumulus
software on processed FFDM images are robust and suitable for
research.

Comparison of results for GE and Hologic machines

In this study, we found that the associations of reproductive
factors with mammographic density were similar between
women with processed mammograms acquired on Hologic
and GE FFDM machines. We also observed some minor dif-
ferences in the models for mammographic density among
women with Hologic images versus GE images. Specifically,
after transformation and batch correction, there were small
differences in the unadjusted mean values and standard devia-
tions for PD and DA, the variance explained by model covari-
ates, and the distribution of residuals from our regression models.
In addition, we found that while most associations of reproduc-
tive factors with mammographic density exhibited no heteroge-
neity by manufacturer, a few associations exhibited substantial
heterogeneity.

Overall, these small differences suggest that using separate
regression models for women with Hologic and GE images

Am J Epidemiol. 2019;188(6):1144—1154

and combining the estimates using random-effects meta-analysis
is an appropriate strategy for assessing multiple factors influenc-
ing mammographic density. Fitting a single model with images
from both FFDM manufacturers would have caused us to
incorrectly assume that the estimates of associations and resid-
ual variances did not exhibit any differences by machine type.
Furthermore, random-effects meta-analysis is preferred over
fixed-effects meta-analysis when there is between-group het-
erogeneity in association estimates (22). Modeling approaches
that combine estimates without accounting for these between-
group differences could lead to underestimation of the variance
in the association, making confidence intervals too narrow.

By the design of our study, we know that all covariate data
were collected in the same way for the entire cohort, that the
same statistical models with the same covariates were fitted,
and that all images were assessed using Cumulus software by
a single experienced reader with a high level of reproducibility.
Different target-filter combinations and processing software
used by different FFDM manufacturers can affect the appear-
ance of processed images used for clinical interpretation and
may contribute to differences in mammographic density mea-
surements, even when they are obtained by the same highly
skilled reader. Because different types of FFDM machines were
located at different mammography clinics, it is also possible that
demographic differences between clinic populations contributed
to the small differences found for the GE and Hologic subco-
horts of women; for example, we noted that women screened
at clinics using Hologic FFDM machines tended to be slightly
older and to have slightly higher BMIs than women screened
at clinics using GE machines. However, all key confounders
were accounted for in these models, and any differences in the
associations would have to have arisen from differences in
unmeasured confounders that are also associated with FFDM
machine type.

Strengths and limitations

This study had several strengths and limitations. To our
knowledge, this is the largest study of mammographic density
measured using Cumulus on FFDM images to date. Further-
more, all mammographic density measurements were con-
ducted by a single reader with proven outstanding reliability.
Other strengths are that the cohort had a wide range of covariate
values across age and BMI, included both premenopausal and
postmenopausal women, and was drawn from a population-
based sample rather than a case-control study; all of these
factors increase the generalizability of the results. However,
the cohort included only non-Hispanic white women because
it was ancillary to a genome-wide association study; thus, it
was not representative of all racial/ethnic groups.

Another strength of the study is that the two most com-
monly used types of FFDM machines in the United States
were included, and we were able to assess similarities and dif-
ferences of the associations of reproductive factors with Cumu-
lus density measurements by machine type. However, GE and
Hologic machines were not assigned at random; rather, the dif-
ferent types of machines were located at different mammogra-
phy clinics. Thus, the GE and Hologic groups of women may
have represented slightly different underlying study populations
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Figure 1. Associations of mammographic percent density (PD) with reproductive factors among screening-age (40—74 years) non-Hispanic white
women undergoing full-field digital mammography, by machine manufacturer (black circles indicate Hologic machines (Hologic, Inc., Marlborough,
Massachusetts); gray circles indicate General Electric machines (General Electric Company, Boston, Massachusetts)) and overall (results com-
bined via meta-analysis, indicated by white diamonds), Kaiser Permanente Northern California, 2003—2013. Reference categories: menopausal
status—postmenopausal; parity—2 children; age at menarche—12-13 years; age at first bith—20-24 years. Bars, 95% confidence intervals (Cls).

that reflected local demographic differences among women liv-
ing near different KPNC clinics.

Conclusions

In this large cohort study, menopausal status, parity, age at
first birth, and age at menarche were all associated with quanti-
tative mammographic density measures based on processed
FFDM images. The associations were similar in magnitude
and direction to those of previous studies that used quantitative
density measurements based on film mammograms. Our find-
ings convincingly demonstrate the robustness of mammographic

density measurements obtained using the Cumulus computer-
assisted thresholding method on processed images acquired
from 2 widely used FFDM platforms. Furthermore, small dif-
ferences by machine type can be addressed through appropri-
ate statistical methodologies that use separate regression
models when needed and that account for heterogeneity when
combining results. As mammography platforms rapidly
evolve with new technological advancements, investigators
studying mammographic density may face additional chal-
lenges in the interpretation of new mammographic density
measurements in a research context. Thus, it is important to
compare and validate these new measurements with regard to

Am J Epidemiol. 2019;188(6):1144-1154
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the established associations between mammographic density,
risk factors, and breast cancer risk.
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