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 Background Fibroglandular breast tissue appears dense on mammogram, whereas fat appears nondense. It is unclear whether 
absolute or percentage dense area more strongly predicts breast cancer risk and whether absolute nondense area 
is independently associated with risk.

 Methods We conducted a meta-analysis of 13 case–control studies providing results from logistic regressions for associa-
tions between one standard deviation (SD) increments in mammographic density phenotypes and breast cancer 
risk. We used random-effects models to calculate pooled odds ratios and 95% confidence intervals (CIs). All tests 
were two-sided with P less than .05 considered to be statistically significant.

 Results Among premenopausal women (n = 1776 case patients; n = 2834 control subjects), summary odds ratios were 
1.37 (95% CI = 1.29 to 1.47) for absolute dense area, 0.78 (95% CI = 0.71 to 0.86) for absolute nondense area, 
and 1.52 (95% CI = 1.39 to 1.66) for percentage dense area when pooling estimates adjusted for age, body mass 
index, and parity. Corresponding odds ratios among postmenopausal women (n = 6643 case patients; n = 11 187 
control subjects) were 1.38 (95% CI = 1.31 to 1.44), 0.79 (95% CI = 0.73 to 0.85), and 1.53 (95% CI = 1.44 to 1.64). 
After additional adjustment for absolute dense area, associations between absolute nondense area and breast 
cancer became attenuated or null in several studies and summary odds ratios became 0.82 (95% CI = 0.71 to 0.94; 
Pheterogeneity = .02) for premenopausal and 0.85 (95% CI = 0.75 to 0.96; Pheterogeneity < .01) for postmenopausal women.

 Conclusions The results suggest that percentage dense area is a stronger breast cancer risk factor than absolute dense area. 
Absolute nondense area was inversely associated with breast cancer risk, but it is unclear whether the association 
is independent of absolute dense area.

  JNCI J Natl Cancer Inst (2014) 106(5): dju078 doi:10.1093/jnci/dju078

Fibroglandular breast tissue (epithelial cells, fibroblasts, and con-
nective tissue) appears radio-dense on a mammogram, whereas 
breast fat appears transparent or nondense. Dense mammographic 
tissue, quantified as either the absolute or percentage dense area on 
a mammogram, is a strong risk factor for breast cancer. According 
to one meta-analysis, women with 75% or more dense area are at a 
4.6-fold increased risk of breast cancer relative to women with less 
than 5% dense area (1).

It is possible that women with high mammographic density are 
at increased risk of breast cancer because they have large amounts 
of fibroglandular breast tissue at risk (2). In line with this hypothe-
sis, some studies have reported greater magnitudes of breast cancer 
risk for absolute dense area than percentage dense area (3). Several 
other studies, however, have reported greater magnitudes of risk 
for percentage than absolute dense area (1,4). The latter findings 

suggest that the ratio of fibroglandular to fatty tissue is a stronger 
breast cancer risk factor, implying that either the ratio itself reflects 
an underlying biological mechanism associated with breast can-
cer risk or that absolute nondense area, which contributes to the 
denominator of percentage dense area, is inversely associated with 
breast cancer risk. Two recent nested case–control studies exam-
ining the association between absolute nondense area and breast 
cancer risk yielded conflicting results (5,6). In statistical models 
including both absolute dense and nondense area, in one study (5) 
there was a statistically significant lower risk of breast cancer with 
increasing absolute nondense area, whereas in the other study (6) 
there was a statistically significant increased risk of breast cancer.

It is critical to establish the relationship between the different 
mammographic density phenotypes (absolute dense area, absolute 
nondense area, and percentage dense area) and breast cancer risk to 
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uncover underlying biological mechanisms and to improve upon breast 
cancer risk prediction modeling. We thus conducted a meta-analysis of 
13 case–control studies that examined the associations between mam-
mographic density phenotypes and risk of breast cancer; we benefitted 
from a reanalysis of each individual study for the purpose of this meta-
analysis such that the study-specific associations were consistently ana-
lyzed using the same adjustments and categorizations.

Methods
Invited Studies, Inclusion Criteria, and Participating 
Studies
Eligible studies for this meta-analysis included those partaking in 
the DENSNP consortium (7), an international collaboration of 19 
epidemiological studies with data on breast cancer susceptibility 
genetic variants and mammographic density, as well as any others 
led by DENSNP consortium principal investigators. To be eligible 
for inclusion in the meta-analysis, we required that studies used 
a case–control design (nested or not) and had digitized prediag-
nostic film mammograms, mammographic density assessed using a 
computer-assisted thresholding technique, and relevant covariable 
data measured at the time (within a few years) of mammography. 
In total, 13 studies provided data for the meta-analysis (Table 1) 
(5,6,8–17). Twelve were case–control studies nested within existing 
prospective cohorts, trials, or fully enumerated registries, and one 
was a population-based case–control study.

Mammographic density studies within the AGE Trial were 
approved by the UK South East Research Ethics Committee 
(REC 05/MRE01/77). Approval for the Cancer and Hormones 
Replacement Study (CAHRES) study was given by the ethical review 
boards in the respective regions in which the subjects were based 
in Sweden. The Canadian Breast Density Study (CBDS) study was 
approved by the ethics committees at the University of Toronto, the 
University Health Network (Toronto), the Ontario Breast Screening 
Program (OBSP), and the University of British Columbia. The 
European Prospective Investigation into Cancer and Nutrition 
study--Netherlands (EPIC-NL) study was approved by the institu-
tional review board of the University Medical Centre Utrecht. The 
Melbourne Collaborative Cohort Study (MCCS) study was approved 
by the Cancer Council Victoria’s human research ethics commit-
tee. The Mayo Clinic Mammography Study (MCMAM) and Mayo 
Mammography Health Study (MMHS) studies were approved by the 
Mayo Clinic Institutional Review Board. The Multiethnic Cohort 
(MEC) study was approved by the Committee on Human Studies 
at the University of Hawaii. The Nurses’ Health Study 1 (NHS1) 
and Nurses’ Health Study 2 (NHS2) studies were approved by the 
Committee on the Use of Human Subjects in Research at Brigham 
and Women’s Hospital. The Singapore Breast Cancer Screening 
Project (SBSP) study was approved by the National University of 
Singapore Institutional Review Board. The Norwich & Cambridge, 
UK National Health Service Breast Cancer Screening Program 
(UK-NHS) study was approved by the Norfolk Local Research Ethics 
Committee. The University of Southern California (USC) study 
was approved by the institutional review board at the University of 
Southern California. Participants of all studies except the UK-NHS 
provided informed consent. The UK-NHS was a medical records 
study, so direct consent from the patients was not required.

Mammographic Density Measures
All studies had prediagnostic film mammograms of the craniocau-
dal (CC; n = 9 studies) or mediolateral oblique (MLO; n = 4 stud-
ies) view (Table 1). [The MCMAM study provided data for both 
the CC and MLO views; data from the CC view were used in all 
analyses unless otherwise specified because they have been used in 
previous publications (16).] Mammographic density was measured 
using the computer-assisted thresholding technique Cumulus (18) 
(n = 12 studies) or Madena (19) (n = 1 study). Using these tech-
niques, two grayscale thresholds are selected on the digitized mam-
mograms. One threshold separates the breast from the background 
(or alternatively the breast edge is manually delimited), and the 
other classifies the breast tissue into dense and nondense area. The 
percentage dense area is calculated as 100 × (absolute dense area / 
(absolute dense area + absolute nondense area)). Trained readers 
blinded to case–control status read the mammograms and selected 
the thresholds in all studies.

Statistical Analysis
Study Level. Each study provided study-specific parameter esti-
mates (βs) and standard errors (SEs) from conditional or uncon-
ditional logistic regression models conducted specifically for this 
meta-analysis. Because menopausal status is associated with both 
mammographic density and breast cancer risk, all analyses were 
conducted separately for premenopausal and postmenopausal status 
at the time of mammography. Menopausal status was self-reported 
in 10 studies and based on age (≤50 years premenopausal, >50 years 
postmenopausal) at the time of mammography in three studies. 
Each mammographic density phenotype was divided into quar-
tiles based on its distribution among the control subjects. Quartiles 
were modeled as categorical variables using the lowest quartile as 
the reference. Because the distributions of the mammographic den-
sity phenotypes differed across studies (Table 1), each study trans-
formed the mammographic density phenotypes so that they were 
approximately normally distributed and then provided the βs and 
their standard errors associated with one standard deviation (SD) 
increments in each mammographic density phenotype. We were 
thus able to compare the magnitude of the associations between the 
different mammographic density phenotypes and breast cancer risk.

The following covariables, measured at the time of mammog-
raphy, were included in the analyses: age (available for all studies; 
self-reported in all studies), body mass index (BMI; kg/m2; available 
for 12 studies; self-reported in 7 studies and technician-measured 
in 5 studies), parity (available for 12 studies; self-reported in all 
studies), and, among postmenopausal women only, use of hormonal 
replacement therapy (HRT; ever use available for 11 studies and 
current use for 9 studies; self-reported in all studies). The covari-
ables age and BMI were modeled as continuous variables, whereas 
parity (nulliparous, 1–2 children, ≥3 children) and both ever and 
current HRT use (yes, no) were modeled as categorical variables.

For each density phenotype, as detailed in Tables 2 and 3, statistical 
models were run adjusting 1) for age at mammography, and 2) addi-
tionally for BMI and parity (ie, the fully adjusted model for percent-
age dense area). For dense and nondense area, models were also fitted 
adjusting 3) for age and the other absolute phenotype (dense or non-
dense area, as appropriate) and 4)  additionally for BMI and parity 
(ie, the fully adjusted model for absolute dense and nondense area). 
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Finally, for postmenopausal women, we examined models addition-
ally adjusted for ever HRT use and, separately, for current HRT use.

Meta-analysis. For each of the analyses described above, we pooled 
the study-specific βs using DerSimonian and Laird random-effects 
models to obtain a combined estimate, which we then exponenti-
ated to arrive at a pooled odds ratio (OR) and its confidence interval 
(CI) (20). This method was conducted for the associations for quar-
tiles 2, 3, and 4 (vs 1) and for the continuous effects of one standard 
deviation increases. For all analyses, we assessed heterogeneity across 
studies using Cochran’s Q test. We further investigated heterogene-
ity using the I2 statistic, which describes the percentage of total vari-
ation across studies resulting from heterogeneity rather than chance 
(21,22). We conducted all statistical analyses of categorical exposures 
using MIX version 2.0 Professional (BIOSTATXL) (23,24) and anal-
yses of continuous exposures using the METAANAL macro (http://
www.hsph.harvard.edu/faculty/donna-spiegelman/files/metaanal) 
for SAS version 9 (SAS Institute, Cary, NC). Forest plots were cre-
ated using Microsoft Excel 2010 for Windows.

We used meta-regressions to assess effect modification by the 
following factors, chosen a priori: average age at mammography 
among control subjects, average BMI at mammography among con-
trol subjects, method of BMI ascertainment (self-reported or techni-
cian-measured), mammogram view (CC or MLO), ethnicity (white, 
Asian, or mixed), percentage ever having used HRT among control 
subjects (among postmenopausal women only), and percentage cur-
rently using HRT (among postmenopausal women only) among con-
trol subjects. Analyses of effect modification were conducted using 
STATA/IC 10.0 for Mac (STATACorp, College Station, TX).

All tests were two-sided with P less than .05 considered to be 
statistically significant.

Results
Of the 13 studies in the meta-analysis (Table 1), 11 contributed data 
for premenopausal women (n = 1776 breast cancer cases; n = 2834 
control subjects), and 12 contributed data for postmenopausal 
women (n = 6643 breast cancer cases; n = 11 187 control subjects). 
Ten studies included almost exclusively (>90%) white women from 
the United States, Canada, Europe, or Australia, two studies included 
women of various ethnicities from the United States (including 20% 
and 46% Asians, respectively), and one study (the SBSP cohort) 
included only Asian women from Singapore. With the exception of 
the SBSP cohort, and to some extent the studies including women 
of various ethnicities, all studies were conducted in populations with 
a generally high risk of breast cancer (http://globocan.iarc.fr). The 
mean ages at mammography among premenopausal case patients 
and control subjects were 46 and 47  years, respectively, whereas 
the mean age among both postmenopausal case patients and con-
trol subjects was 61 years. In all studies, at both premenopausal and 
postmenopausal ages, absolute dense areas were higher among case 
patients than control subjects by between 2 and 13 cm2, with one 
study (NHS2 at postmenopausal ages) finding a greater difference of 
30 cm2. Mean study-specific percentage dense area was also consist-
ently higher in case patients than in control subjects by between 2 to 
10 absolute percentage points, with the exception of the EPIC-NL 
study at postmenopausal ages where no appreciable difference was 

observed. In contrast, the distributions were largely reversed for 
absolute nondense area, where study-specific mean nondense areas 
were between 1 and 30 cm2 lower in case patients than control sub-
jects, again with the exception of the EPIC-NL study at postmeno-
pausal ages (Table 1). The SBSP cohort, which included only Asian 
women, had the highest percentage dense area among case patients 
and control subjects, both among premenopausal and postmenopau-
sal women. The within-study correlation between absolute dense 
and nondense area varied across studies, ranging from −0.49 to 0.20 
among premenopausal women, and from −0.48 to 0.03 among post-
menopausal women (Supplementary Table 1, available online).

Premenopausal Women
Results for premenopausal women (n = 1776 breast cancer cases; 
n = 2834 control subjects) are presented in Table 2 and Figure 1. 
The age-adjusted summary odds ratio for a one standard deviation 
increment was 1.38 (95% CI = 1.30 to 1.48) for absolute dense area, 
1.45 (95% CI = 1.35 to 1.55) for percentage dense area, and 0.81 
(95% CI  =  0.76 to 0.86) for absolute nondense area. Additional 
adjustment for BMI and parity changed the odds ratio for percent-
age dense area to 1.52 (95% CI = 1.39 to 1.66). Additional adjust-
ment for BMI and parity did not materially change the results for 
absolute dense area (OR = 1.37; 95% CI = 1.29 to 1.47) or non-
dense area (OR = 0.78; 95% CI = 0.71 to 0.86). Results for non-
dense area were similar after further adjustment for absolute dense 
area (OR = 0.82; 95% CI = 0.71 to 0.94).

In the fully adjusted model, we observed statistically significant 
heterogeneity between studies (P = .02) for absolute nondense area 
(Table 2). After exclusion of the USC study, the heterogeneity was 
reduced (summary OR = 0.78; 95% CI = 0.69 to 0.89; Pheterogeneity = .09). 
In the fully adjusted models, there was also statistically significant het-
erogeneity by ethnicity for both absolute nondense and percentage 
dense area (both P = .01). In analyses restricted to studies including 
almost exclusively white women, the summary odds ratio for abso-
lute nondense area was 0.78 (95% CI = 0.71 to 0.87; Pheterogeneity = .36), 
and for percentage dense area it was 1.60 (95% CI = 1.47 to 1.75; 
Pheterogeneity = .99) (Supplementary Table 3, available online). The cor-
responding odds ratios for the three studies including non-white 
women were 0.92 (95% CI = 0.53 to 1.57; Pheterogeneity = .01) and 1.31 
(95% CI = 0.97 to 1.78; Pheterogeneity = .11). There was also statistically 
significant heterogeneity by age at the time of mammography for 
absolute nondense area in the fully adjusted model (P = .03); in gen-
eral, the inverse association between the absolute nondense area and 
breast cancer risk increased with higher average age of each study’s 
participants at the time of mammography (Supplementary Figure 1, 
available online). In analyses of the fully adjusted models restricted to 
studies including almost exclusively white women, the P for hetero-
geneity by age at the time of mammography was .09.

Postmenopausal Women
In postmenopausal women (n = 6643 breast cancer cases; n = 11 187 
control subjects) (Table  3; Figure  2), the age-adjusted summary 
odds ratio for a one standard deviation increment in absolute 
dense area was 1.37 (95% CI = 1.33 to 1.40). Much like among 
premenopausal women, additional adjustment for BMI and parity 
did not materially change the results (OR = 1.38; 95% CI = 1.31 
to 1.44), nor did additional adjustment for absolute nondense area 
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(OR = 1.38; 95% CI = 1.32 to 1.45). For percentage dense area, 
the age-adjusted summary odds ratio was 1.37 (95% CI = 1.32 to 
1.42), which increased to 1.53 (95% CI = 1.44 to 1.64) after addi-
tional adjustment for BMI and parity. For absolute nondense area, 
the age-adjusted summary odds ratio for a one standard deviation 
increment was 0.89 (95% CI = 0.84 to 0.94). Additional adjustment 
for BMI and parity changed the odds ratio to 0.79 (95% CI = 0.73 
to 0.85). In the model further adjusted for absolute dense area, the 
corresponding summary odds ratio was 0.85 (95% CI  =  0.75 to 
0.96). Additionally adjusting for ever or current use of HRT did not 
materially change the results (data not shown).

In the fully adjusted models, there was statistically significant 
between-study heterogeneity for absolute nondense area (P < .01) 
and for percentage dense area (P = .01) with respect to breast can-
cer risk (Table 3). Between-study heterogeneity remained statistically 
significant in all analyses excluding the studies one by one (data not 
shown). In the fully adjusted models, there was also statistically signif-
icant heterogeneity by mammogram view for both absolute nondense 
area (P = .04) and percentage dense area (P = .03). For both mammo-
graphic density phenotypes, the associations were stronger in stud-
ies using CC vs MLO view mammograms (Supplementary Table 5, 
available online). For absolute nondense area, the summary odds 
ratio among studies using CC views was 0.79 (95% CI = 0.70 to 0.88; 
Pheterogeneity < .01), and the summary odds ratio among studies using 
MLO views (including the MLO view for the MCMAM study) was 
1.00 (95% CI = 0.81 to 1.23; Pheterogeneity < .01). For percentage dense 
area, the summary odds ratio among studies using CC views was 1.59 
(95% CI = 1.49 to 1.69; Pheterogeneity = .12), and the summary odds ratio 
among studies using MLO views (including the MLO view for the 
MCMAM study) was 1.40 (95% CI = 1.28 to 1.54; Pheterogeneity = .20). 
For the MCMAM study, results were generally similar using data 
from either the CC or MLO view (data not shown).

Discussion
In this meta-analysis of 13 case–control studies assessing the asso-
ciation between different mammographic density phenotypes and 
breast cancer risk, we confirmed that both absolute and percentage 
dense area are strong risk factors for breast cancer. The risk estimates 
for breast cancer were higher for percentage than for absolute dense 
area in the fully adjusted models. Although the confidence intervals 
for absolute and percentage dense area overlapped, this finding sug-
gests that percentage dense area is the stronger of the two breast 
cancer risk factors. Results for absolute nondense area were less con-
sistent across studies; most reported a lower risk of breast cancer 
with increasing absolute nondense area, but in several studies the 
association disappeared after adjustment for absolute dense area.

Among premenopausal women, the risk estimate for percent-
age dense area was higher than for absolute dense area in analyses 
adjusted for age and higher yet after further adjustment for BMI 
and parity (Table 2). Among postmenopausal women, the risk esti-
mate for percentage dense area was identical to that for absolute 
dense area in analyses adjusted for age but substantially stronger in 
analyses additionally adjusted for BMI and parity (Table 3). Higher 
BMI is associated with a decreased risk of premenopausal breast 
cancer and an increased risk of postmenopausal breast cancer (25). 
Higher BMI is also associated with lower percentage dense area. 

Prior studies suggest that percentage dense area and BMI are inde-
pendent risk factors for breast cancer that confound each other 
(26,27). Our results confirm that BMI is an important confounder 
of the association between percentage dense area (and absolute 
nondense area) and breast cancer risk, especially among postmeno-
pausal women. Our results also suggest that BMI is not an impor-
tant confounder for the association between absolute dense area 
and breast cancer risk. These results underscore the importance 
of having data available on BMI when assessing the association 
between percentage dense area (and absolute nondense area) and 
breast cancer risk, including in risk prediction modeling studies 
comparing the predictive ability of the different mammographic 
density phenotypes. If data on BMI are unavailable, the associa-
tion between absolute dense area and breast cancer risk should still 
represent an unbiased estimate (ie, unconfounded by BMI) of the 
association between dense area and breast cancer risk.

Most studies in this meta-analysis reported a lower risk of breast 
cancer with increasing absolute nondense area, but the associations 
disappeared after adjustment for absolute dense area in studies with 
the strongest negative correlation between absolute dense and non-
dense area. It is unclear why the correlation between absolute dense 
and nondense area (and thus the association of nondense area and 
breast cancer risk adjusted for dense area) varies substantially across 
studies. A  possible explanation is measurement error. That is, if 
dense area is misclassified as nondense area (or vice versa) because of 
delineation issues with the thresholding technique, this will create a 
negative correlation between the absolute dense and nondense area. 
Another possible explanation is that there is a true negative correla-
tion between the absolute dense and nondense area, perhaps because 
of lobular involution, which varies between populations and studies. 
Regardless of the underlying mechanism, the between-study varia-
tion in the correlation between nondense and dense area in this meta-
analysis and the corresponding statistically significant between-study 
heterogeneity for absolute nondense area in several analyses make 
it difficult to determine whether absolute nondense area is an inde-
pendent protective factor for breast cancer. This meta-analysis was 
limited by the information available to assess between-study hetero-
geneity. We were able to assess the effect modifiers which we consid-
ered to be relevant a priori (eg, BMI, ethnicity, mammogram view). 
We were unable, however, to determine the extent to which differ-
ences across studies in the associations between the mammographic 
density phenotypes and breast cancer risk were explained by study 
differences in exposure to other confounding factors, host biology 
among study participants, underlying breast cancer risk in the study 
populations, and/or technical differences such as the use of different 
mammogram machines, digitizers, and readers.

Although the confidence intervals for absolute and percentage 
dense area overlapped, our results suggest that percentage dense 
area is the stronger of the two breast cancer risk factors. If correct, 
this suggests that the ratio of fibroglandular to fatty tissue may be 
important in breast cancer development. Alternatively, assuming 
that women with high absolute or percentage mammographic den-
sity are at increased risk for breast cancer only because they have 
large amounts of fibroglandular breast tissue, measurement error 
may explain the weaker association for absolute dense area, and 
percentage dense area may be the most accurate estimate of the 
total amount of fibroglandular breast tissue. The current literature, 
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however, suggests that percentage dense area on a mammogram 
has a weak relationship with the total amount of fibroglandu-
lar breast tissue. Shepherd and colleagues estimated the fibrog-
landular volume from digitized film mammograms using single 
x-ray absorptiometry (28) and reported virtually no association 
between percentage dense area (measured using a software similar 
to Cumulus) and fibroglandular volume (r2 = 0.01). Interestingly, 
other research has shown a high correlation between standard 
percentage density and calibrated percentage density measures 
accounting for acquisition parameters, including breast compres-
sion thickness (29). Still, additional studies are needed to determine 
whether absolute or percentage dense area on a mammogram most 
accurately reflects the total volume of fibroglandular breast tissue.

There are several biological mechanisms that can explain the 
association between the different mammographic density pheno-
types and breast cancer risk. Absolute and percentage dense area 
are likely positively associated with breast cancer risk at least par-
tially because they are positively correlated with the number of 
epithelial cells at risk of malignant transformation. Percentage 
dense area additionally reflects the amounts of fibroblasts and 
other stromal cells, connective tissue, and fat cells in the breasts, all 
which may affect breast cancer risk (30). It has been proposed, for 
example, that high extracellular matrix content and tissue stiffness 
or quantitative or structural changes of the stromal collagen such 
as cross-linking may partly explain the association between per-
centage dense area and breast cancer risk (31–33). Larger amounts 
of breast fat, which is the major component of absolute nondense 
area and inversely associated with percentage dense area, may 
also decrease breast cancer risk (6,34). The adipocytes that form 
the breast adipose tissue arise from the differentiation of stromal 
preadipocytes. Aromatase activity in the breast provides a source of 
estrogen production that may stimulate tumor growth. Aromatase 
activity in adipose tissue is primarily in stromal preadipocytes, 
and activity diminishes with differentiation to mature adipocytes 
(35,36). The loss of this source of estrogen after the differentia-
tion might contribute to the inverse association between absolute 
nondense area and breast cancer risk. It should be noted, however, 
that breast fat has also been suggested to increase breast cancer risk 
(5,37). Finally, lobular involution is inversely associated with breast 
cancer risk, positively associated with absolute nondense area, and 
negatively associated with percentage dense area (38). Thus it is 
possible that nondense area is inversely associated with breast can-
cer risk because it reflects the degree of lobular involution.

In conclusion, we confirm that both absolute and percentage 
dense area on a mammogram are strong predictors of breast cancer 
risk. Our results also suggest that percentage dense area is a stronger 
breast cancer risk factor than absolute dense area and that absolute 
nondense area may be inversely associated with breast cancer risk.

References
 1. McCormack VA, dos Santos Silva I. Breast density and parenchymal pat-

terns as markers of breast cancer risk: a meta-analysis. Cancer Epidemiol 
Biomarkers Prev. 2006;15(6):1159–1169.

 2. Trichopoulos D, Lipman RD. Mammary gland mass and breast cancer risk. 
Epidemiology. 1992;3(6):523–526.

 3. Kato I, Beinart C, Bleich A, Su S, Kim M, Toniolo PG. A nested case–con-
trol study of mammographic patterns, breast volume, and breast cancer. 
Cancer Causes Control. 1995;6(5):431–438.

 4. Boyd N, Martin L, Gunasekara A, et al. Mammographic density and breast 
cancer risk: evaluation of a novel method of measuring breast tissue vol-
umes. Cancer Epidemiol Biomarkers Prev. 2009;18(6):1754–1762.

 5. Lokate M, Peeters PH, Peelen LM, Haars G, Veldhuis WB, van Gils CH. 
Mammographic density and breast cancer risk: the role of the fat sur-
rounding the fibroglandular tissue. Breast Cancer Res. 2011;13(5):R103.

 6. Pettersson A, Hankinson SE, Willett WC, Lagiou P, Trichopoulos D, 
Tamimi RM. Nondense mammographic area and risk of breast cancer. 
Breast Cancer Res. 2011;13(5):R100.

 7. Vachon CM, Scott CG, Fasching PA, et  al. Common breast cancer sus-
ceptibility variants in LSP1 and RAD51L1 are associated with mammo-
graphic density measures that predict breast cancer risk. Cancer Epidemiol 
Biomarkers Prev. 2012;21(7):1156–1166.

 8. Baglietto L, Krishnan K, Stone J, et  al. Associations of mammographic 
dense and nondense areas and body mass index with risk of breast cancer. 
Am J Epidemiol. 2014;179(4):475–483.

 9. Boyd NF, Guo H, Martin LJ, et al. Mammographic density and the risk and 
detection of breast cancer. N Engl J Med. 2007;356(3):227–236.

 10. Maskarinec G, Pagano I, Lurie G, Wilkens LR, Kolonel LN. 
Mammographic density and breast cancer risk: the multiethnic cohort 
study. Am J Epidemiol. 2005;162(8):743–752.

 11. Olson JE, Sellers TA, Scott CG, et al. The influence of mammogram acquisi-
tion on the mammographic density and breast cancer association in the Mayo 
Mammography Health Study cohort. Breast Cancer Res. 2012;14(6):R147.

 12. Pinto Pereira SM, McCormack VA, Hipwell JH, et al. Localized fibrog-
landular tissue as a predictor of future tumor location within the breast. 
Cancer Epidemiol Biomarkers Prev. 2011;20(8):1718–1725.

 13. Stone J, Ding J, Warren RM, Duffy SW, Hopper JL. Using mammographic 
density to predict breast cancer risk: dense area or percentage dense area. 
Breast Cancer Res. 2010;12(6):R97.

 14. Tamimi RM, Eriksson L, Lagiou P, et  al. Birth weight and mammo-
graphic density among postmenopausal women in Sweden. Int J Cancer. 
2010;126(4):985–991.

 15. Ursin G, Ma H, Wu AH, et al. Mammographic density and breast cancer in 
three ethnic groups. Cancer Epidemiol Biomarkers Prev. 2003;12(4):332–338.

 16. Vachon CM, Brandt KR, Ghosh K, et al. Mammographic breast density 
as a general marker of breast cancer risk. Cancer Epidemiol Biomarkers Prev. 
2007;16(1):43–49.

 17. Wong CS, Lim GH, Gao F, et al. Mammographic density and its inter-
action with other breast cancer risk factors in an Asian population. Br J 
Cancer. 2011;104(5):871–874.

 18. Byng JW, Boyd NF, Fishell E, Jong RA, Yaffe MJ. The quantitative analysis 
of mammographic densities. Phys Med Biol. 1994;39(10):1629–1638.

 19. Ursin G, Astrahan MA, Salane M, et al. The detection of changes in mam-
mographic densities. Cancer Epidemiol Biomarkers Prev. 1998;7(1):43–47.

 20. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin 
Trials. 1986;7(3):177–188.

 21. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. 
Stat Med. 2002;21(11):1539–1558.

 22. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsist-
ency in meta-analyses. BMJ. 2003;327(7414):557–560.

 23. Bax L, Yu LM, Ikeda N, Moons KG. A systematic comparison of soft-
ware dedicated to meta-analysis of causal studies. BMC Med Res Methodol. 
2007;7(40).

 24. Bax L, Yu LM, Ikeda N, Tsuruta H, Moons KG. Development and vali-
dation of MIX: comprehensive free software for meta-analysis of causal 
research data. BMC Med Res Methodol. 2006;6(50).

 25. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index 
and incidence of cancer: a systematic review and meta-analysis of prospec-
tive observational studies. Lancet. 2008;371(9612):569–578.

 26. Boyd NF, Martin LJ, Sun L, et al. Body size, mammographic density, and 
breast cancer risk. Cancer Epidemiol Biomarkers Prev. 2006;15(11):2086–2092.

 27. Harris HR, Tamimi RM, Willett WC, Hankinson SE, Michels KB. Body 
size across the life course, mammographic density, and risk of breast can-
cer. Am J Epidemiol. 2011;174(8):909–918.

 28. Shepherd JA, Kerlikowske K, Ma L, et  al. Volume of mammographic 
density and risk of breast cancer. Cancer Epidemiol Biomarkers Prev. 
2011;20(7):1473–1482.

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/106/5/dju078/898619 by guest on 18 April 2024



Vol. 106, Issue 5 | dju078 | May 14, 201411 of 11 Review | JNCI

 29. Heine JJ, Cao K, Rollison DE, Tiffenberg G, Thomas JA. A quantitative 
description of the percentage of breast density measurement using full-
field digital mammography. Acad Radiol. 2011;18(5):556–564.

 30. Boyd NF, Martin LJ, Bronskill M, Yaffe MJ, Duric N, Minkin S. Breast 
tissue composition and susceptibility to breast cancer. J Natl Cancer Inst. 
2010;102(16):1224–1237.

 31. Brower V. Homing in on mechanisms linking breast density to breast can-
cer risk. J Natl Cancer Inst. 2010;102(12):843–845.

 32. Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour 
progression. Nat Rev Cancer. 2009;9(2):108–122.

 33. Provenzano PP, Inman DR, Eliceiri KW, Keely PJ. Matrix density-induced 
mechanoregulation of breast cell phenotype, signaling and gene expression 
through a FAK-ERK linkage. Oncogene. 2009;28(49):4326–4343.

 34. Pettersson A, Tamimi RM. Breast fat and breast cancer. Breast Cancer Res 
Treat. 2012;135(1):321–323.

 35. McInnes KJ, Brown KA, Knower KC, Chand AL, Clyne CD, Simpson ER. 
Characterisation of aromatase expression in the human adipocyte cell line 
SGBS. Breast Cancer Res Treat. 2008;112(3):429–435.

 36. Simpson ER, Clyne C, Rubin G, et al. Aromatase—a brief overview. Annu 
Rev Physiol. 2002;64:93–127.

 37. Beer AE, Billingham RE. Adipose tissue, a neglected factor in aetiology of 
breast cancer? Lancet. 1978;2(8084):296.

 38. Ghosh K, Hartmann LC, Reynolds C, et  al. Association between mam-
mographic density and age-related lobular involution of the breast. J Clin 
Oncol. 2010;28(13):2207–2212.

Funding
This work was supported by the National Cancer Institute at the National 
Institutes of Health (R01 CA124865, R01 CA131332, P01 CA87969, R01 
CA50385, R01 CA085265, R03 CA135699, R37 CA054281, R01 CA140286, 
R01 CA128931, R01 CA97396, P50 CA116201); Department of Defense grant 
DAMD 17-00-1-0331; the National Institutes of Health (R25 CA098566 to 
REG); the Märit and Hans Rausing’s Initiative Against Breast Cancer; the 
W81XWH-05-1-0314 Innovator Award; the United States Department of 
Defense Breast Cancer Research Program; the Office of the Congressionally 
Directed Medical Research Programs; the Agency for Science, Technology and 
Research; the Swedish Cancer Society (5128-B07-01PAF to KC); the National 
Cancer Institute of Canada (to NFB); the SingHealth Foundation (SHF/
FG450S/2009); the National Medical Research Council (NMRC/0711/2002); 
the National University Cancer Institute, Singapore (NMRC/CG/
NCIS/2010); the MammoGrid Project (to RMLW); the Victorian Breast 
Cancer Consortium; the National Breast Cancer Foundation; the Cancer 
Council Victoria; the National Health and Medical Research Council (251533, 
209057, 504711, 454671 to JS); the case–control study within the EPIC-NL 
cohort was funded by the Dutch Cancer Society (KWF 2008–4071 and KWF 
h1-4348); the EPIC-NL cohort was funded by the ‘Europe against Cancer’ 
program of the European Commission (SANCO); the Dutch Ministry of 

Health, Welfare and Sports (WVS) and ZonMW; Breast Cancer Campaign 
(2007MayPR23 to VM).

Notes
The authors contributed to the design of the study, analysis, and interpretation of 
results, the decision to submit the manuscript, and the writing of the manuscript.

We would like to thank the participants and staff of the NHS and NHS2 
for their valuable contributions as well as the following state cancer registries 
for their help: AL, AZ, AR, CA, CO, CT, DE, FL, GA, ID, IL, IN, IA, KY, LA, 
ME, MD, MA, MI, NE, NH, NJ, NY, NC, ND, OH, OK, OR, PA, RI, SC, TN, 
TX, VA, WA, WY. In addition, this study was approved by the Connecticut 
Department of Public Health (DPH) Human Investigations Committee. 
Certain data used in this publication were obtained from the DPH. The 
authors assume full responsibility for analyses and interpretation of these data.

Affiliations of authors: Department of Epidemiology (AP, REG, RMT), and 
Department of Biostatistics (BAR), Harvard School of Public Health, Boston, 
MA; Department of Nutrition, Institute of Basic Medical Sciences, University 
of Oslo, Oslo, Norway (GU); Department of Preventive Medicine, Keck 
School of Medicine, University of Southern California, Los Angeles, CA (GU); 
Department of Non-Communicable Disease Epidemiology, London School of 
Hygiene and Tropical Medicine, London, UK (IdSS); Section of Environment 
and Radiation, International Agency for Research on Cancer, Lyon, France (VM); 
Cancer Epidemiology Centre, Cancer Council Victoria, Melbourne, Australia 
(LB, GGG, KK); Centre for Molecular, Environmental, Genetic and Analytical 
Epidemiology, University of Melbourne, Melbourne, Australia (LB, GGG, JLH, 
KK, JS); Division of Epidemiology (CV) and Division of Biomedical Statistics 
and Informatics (CS), Department of Health Sciences Research, Mayo Clinic, 
Rochester, MN; Julius Center for Health Sciences and Primary Care, University 
Medical Center Utrecht, Utrecht, The Netherlands (MFB, CHvG); Department 
of Epidemiology and Preventive Medicine, Monash University, Melbourne, 
Australia (GGG); Saw Swee Hock School of Public Health (KSC, MH, CSW), 
and Department of Surgery, Yong Loo Lin School of Medicine (MH), National 
University of Singapore, National University Health System, Singapore, 
Singapore; Department of Medical Epidemiology and Biostatistics, Karolinska 
Institutet, Stockholm, Sweden (KC, LE, PH, MH); Department of Radiology, 
Addenbrooke’s Hospital, Cambridge, UK (RMLW); School of Population and 
Public Health, University of British Columbia,  Vancouver, BC , Canada (GH); 
Prevention and Cancer Control, Cancer Care, Toronto, ON, Canada (AMC); 
Human Genetics, Genome Institute of Singapore, Singapore, Singapore 
(JL); Campbell Family Institute for Breast Cancer Research, Ontario Cancer 
Institute, Toronto, ON, Canada (QL, NFB); University of Hawaii Cancer Center, 
Honolulu, HI (IP, GM); Channing Division of Network Medicine, Department 
of Medicine, Brigham and Women’s Hospital and Harvard Medical School, 
Boston, MA (BAR, RMT).

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/106/5/dju078/898619 by guest on 18 April 2024


