
SUPLLEMENTARY INFORMATION 

Introduction of participating studies and phenotype data collection.  

Information about BCAC can be found at https://bcac.ccge.medschl.cam.ac.uk/bcac-groups/study-groups/. 

The harmonization of genotype, phenotypes (mammographic density measurements) and covariates (age 

and BMI at mammogram collection) was performed at the BCAC data coordinating center incorporated in 

the University of Cambridge, in a larger effort that involved back and forth correspondence with studies 

individually. In the present study, we performed extra quality control process for the data provided by the 

BCAC data coordinating center and removed individuals with missing or unreasonable value for MD 

measures, age, or BMI. 

Studies with individual-level genotype and phenotype collected 

ABCFS 

The Australian Breast Cancer Family Study (ABCFS) is a population-based, case–control-family study of 

breast cancer with an emphasis on early-onset disease, that was carried out in Melbourne and Sydney, 

Australia. Case patients were adult women living in the metropolitan areas of Melbourne and Sydney who 

were diagnosed with a histologically confirmed first primary cancer of the breast. Control subjects were 

adult women living in the metropolitan areas of Melbourne and Sydney and selected from the electoral roll 

by use of proportional random sampling based on the expected age distribution of the case patients 

(McCredie et al, 1998; Dite et al, 2003). For the sample included in the present study, genotyping was 

conducted using the iCOGS or OncoArray chip. Mammograms were digitized at a pixel size of 260 μm and 

a precision of 12 bits using an Array digitizer at the Australian Mammographic Density Research Facility 

at the University of Melbourne. The craniocaudal view was used for measuring mammographic density via 

the Cumulus software. 

BBCC 

The Bavarian Breast Cancer Cases and Controls Study (BBCC) is a case control study that aims at the 

identification of genetic and non-genetic risk factors for breast cancer (Heusinger et al., 2011, Rauh et al., 

2012, Schrauder et al., 2008). Cases are hospital-based and controls are either hospital-based, part of a 

breast cancer screening program or recruited by a newspaper advertisement. Mammograms were obtained 

either at the time-point of the primary diagnosis of breast cancer (cases) or at time of study inclusion 

(controls). Participants had to be 18 years or older. Controls were not allowed to have any malignant disease 

and cases had to have a histologically proven invasive breast cancer. All participants completed an 

epidemiological questionnaire and provided a blood sample for germline DNA extraction. Genotyping was 

done with the iCOGS array. Cases were followed for further follow up. The measurement of 

mammographic density used the Madena software. 

BCEES 

The Breast Cancer Environment and Employment Study (BCEES) is a large, population-based case–control 

study of women aged between 18 and 80 years (Fritschi et al., 2013) recruited between May 2009 and 

January 2011. We obtained digitised mammographic images from craniocaudal film mammograms for 

1903 women (668 cases and 1235 controls) who attended BreastScreen Western Australia. For breast cancer 

cases, prediagnosis mammograms were used. For controls, the earliest mammogram taken between 2009 

and 2011 was used to match the years the cases were diagnosed. The Cumulus software (Sunnybrook Health 

Sciences Centre, Toronto, Canada) was used to estimate absolute dense area, percentage dense area and 

non-dense area. DNA was extracted from saliva samples and of the 1903 women with mammographic data 

https://bcac.ccge.medschl.cam.ac.uk/bcac-groups/study-groups/


available, 1033 women were genotyped using the Illumina OncoArray chip as part of the Breast Cancer 

Association Consortium (BCAC).  The use of these data is approved by the University of Western Australia 

Human Research Ethics Committee (RA/4/1/7399) and Department of Health Western Australia Human 

Research Ethics Committee (RGS0000002843).     

BREOGAN 

The BREast Oncology GAlicia Network (BREOGAN) is a population-based study conducted since 1997 

in two main cities in Galicia, Spain (Vigo and Santiago de Compostela), which cover approximately 

700,000 inhabitants. The study currently includes 2,078 incident breast cancer cases diagnosed from 1997-

2014 in two Galician hospitals with blood, tumour tissue and risk factor questionnaire, as well as clinical 

information, including pathology, survival and treatment variables. Controls were frequency-matched to 

cases according to 5-year age group, inclusion in the universal Galician Public Health Service (SERGAS) 

registry database, and place of residence. They are 2,282 healthy, unrelated female individuals from the 

same base population as cases randomly selected from SERGAS´ primary healthcare centers in the health 

areas of Santiago and Vigo. Over 2,000 cases and about 1,000 controls were genotyped with the Illumina 

OncoArray platform at the University of Cambridge, United Kingdom. For 623 of these women, we also 

had mammographic density measurements (381 breast cancer cases and 242 controls). We collected 

mammograms as close as possible to the date of blood collection. Mammograms were scanned and sent to 

Dr. Celine Vachon at the Mayo Clinic in Minnesota, where a single reader assessed mammographic density 

using Cumulus. These studies were approved by the Ethical Committee of Clinical Research in Galicia, 

Spain. 

CBCS 

The data examined originate from a population-based case-control study, the British Columbia (BC) study 

subpopulation in the Canadian Breast Cancer Study (CBCS). CBCS includes incident female breast cancer 

cases 40 to 80 years of age diagnosed between 2005 and 2009. Cases were recruited from the BC Cancer 

Registry. Controls were enrolled from the Screening Mammography Program from the same geographic 

area, and frequency matched to cases in 5-year age groups. Participation was 54% among cases and 57% 

amid controls. This study was restricted to postmenopausal participants: 606 cases and 595 controls. The 

final sample, determined by the availability of screening film mammograms, was comprised of 477 cases 

and 588 controls. A questionnaire was used to collect information about personal characteristics and 

medical history.DNA was extracted from blood or saliva samples. Genotyping was performed with a 768 

SNP Golden Gate (Illumina) assay by the McGill University and Genome Quebec Innovation Centre, 

Montreal Canada. Quality control procedures for all SNPS and samples were previously described (Grundy 

et al., 2013). 

Mammographic density measurement has been described (Velásquez García et al., 2018). The most recent 

normal mammogram before recruitment into CBCS was selected. For cases, the contralateral breast was 

selected; for controls, the side was chosen at random. Mammograms were digitized using the same device 

(iCAD TotalLook Mammo Advantage); the craniocaudal view was used in all instances. Total breast area 

and DA were determined using the interactive thresholding method with Cumulus software (Imaging 

Research Program, Sunnybrook Health Sciences Centre, University of Toronto, Toronto, Canada), by a 

blinded single reader (HAVG). 

FHRISK 

The FHRisk study was initiated in 2010 (Evans et al 2016). Over the following 2 years 2,000 women were 

recruited from a Family History Clinic (FHC) in Manchester with oversampling of previous breast cancers. 



Each woman had breast density measured by five methods (Astley et al., 2018) including visual assessment 

by two independent expert readers (radiologists, advanced practitioner radiographers and breast physicians) 

who marked the estimated percent density for each woman on visual analogue scales. The average density 

across radiographic views and both readers was taken. All women gave informed consent and completed a 

questionnaire to provide information on personal and lifestyle factors associated with risk of breast cancer. 

A blood DNA sample was obtained over sampling in those with breast cancer. An 18 Single Nucleotide 

Polymorphism Polygenic Risk Score was generated on 2,000 (Evans et al., 2017), but only 1400 have had 

the Illumina OncoArray.  

KCONFAB 

kConFab was initiated in 1997, and with the help of the Family Cancer Centres in Australia and New 

Zealand began enrolling families with a strong history of breast and breast/ovarian cancer. Genetic, 

epidemiological, medical and psychosocial data collected from these families by kConFab are stored in a 

de-identified fashion in a central relational database. Biospecimens collected from family members are used 

to characterise germ-line mutations in predisposing genes such as BRCA1, BRCA2, ATM, PALB2, p53, 

PTEN (Osborne et al., 2000). kConFab has accumulated data on more than 1,900 multigenerational, multi-

case kindreds. Since this time, blood samples were collected from 9480 women, 5370 have a verified breast 

cancer.  For 1,590 of these women. Mammograms from 433 women have been retrieved to calculate 

mammographic density data. These kConFab research study is approved by the Human Ethics Committee, 

Peter MacCallum Cancer Centre, Melbourne, Australia. The measurement of mammographic density used 

the Cumulus software. 

MCBCS 

The Mayo Clinic Breast Cancer study (MCBCS) is an Institutional Review Board-approved, ongoing clinic-

based case-control study initiated in February 2001 at Mayo Clinic, Rochester, MN, USA. The study design 

has been presented previously (Easton et al., 2007, Cox et al., 2007).  Clinic attendance formed the sampling 

frame for Mayo Clinic cases and controls. Consecutive cases were women aged 18 years or older with 

histologically confirmed primary invasive breast carcinoma who were recruited within 6 months of their 

date of diagnosis. Women with a history of cancer (excluding nonmelanoma skin cancer) were ineligible. 

Cases lived in the six-state region that defines Mayo Clinic's primary service population (Minnesota, Iowa, 

Wisconsin, Illinois, North Dakota and South Dakota). Control individuals without prior history of cancer 

(other than nonmelanoma skin cancer) were frequency matched on age (5-year age category), race and six-

state region of residence to cases. Controls were recruited from the outpatient practice of the Divisions of 

General Internal Medicine and Primary Care Internal Medicine at Mayo Clinic, where they were seen for 

routine medical examinations. Written informed consent was obtained from all participants. Case 

participation was 69% and control participation was 71%. Available mammograms close to enrollment date 

were obtained on 824 cases and 868 matched controls, and breast density was estimated on the CC view 

(non-cancerous breast for cases and left side, for controls) using Cumulus.  The present investigation 

consisted of genotyping performed by BCAC on the iCOGS and OncoArray arrays. 

MCCS 

The Melbourne Collaborative Cohort Study (MCCS), established in 1990–1994, includes 24,469 women 

living in Melbourne aged between 27 and 76 years at recruitment when information about lifestyle and 

demographic characteristics were obtained through administered structured questionnaires and weights and 

heights were measured. Participants were followed up from 1995–2002 by a postal questionnaire in which 

weights were self-reported and from 2003–2007 with face-to-face interviews when weights were measured. 

The Cancer Council Victoria's Human Research Ethics Committee approved the study protocol. 



In 2009, we conducted a linkage between female MCCS participants and BreastScreen Victoria (BSV), the 

government-funded mammographic screening program. We identified 20,444 (84%) participants who had 

attended BSV at least once. These women were eligible for a nested case-control mammographic density 

study. We randomly sampled 884 women from the nested case–control study (182 cases, 702 controls). 

After excluding mammograms taken after the end of follow-up at December 31, 2007 (288 mammograms 

from 7 women) and those taken within 2 years before diagnosis of breast cancer (173 mammograms from 

31 women), there were 3,954 mammograms from 846 women. Mammograms were digitized by the 

Australian Mammographic Density Research Facility at the University of Melbourne with an Array 2905 

high-density film digitizer (Array Corporation Europe, Roden, the Netherlands). The digitised images were 

masked, and total breast area and DA were measured by using a semiautomated computer-assisted 

thresholding technique called Cumulus (Imaging Research Program, Sunnybrook Health Sciences Centre, 

University of Toronto, Toronto, Canada). NDA was calculated by subtracting DA from the total breast area. 

PMD was calculated by dividing DA by the total breast area. Images were measured by 2 independent 

readers blind to the disease status of participants. Mammograms were read in sets of approximately 100 

images. A random sample of 10% of the images was repeated within each set to assess within-reader 

reliability. The sample of mammograms repeated in the first set was also repeated in every fifth set to assess 

within-reader reliability between sets. 

MEC 

The Multiethnic Cohort (MEC) Study is an ongoing prospective study of more than 215,000 participants 

aged 45-75 years from five ethnic groups (Japanese American, white, Latino, African American, and Native 

Hawaiian) recruited in Hawaii and Los Angeles, California (Kolonel et al., 2000). All participants 

completed a self-administered questionnaire at cohort entry (1993-1996). In 2001-2006, a biorepository 

subgroup consisting of participants who were within the catchment area for the University of Hawaii and 

University of Southern California were recruited to provide blood and urine samples (Park et al., 2009). A 

nested case-control study collected mammographic images for 607 cases and 667 controls and assessed 

breast density using a computer-assisted method (Cumulus) during 2001-2004 (Maskarinec et al., 2005). 

In a subset of 101 women with white ethnicity, mammographic density measures and genotyping 

information was available (Woolcott et al., 2009). The Institutional Review Boards at the University of 

Hawaii and the University of Southern California approved all study protocols. 

MMHS  

The MMHS is a prospective breast screening cohort that enrolled 19,924 patients having a screening 

mammogram from October 2003 through September 2006 at the Mayo Clinic in Rochester, MN. Women 

were invited to take part if they were at least 35 years old, residents of Minnesota, Iowa, or Wisconsin and 

had no personal history of breast cancer. Eligible women were mailed an invitation packet consisting of a 

consent form, a baseline questionnaire, request form to link to state tumor registries and access to any 

residual blood from clinical use.  Of 38,883 eligible women, 19,924 provided written informed consented 

(51.2% adjusted response rate) and 12,811 had a blood samples were available.  Genotyping was conducted 

by BCAC or Mayo Clinic using either the Illumina iCOGS or OncoArray platforms on a sample of 

premenopausal women, a nested case-control study (Vachon et al., 2015) and case-cohort (Vachon et al., 

2019), for a combined total of 3210 women with GWAS and mammogram data.  Breast density measures 

were estimated on both CC views from the enrollment mammogram (i.e. prediagnostic mammogram for 

cases) using Cumulus.  

NBCS 



This NBCS sub-study involves women attending the Norwegian national mammography screening 

program from 2002 to 2007 and biopsies were taken from breasts with varying mammographic density and 

newly diagnosed breast cancers (ethical approval S-02036). Blood was drawn from 121 healthy individuals 

(age 22-75) and 65 breast cancer patients (age 38-84) at the time of inclusion and information about 

mammographic density, pathological parameters of the tumors, hormone use and parity are available. 

Leukocyte DNA from 182 of the women was submitted to genotyping with the iCOGS array. The sample 

collection is described in publications, first in 2010 (Potapenko et al., 2010). The measurement of 

mammographic density used the Cumulus software. 

NC-BCFR 

The Northern California Breast Cancer Family Registry (NC-BCFR) was initiated in 1995 and enrolled 

~4000 women with incident breast cancer and family members (John et al., 2019). Mammograms were 

collected for 579 women (sets of at least two sisters) for an ancillary genome-wide linkage study of 

mammographic density (Greenwood et al., 2011). Of these, 58 women of European ancestry were included 

in the present study. The cranio-caudal view in each mammogram was digitized and images were measured 

using a computer-assisted thresholding method. Cumulus software was used to set thresholds that defined 

the edge of the breast and outlined the areas of dense tissue. The pixels within these thresholds defined the 

total area of the breast and the area of dense tissue, from which percent density was calculated. The non-

dense area of the mammogram was also calculated from these measurements. Genotype data were generated 

with the OncoArray SNP array. The study was approved by the IRB at the Cancer Prevention Institute of 

California and Stanford University. 

NHS&NHS2 

The Nurses’ Health Study (NHS) was initiated in 1976, when 121,700 US registered nurses aged 30 to 55 

returned an initial questionnaire (Colditz et al., 2005). Blood samples were collected from 32,826 women 

and cheek cell samples were collected from and additional 29,684 women (Hankinson et al., 1998). The 

Nurses’ Health Study 2 (NHS2) was initiated in 1989 when 116, 430 US registered nurses aged 25 to 42 

returned an initial questionnaire. Blood samples were collected from 29,612 women and cheek cell samples 

were collected from and additional 29,859 women (Tworoger et al., 2006). The genotype data for this study 

were generated as part of multiple initiatives (N=2,856; Lindström et al., 2017) as well as the OncoArray 

initiative (N=1,434). These studies were approved by the Committee on the Use of Human Subjects in 

Research at Brigham and Women’s Hospital. We collected mammograms as close as possible to the date 

of blood collection (1989 to 1990). To assess mammographic density, the craniocaudal (CC) views of both 

breasts were digitized at 261 μm/pixel with a Lumysis 85 laser film scanner, which covers a range of 0 to 

4.0 optical density. We used the average percentage density of both breasts for this analysis. The 

measurement of mammographic density used the Cumulus software. This collection has been described in 

detail in a previous publication (Pettersson et al., 2011).  

OFBCR 

Breast cancer cases diagnosed between 1 Jan 1996-31 Dec 1998 were identified from the Ontario Cancer 

Registry which registers >97% of all cases residing in the province at the time of diagnosis. All women 

with invasive breast cancer aged 20–54 years who met the OFBCR definition for high genetic risk (family 

history of specific cancers particularly breast and ovarian, early onset disease, Ashkenazi ethnicity or a 

diagnosis of multiple breast cancer) were asked to participate by completing risk factor questionnaires and 

providing a blood sample. A 25% random sample of individuals in this age category who did not meet the 

OFBCR definition, 35% of those aged 55–69 at high risk and 8.75% aged 55–69 at low risk were also asked 

to participate. Individuals diagnosed in 2001 and 2002 were also included if they met high -risk criteria. 



Patients were genotyped with two different arrays: iCOGS and OncoArray as described previously (Amos 

et al., 2017). 

We had mammographic density data obtained as described in Linton et al., 2013 and Byng et al., 1994. 

Original mammographic films were used and one craniocaudal mammogram view from all participants was 

selected, using the breast contralateral to the cancer. All mammograms were digitized using a Lumisys 

model 85 digitizer at a pixel size of 260 μm and 12 bits precision, and the digitized images were measured 

as described elsewhere. Using the Cumulus 3 program an observer first marked the outer and inner edges 

of the breast, from which total breast area was then calculated. Using a thresholding tool, the observer 

outlined the dense area. The percentage of total area that is dense, or PMD, and the non-dense area were 

calculated. 

PBCS 

The Polish Women’s Breast Cancer Study (PBCS) is a population-based case-control study conducted in 

two major cities in Poland (Warsaw and Łódź) during 2000-2003 (Garcia-Closas et al., 2006). PBCS cases 

were women aged 20-74 years with newly-diagnosed, pathologically-confirmed in situ or invasive breast 

carcinoma identified through a rapid identification system organized at five participating hospitals and via 

cancer registries. The current analysis was limited to breast cancer cases with available genotyping data 

and pre-treatment mammograms of the unaffected breast.  Craniocaudal views were sent to the Ontario 

Cancer Institute in Toronto, Canada where they were digitized at a pixel size of 260 μm and a precision of 

12 bits using a Lumisys 85 laser film scanner (Sun et al., 2013). The measurement of mammographic 

density used the Cumulus software. All participants provided written informed consent under a protocol 

approved by the U.S. National Cancer Institute and local (Polish) institutional review boards.   

PROCAS 

The PROCAS study was initiated in 2009 (Evans et al., 2016). Over the following 6 years 57,900 women 

were recruited at routine breast screening appointments in the UK NHS breast screening programme. Each 

woman had breast density measured by five methods (Astley et al., 2018) including visual assessment by 

two independent expert readers (radiologists, advanced practitioner radiographers and breast physicians) 

who marked the estimated percent density for each woman on visual analogue scales. The average density 

across radiographic views and both readers was taken. All women gave informed consent and completed a 

questionnaire to provide information on personal and lifestyle factors associated with risk of breast cancer. 

In a subset of 10,000 a saliva DNA sample was obtained over sampling in those with breast cancer. An 18 

Single Nucleotide Polymorphism Polygenic Risk Score was generated on 10,000 (van Veen et al., 2018), 

but only 2,500 have had the Illumina OncoArray (Brentnall et al., 2020).  

SASBAC 

The Singapore and Sweden Breast Cancer Study (SASBAC) is a population-based case-control study. 

Incident cases from October 1993 to March 1995 identified via the 6 regional cancer registries in Sweden, 

to which reporting is mandatory. Controls were randomly selected from the total population registry in 5-

year age groups to match the expected age-frequency distribution among cases. Patients and controls were 

recruited from Oct 1993 through April 1995 (Wedren et al., 2004). Breast cancer cases were genotyped 

using the Illumina HumanHap240 and Illumina HumanHap300 arrays. The controls were genotyped using 

the Illumina HumanHap550 array. The process of collecting mammographic density data in this study has 

been described previously (Tamimi et al., 2010). Film mammograms of the mediolateral oblique view were 

digitized using an Array 2905HD Laser Film Digitizer (Array Corporation, Tokyo, Japan), which covers a 

range of 0 to 4.7 optical density.1163 cases and 1378 controls were genotyped using iCOGs array, with 869 



and 783 women respectively having MD data. The measurement of mammographic density used the 

Cumulus software. 

SIBS/EPIC 

The Sisters in Breast Screening Study (SIBS) was designed to study the genetic basis of quantitative 

phenotypes related to breast cancer, in particular breast density and sex-hormone levels [Varghese et al., 

2012; Kataoka et al., 2009]. Women who attended the local Cambridge and Huntingdon Breast Screening 

Services to have mammographic examinations under the National Health Service (NHS) Breast Screening 

Program were identified and invited to participate in the study if they had 1 or more female blood relatives 

(sisters, half-sisters, first cousins, aunts, or nieces) who had also undergone mammographic screening. 

Women with relatives who could have screening within 2 years were also included. Families were also 

ascertained through newspaper and radio advertisements. Mammograms were undertaken as part of the UK 

NHS Breast Screening Program in which women, ages 50 to 64 years, are screened every 3 years by a 2-

view (mediolateral and craniocaudal) mammogram. All available mammograms for each participant were 

retrieved from the local screening service and digitized using the Array 2905 Laser Film Digitizer and the 

program DICOM ScanPro Plus Version 1.3E (Array Corp), with 50-μm pixel resolution and 12-bit 

digitization, and an absorbance of 4.7. Density readings were conducted using a computer-assisted program, 

CUMULUS. The dense area, the nondense area, and hence the percentage density (dense area expressed as 

a percentage of the total breast area) were estimated for each film as continuous variables. Mediolateral 

views of both breasts were used as they were more widely available and breast density measured by the 

mediolateral and craniocaudal views are known to be highly correlated. All films were assessed by a single 

trained reader (J. Brown). Mammograms were analyzed in a random order. All readings were made 

independently for the right and the left breast. Ten precent of the films were rescored by the same reader 

for a different study and the intrareader repeatability was 0.84. Genome-wide genotyping was performed 

using the iCOGS array, with quality control as previously described [Michailidou et al., 2013]. 

EPIC-Norfolk is a population-based cohort study [Day et al., 1999].  The study recruited over 30,000 men 

and women aged 40-79 years at baseline between 1993 and 1998 from 35 participating general practices in 

Norfolk, East Anglia, UK. Mammograms for women in the screening age taken as part of the NHS Breast 

Screening Program were identified by linkage to the Norfolk and Norwich l Breast Screening service. 

Mammograms were retrieved, and scanning and scoring with Cumulus were carried out using the same 

protocol as for SIBS. Genotyping was performed using the iCOGS array. 

UKBGS 

In the Generations Study, serial mammograms were obtained from breast cancer cases and control subjects 

from breast cancer screening centres, which under the UK National Breast Cancer Screening Programme 

(UKBGS) invite women for routine 3-yearly screening from ages 50 to 70 (recently extended to 47 to 73) 

years. Analogue films were digitised at 84 microns per pixel with a VIDAR Diagnostic Pro Plus Scanner 

(optical density range 0-3.85). Digital images were transferred electronically. Mammograms of the 

mediolateral oblique (MLO) were selected for density reading. We selected mammograms closest to entry 

to the study, preferentially analogue images, but used digital images, where possible for both the case and 

control, if analogue images were not available. All selected mammograms were prediagnostic, except that, 

for a small minority of cases, in particular those diagnosed at the first screening visit, only the diagnostic 

mammograms were available. For these cases we selected the contralateral mammogram to avoid a 

potential bias that might have been otherwise introduced by only including cases diagnosed from a second 

or later screening visit. Cumulus software was used for determination of mammographic density1. All 

images were assessed by one observer, who was blinded to case-control status, and was trained by an 



experienced breast radiologist. The within-person intraclass correlation coefficient for percentage density 

was 0.94. Density readings were averaged between readings of the left and right breast, unless the 

mammogram was diagnostic, when only the contralateral reading was used. 

  



Studies with GWAS summary statistics collected 

AMDTSS 

The Australian Mammographic Density Twins and Sisters Study (AMDTSS) was both a follow-up and 

expansion of the Australian Twins Study of Mammographic Density. Female twin pairs aged 40–70 years 

who participated in the original twin study between 1995 and 1999 were asked to participate further through 

the Australian Twin Registry. The study was also expanded to invite and include their non-twin sisters. 

Women were recruited from Western Australia, New South Wales, and Victoria for the original twin study, 

with women from Queensland and South Australia also included when the study was expanded between 

2004 and 2008. Details can be found in Odefrey et al., 2010. All subjects provided informed consent for 

their samples to be used in genetic research and were selected based on extreme high and low values of 

absolute dense area by selecting from the upper and lower 10% of the residuals from regression analysis on 

body mass index and age. Ethics approval was obtained from the University of Melbourne, Melbourne. 

Only 1 woman from identical twin pairs was included. A total of 343 women were genotyped with the 

Illumina 610 Quad SNP chip at the Australian Genome Research Facility. Only original films were used, 

and all were digitized at a pixel size of 260 μm and a precision of 12 bits using an Array digitizer at the 

Australian Mammographic Density Research Facility at the University of Melbourne. One craniocaudal 

view of the right breast was used for each woman. The measurement of mammographic density used the 

Cumulus software. 

DDM-Spain 

Determinants of Mammographic Density in Spain (DDM-Spain) is a cross-sectional multicenter study that 

included 3584 women, aged 45-68 years, who attended breast cancer screening in seven specific screening 

centers within the Spanish Breast Cancer Screening Program network between October 2007 and July 2008. 

The design has been described elsewhere (Cabanes et al., 2011, Pollan et al., 2012). After signing the 

informed consent, women were interviewed at the screening center by purpose-trained interviewers who 

also performed an anthropometric examination of the participants following standardized procedures and 

using the same tools. Participants also donate a saliva sample that was stored using the Oragene DNA 

Collection Kit. Mammographic density was assessed in the craniocaudal view of the left breast by a single 

radiologist with high intra-observer consistency22 using a semi-quantitative scale with 6 categories (0%; 

<10%; 10%-25%; 25%-50%; 50%-75% and >75%). For massive genotyping 239 pairs of women with 

extreme density phenotypes (low/high) were selected, matching these women by screening center, age (+/- 

2 years), menopausal status and BMI (+/- 2 kg m-2). DNA samples were gentyped with the Illumina 

Human610-Quad BeadChip platform (Illumina, SanDiego, CA). For the present study, the selection was 

restricted to those screening centers that used analogic devices (four out of seven), giving a total of 270 

women (135 pairs) with high (>50%) versus low (<10%) mammographic density, according to the semi-

quantitative scale originally used. Their mammograms were scanned and sent to the London School of 

Public Health, where a single reader (Isabel dos-Santos-Silva) assessed mammographic density using 

Cumulus. 

OOA 

This is family-based study of women from the Old Order Amish (OOA) population of Lancaster County, 

Pennsylvania. Between May of 2005 and December of 2009, we recruited 1,521 women, with the primary 

goal of identifying genetic factors that influence mammographic density. All women were between the ages 

of 40 and 88 years (mean of 54 years). Additional study design details, including eligibility criteria, are 

described elsewhere (Douglas et al., 2008, dbGaP accession pha003604.1). All women gave written, 

informed consent, and institutional review boards at the Universities of Michigan and Maryland approved 



all aspects of the protocol. We screened 1,458 women via two-view film screen mammography, and for 

women who had had a mammogram in the previous 12 months (n=23), we requested medical record release 

of their most recent mammogram. We digitized at least one craniocaudal (CC) view from each woman with 

a LUMISYS 85 laser scanner at a pixel size of 50 μm x 50 μm and 4,096 gray levels. We measured total 

breast area and absolute dense area from a digitized CC view of the right or left breast using interactive 

thresholding and our computer-assisted program Mammographic Density ESTimator (MDEST). The 

Center for Inherited Disease Research genotyped 2,443,179 SNPs using the Illumina HumanOmni2.5-

4v1_B Array. GWA results are based on 1,472 women, including 723 pre- and 749 post-menopausal 

women. Summary-level data and analysis details and methods are available through dbGaP (accession 

number pha003604.1). We imputed genotypes using (1) CEU data from HapMap Phase II (release 22), (2) 

the subset of genotyped SNPs that passed our quality control filters and were in HapMap, and (3) a hidden 

Markov model-based algorithm as implemented in MaCH 1.0.1738,39. We excluded SNPs with minor 

allele frequencies less than 1% in the OOA sample or estimated MaCH RSQ below 0.3. We conducted 

genome-wide association analyses of dense and non-dense areas of the breast and the ratio of dense to total 

breast area using the efficient mixed-model association expected (EMMAX) program. We tested for trait-

SNP associations under an additive genetic model with imputed dosages. Prior to analysis, all three traits 

were square root transformed and adjusted for age, body mass index, and menopausal status. 

MCOCS 

The Mayo Clinic Ovarian Case Control Study (MCOCS) is a case-control study of ovarian cancer 

conducted at the Mayo Clinic. The details of the design of this study have been previously described (Goode 

et al., 2010, Sellers et al., 2005). Briefly, ovarian cancer cases seen at the Mayo Clinic from 2000-2007 and 

residing in a six-state surrounding region were recruited. Controls were identified from women with at least 

one intact ovary who were undergoing outpatient general medical examinations and were frequency-

matched to cases on age and state of residence. All controls that had a screening mammogram performed 

at the Mayo Clinic within five years prior to enrollment and GWAS information were eligible for the current 

study. The craniocaudal mammogram of the left breast was digitized on the Array 2905HD Laser Film 

Digitizer (Array Corporation, Tokyo, Japan), which covers a range of 0 to 4.7 optical density. The 

measurement of mammographic density used the Cumulus software. The protocol was approved by the 

Mayo Clinic Institutional Review Board. 

Mayo-VTE 

The Mayo Venous Thromboembolism Study (Mayo VTE) is a case-control study of venous 

thromboembolism (VTE) conducted at the Mayo Clinic (Rochester, MN)). The details of the design of this 

study have been previously described (Heit et al., 2011). Briefly, cases were consecutive Mayo Clinic 

outpatients ages 18 years or older with objectively-diagnosed deep vein thrombosis or pulmonary embolism 

who resided in the upper Midwest United States and who were referred to the Mayo Clinic Special 

Coagulation Laboratory or Thrombophilia Center over the study period, 1994–2009. Clinic-based controls 

were prospectively selected from persons undergoing outpatient general medical examinations in 2004–

2009 who had no previous diagnosis of VTE or superficial vein thrombosis and were frequency matched 

on the age group (20–29, 30–39, 40–49, 50–59, 60–69, 70–79 years), sex, state of residence and myocardial 

infarction (MI)/stroke status distribution of the cases. Potential controls with active cancer, 

antiphospholipid antibody syndrome, rheumatologic or other autoimmune disorder, or prior bone marrow 

or liver transplant, were excluded. The protocol was approved by the Mayo Clinic Institutional Review 

Board. Mammograms of the left breast performed within five years prior to enrollment date were obtained 

and digitized on the Array 2905HD Laser Film Digitizer (Array Corporation, Tokyo, Japan), which covers 

a range of 0 to 4.7 optical density. Cases were not used in the analyses but 317 of the genotyped controls 



had complete mammographic density and covariate information. The measurement of mammographic 

density used the Cumulus software. 

MBCFS 

The families included in Minnesota Breast Cancer Family Study have been described earlier (Sellers et al., 

1999, Vachon et al., 2007). In total, 426 multigenerational families were ascertained through a breast cancer 

proband diagnosed from 1944 to 1952 at the University of Minnesota. Probands were consecutive cases, 

unselected for family history. First- and second-degree blood relatives of the proband and spouses were 

interviewed between 1990 and 1996; 93% of those contacted provided a telephone interview that included 

detailed risk factor information. Almost all (99%) women in the 426 families were Caucasian and from 

Minnesota. Simulation studies were done to identify the families most informative for linkage analyses. A 

subset of 90 of the 426 families was selected, and 1,146 family members were invited to provide a blood 

or buccal sample as a source of DNA; 901 (79%) consented. After the exclusion of 12 individuals due to 

Mendelian (familial) inconsistencies across markers, the final sample included 89 families, with 889 

Caucasian individuals (133 men, 756 women). As part of the parent study, women provided the location of 

the most recent mammogram and permission to obtain and digitize their mammograms. Mammograms 

were requested from clinics across the United States, and all were recent mammograms done over the 1990 

to 2001 period when national standards were in place for mammography. Among the 737 age-eligible 

women, we retrieved the mammograms of 658 (89%). Of women with mammograms, 618 (82%) had both 

craniocaudal and mediolateral oblique views available. Five percent of women had a breast cancer diagnosis 

during the follow-up period (2000–2002); for these women, mammograms before the diagnosis were used. 

For this study, a total of 597 women with remaining DNA were genotyped with the Illumina HumanHap 

660W Quad array. The protocol was approved by the Mayo Clinic Institutional Review Board. Original 

mammograms were obtained on 658 women and digitized on a Lumiscan 75 scanner with 12-bit grayscale 

depth. The pixel size was 0.130x0.130 mm2 for both the 18x24- and 24x30-cm2 films. For this study, 

mammographic density from the mediolateral oblique and craniocaudal views were averaged and used as 

the phenotype. The measurement of mammographic density used the Cumulus software. 

NHS 

The Nurses' Health Study (NHS) was initiated in 1976, when 121,700 US registered nurses aged 30 to 55 

returned an initial questionnaire (Colditz et al., 2005). During 1989 and 1990, blood samples were collected 

from 32,826 women (Hankinson et al., 1998). As part of the Cancer Genetic Markers of Susceptibility 

Project (CGEMS) breast cancer GWAS, 1,145 breast cancer cases and 1,142 controls were genotyped with 

the Illumina HumanHap500. For 1,590 of these women - of which 806 were breast cancer cases and 784 

were controls - we also had mammographic density measurements. Additional 778 women with 

mammographic density data were genotyped with the Illumina OmniExpress Array at the Broad Institute. 

These studies were approved by the Committee on the Use of Human Subjects in Research at Brigham and 

Women's Hospital. We collected mammograms as close as possible to the date of blood collection (1989 

to 1990). To assess mammographic density, the craniocaudal (CC) views of both breasts were digitized at 

261 μm/pixel with a Lumysis 85 laser film scanner, which covers a range of 0 to 4.0 optical density. We 

used the average percentage density of both breasts for this analysis. The measurement of mammographic 

density used the Cumulus software. This collection has been described in detail in a previous publication 

(Pettersson et al., 2011). 

SASBAC 

The Singapore and Sweden Breast Cancer Study (SASBAC) is a population-based case-control study of 

postmenopausal breast cancer in women born in Sweden aged 50 to 74 years at the time of enrollment, 



which was between 1 October 1993 and 31 March 1995. Controls were randomly selected from the Swedish 

Total Population Register and were frequency matched to the expected age distribution of the cases. Details 

on data collection and subjects have been described previously (Wedren et al., 2004). The final study group 

with both mammographic density and genotype data included 571 breast cancer cases and 742 controls. 

Approval of the study was given by the ethical review board at the Karolinska Institutet (Stockholm, 

Sweden) and six region-specific ethical review boards where the subjects were based. Informed consent 

was obtained from each participant. Cases and controls were genotyped separately and were therefore 

treated as two separate populations in this analysis. Breast cancer cases were genotyped using the Illumina 

HumanHap240 and Illumina HumanHap300 arrays. The controls were genotyped using the Illumina 

HumanHap550 array. The process of collecting mammographic density data in this study has been 

described previously (Tamimi et al., 2010). Film mammograms of the mediolateral oblique view were 

digitized using an Array 2905HD Laser Film Digitizer (Array Corporation, Tokyo, Japan), which covers a 

range of 0 to 4.7 optical density. For controls, the breast side was randomized. For cases, the side 

contralateral to the tumor was used. The density resolution was set at 12-bit spatial resolution. The 

measurement of mammographic density used the Cumulus software. 

SIBS  

We used data from the Sisters in Breast Screening study (SIBS), an ongoing study designed to map genes 

associated with breast density (Kataoka et al.,2009). Families were identified through the National Health 

Service breast screening program in the United Kingdom. Eligibility was restricted to families in which 

two or more female blood relatives (sisters, half-sisters, first cousins, or aunt-niece) had had mammographic 

screening. Families whose member could have screening within 2 years of the recruitment were also 

included. The study was approved by the local research ethical committee. Study recruitment commenced 

in October 2002. The current analysis was limited to families whose data including mammographic density 

measurements were completed by July 2007. The measurement of mammographic density used the 

Cumulus software. 

  



Details of software used in this study 

Cumulus 

Cumulus is a semi-automated way to quantitatively measure the mammographic density, based on the 

interactive segmentation of digitized film mammograms by a radiologist or trained image interpreter[1]. 

The observers viewed the digitalized mammograms first and selected grey-level thresholds from which the 

breast and regions of dense tissue in the breast were identified. The number of pixels had a light appearance 

were counted and used to calculate the area of mammographic dense tissue. The number of pixels had a 

dark appearance, which were calculated by the subtracting the number of pixels in light area from the whole 

breast, were used to calculate the area of mammographic non-dense tissue. The percent mammographic 

density can then be calculated as the percent of pixels had a light appearance. Cumulus is an approach that 

can minimize the measurement error, as both the inter-rater [2] and intra-rater [3] reproducibility has been 

demonstrated. 

METAL 

METAL is a tool for meta-analysis genome-wide association scans. METAL can combine either 1) test 

statistics and standard errors or 2) p-values across studies (taking sample size and direction of effect into 

account). METAL analysis is a convenient alternative to a direct analysis of merged data from multiple 

studies. It is especially appropriate when data from the individual studies cannot be analyzed together 

because of differences in ethnicity, phenotype distribution, gender or constraints in sharing of individual 

level data imposed. Meta-analysis results in little or no loss of efficiency compared to analysis of a 

combined dataset including data from all individual studies. More information can be found at 

https://genome.sph.umich.edu/wiki/METAL_Documentation, or Miller et al., Bioinformatics, 2010 [4]. 

LocusZoom 

LocusZoom is a tool that can visually displays regional information such as the strength and extent of the 

association signal relative to genomic position, local linkage disequilibrium (LD) and recombination 

patterns and the positions of genes in the region. The software utilizes LD information from HapMap Phase 

II (CEU, YRI and JPT+CHB) or 1000 Genomes (CEU) and gene information from the UCSC browser, and 

will accept SNP identifiers in dbSNP or 1000 Genomes format. Single plots are generated in ∼20 s. Source 

code and associated databases are available for download and local installation, and full documentation is 

available online. More information can be found at http://locuszoom.org/, or Pruim et al., Bioinformatics, 

2010 [5]. 

COJO-GCTA 

GCTA (Genome-wide Complex Trait Analysis) is a software package initially developed to estimate the 

proportion of phenotypic variance explained by all genome-wide SNPs for a complex trait but has been 

greatly extended for many other analyses of data from genome-wide association studies (GWASs). COJO: 

conditional & joint association analysis using GWAS summary statistics is currently implemented in the 

GCTA package. More information can be found at https://yanglab.westlake.edu.cn/software/gcta/#COJO, 

or Yang et al., Nature Genetics, 2012 [6]. 

 



LDSC 

LDSC (LD score regression) is a command line tool for estimating heritability and genetic correlation from 

GWAS summary statistics. Both polygenicity (many small genetic effects) and confounding biases, such 

as cryptic relatedness and population stratification, can yield an inflated distribution of test statistics in 

genome-wide association studies. LD Score regression can quantify the contribution of each by examining 

the relationship between test statistics and linkage disequilibrium. The LD Score regression intercept can 

be used to estimate a more powerful and accurate correction factor than genomic control. More information 

can be found at https://github.com/bulik/ldsc; or Bulik-Sullivan et al., Nature Genetics, 2015 [7]. 

ρHESS  

HESS (Heritability Estimation from Summary Statistics) is a software package for estimating and 

visualizing local SNP-heritability and genetic covariance (correlation) from GWAS summary association 

data. The method estimates the total trait variance explained by the typed variants at a single locus in the 

genome (local SNP heritability) from genome-wide association study (GWAS) summary data while 

accounting for linkage disequilibrium among variants. The method was built upon recent works that have 

treated causal effect sizes as fixed effects and model the genotypes at the locus as random correlated 

variables. The estimator can be viewed as a weighted summation of the squares of the projection of GWAS 

effect sizes onto the eigenvectors of the LD matrix at the considered locus, where the weights are inversely 

proportional to the corresponding eigenvalues. Through extensive simulations, HESS was shown to be 

unbiased when in-sample LD was available, regardless of disease architecture (i.e., the number of causals 

and distribution of effect sizes). More information can be found at https://huwenboshi.github.io/hess/#hess 

or Shi et al., American Journal of Human Genetics, 2016 [8]. 

FUSION 

FUSION is a suite of tools for performing a transcriptome-wide (or any other ome-wide) association study 

by predicting functional/molecular phenotypes into GWAS using only summary statistics. The goal is to 

identify associations between a GWAS phenotype and a functional phenotype that was only measured in 

reference data. FUSION can leverage a relatively small set of reference individuals for whom both gene 

expression and genetic variation (single nucleotide polymorphisms, SNPs) have been measured to impute 

the cis-genetic component of expression into a much larger set of phenotyped individuals from their SNP 

genotype data. The imputed expression can be viewed as a linear model of genotypes with weights based 

on the correlation between SNPs and gene expression in the training data while accounting for linkage 

disequilibrium among SNPs. FUSION then correlates the imputed gene expression to the trait to perform a 

transcriptome-wide association study and identify significant expression-trait associations. More 

information can be found at http://gusevlab.org/projects/fusion/ or Gusev et al., Nature Genetics, 2016 [9]. 
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SUPLLEMENTARY FIGURES 

Supplementary Figure 1. Distribution of age (left, N = 17,162) and BMI (right, N = 17,162) at mammogram collection (top panel), and square-

root transformed mammographic density measures (DA (left), NDA (middle) and PMD (right), bottom panel). Only individuals with genotype and 

phenotype data collected were used to generate the distribution of DA, NDA, and PMD, which had a sample size of 13,805, 13,915, and 17,126, 

respectively.  

  

 



Supplementary Figure 2. Quantile-Quantile plots of the GWAS meta-analysis results for mammographic dense area, DA; non-dense area, NDA; 

and percent mammographic density, PMD. The genomic inflation factors (λGC) were estimated as 1.11, 1.11 and 1.13 for the meta-analysis results 

of DA, NDA and PMD, respectively. 

 

 

 

 

 

 

 

 

 



Supplementary Figure 3. Regional association plots for 18 genome-wide significant loci of DA. The European ancestry population (EUR) in the 

1000 Genomes project was used as the reference panel for linkage disequilibrium (LD) estimates (shown as r2). Color of the dots indicated the extent 

of LD. Recombination rates were estimated using EUR samples in 1000 Genomes. Physical positions were based Genomic build hg19. 
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Supplementary Figure 4. Regional association plots for six genome-wide significant loci of NDA. The European ancestry population (EUR) in the 

1000 Genomes project was used as the reference panel for linkage disequilibrium (LD) estimates (shown as r2). Color of the dots indicated the extent 

of LD. Recombination rates were estimated using EUR samples in 1000 Genomes. Physical positions were based Genomic build hg19. 
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Supplementary Figure 5. Regional association plots for 15 genome-wide significant loci of PMD. The European ancestry population (EUR) in the 

1000 Genomes project was used as the reference panel for linkage disequilibrium (LD) estimates (shown as r2). Color of the dots indicated the extent 

of LD. Recombination rates were estimated using EUR samples in 1000 Genomes. Physical positions were based Genomic build hg19. 
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Supplementary Figure 6. Forest plots presenting the GWAS meta-analysis results of the lead SNP of eighteen genome-wide significant loci of DA. 

In each plot, the study name, sample size, beta estimate and 95% confidence interval for each participating study is shown. The associations shown 

were adjusted for age and BMI at mammogram as well as the first ten ancestry informative principal components. Studies with less than 100 

individuals are not shown on the forest plots, although they were still included in the meta-analysis.  

 

 



































 



Supplementary Figure 7. Forest plots presenting the GWAS meta-analysis results of the lead SNP of six genome-wide significant loci of NDA. In 

each plot, the study name, sample size, beta estimate and 95% confidence interval for each participating study is shown. The associations shown 

were adjusted for age and BMI at mammogram as well as the first ten ancestry informative principal components. Studies with less than 100 

individuals are not shown on the forest plots, although they were still included in the meta-analysis. 

  











 



Supplementary Figure 8. Forest plots presenting the GWAS meta-analysis results of the lead SNP of fifteen genome-wide significant loci of PMD. 

In each plot, the study name, sample size, beta estimate and 95% confidence interval for each participating study is shown. The associations shown 

were adjusted for age and BMI at mammogram as well as the first ten ancestry informative principal components. Studies with less than 100 

individuals are not shown on the forest plots, although they were still included in the meta-analysis.  

 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



Supplementary Figure 9. Local genetic correlation estimates between the three MD phenotypes and overall breast cancer. For the analysis of each 

traits pair, the whole genome was partitioned into 1,703 regions. The GWAS summary statistics of MD phenotypes were generated from the model 

adjusting for age and BMI at mammogram as well as the first ten ancestry informative principal components. SNP-heritability shared by the two 

traits was estimated, and then used to estimate the local genetic covariance and correlation. Regions with statistically significant local genetic 

correlation (after adjusting for multiple comparison) is highlighted in blue or red. 
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Supplementary Figure 10. Manhattan-like plots showing the TWAS Z-scores of association between genetically determined expression level of 

7,882 genes and three MD phenotypes (DA, NDA and PMD). The GWAS summary statistics of MD phenotypes were generated from the model 

adjusting for age and BMI at mammogram as well as the first ten ancestry informative principal components. Z-score threshold (Z-score = +/- 4.743) 

corresponding to the statistical significance after adjusting for multiple comparison using Bonferroni correction (p = 0.05/(7,882*3) = 2.11x10-6) is 

shown by the horizontal red line. Significant genes are annotated. 

 







 


