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Breast cancer risk assessment has become increasingly im-
portant in personalized breast cancer screening strate-

gies (1), and numerous studies have consistently validated 
the strong relationship between increased breast density 
and breast cancer risk (2–4). The most commonly used 
breast density assessment method is visual assessment 
wherein breast density is categorized based on the Ameri-
can College of Radiology Breast Imaging Reporting and 
Data System (BI-RADS), which is a subjective process (5).  
Most fully automated methods for breast density assess-
ment, including ImageJ-based research methods (6) and 
the publicly available Laboratory for Individualized Breast 
Radiodensity Assessment (LIBRA) software tool (7,8), 
provide area-based density metrics from two-dimension-
al (2D) digital mammography (DM) images (8–11). 
However, DM is rapidly being replaced by digital breast 

tomosynthesis (DBT), approved by the United States Food 
and Drug Administration in 2011 (12). In many facilities, 
DBT technology is also used to reconstruct “synthetic 2D 
images,” which may make conventional DM obsolete (13). 
Therefore, in view of the rapid clinical conversion to DBT 
imaging, fully automated methods to measure breast den-
sity from DBT are becoming increasingly essential.

In DBT, quasi–three-dimensional breast image volumes 
are reconstructed from a series of low-dose, 2D raw projec-
tion images acquired across a limited angle (14). By pro-
viding a quasi–three-dimensional image set, DBT offers 
the ability to quantify dense breast tissue volumetrically, 
which in turn may allow for more accurate breast den-
sity measures and improved breast cancer risk estimations 
(15). Attempts have been made by Food and Drug Ad-
ministration–cleared commercial software vendors, such as 
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All women diagnosed with unilateral invasive breast cancer 
(biopsy- and state registry–confirmed) who also had standard 
views, as well as both raw (for processing) and processed (for 
presentation) DM/DBT data available for the screening exami-
nation that prompted the cancer diagnosis were included in this 
study (n = 132). For each patient, we used the images of the 
unaffected (contralateral) breast at the time of diagnosis, as done 
in prior related studies (19).

Eligible individuals for the control group were women who 
had a negative screening examination during the same time pe-
riod and confirmed negative follow-up at least 1 year later. Con-
trols were matched 4:1 to patients with breast cancer according 
to age at screening (within 5-year bins), ethnicity, and screen-
ing examination date (within 1 year), yielding a total sample of 
660 women. For individuals within the control group, we used 
images from the same side as the breast analyzed for the corre-
sponding cancer case.

Image Acquisition
Clinical risk factor data and DM/DBT images were acquired 
with Selenia Dimensions units (Hologic). The images from 
the standard acquisition angles (craniocaudal and mediolateral 
oblique) or “views” from the DM/DBT screening studies were 
analyzed. The DM and DBT images used for density calculations 
were obtained at the same time during a single compression.

Breast Density Evaluation from DBT and DM

VBD evaluation from DBT.—For DBT-derived VBD (VBDDBT), 
we used a previously validated, automated algorithm that pro-
vides VBD metrics, shown to be strongly correlated with VBD 
measures from MRI scan volumes (18). Briefly, upon segment-
ing the breast region, the DBT VBD algorithm performs ini-
tial segmentation of the dense tissue in DBT projection images, 
which is then refined in the reconstructed DBT data by radiomic 
machine learning to identify blurring effects. Summing the 
dense voxel volumes provides total absolute dense volume (DV), 
and normalizing DV by the total breast volume gives volumet-
ric percent density (VPD%). In our analysis, we used the DV 
(DVDBT) and VPD% (VPD%DBT) generated from both DBT 
views available for each woman.

Area-based density evaluation from DM.—The publicly avail-
able LIBRA software (version 1.0.4) (7), previously used in 
various research studies of breast density (20–23), can calculate 
area-based density from either raw or processed DM images (8). 
Briefly, LIBRA partitions the breast region into density clusters 
of similar gray-level intensity, which are then aggregated into the 
final dense tissue segmentation. Summing the area of dense pix-
els provides total absolute dense area (DA), and normalizing DA 
by the total breast area gives area-based percent density (APD%). 
We used the DA and APD% estimates obtained from both raw 
(DADM-RAW and APD%DM-RAW) and processed (DADM-PRO and 
APD%DM-PRO) DM views available for each woman.

VBD evaluation from DM.—The commercially available 
Quantra (version 2.1) (11) and Volpara (version 1.5.3, Vol-

Volpara (9) and Hologic (maker of Quantra) (11), to extrapolate 
volumetric breast density (VBD) from 2D mammographic im-
ages with physics-based models incorporating compressed breast 
thickness. Although such VBD measures have strong associa-
tions with breast cancer risk (3,16,17), they are only an approxi-
mation of the actual volume of dense tissue, leaving the potential  
of incorporating fully volumetric DBT-based breast density 
measures into breast cancer risk assessment largely unexplored.

Using a previously validated software tool for VBD assess-
ment from DBT-reconstructed volumetric data (18), we evalu-
ated the associations between DBT-VBD measures and breast 
cancer. In addition, we compared our results for DBT-derived 
breast density estimates with breast cancer associations of (a) 
area-based density metrics extracted from DM images with use 
of the publicly available LIBRA software package and (b) VBD 
measures extrapolated from DM images using the Volpara and 
Quantra software packages.

Materials and Methods

Study Design and Data Acquisition
In this institutional review board–approved, Health Insurance 
Portability and Protection Act–compliant study under a waiver 
of consent, we retrospectively analyzed a case-control sample 
of women screened per the dual-modality protocol, DM with 
DBT (Appendix E1 [online]). This protocol was implemented 
for all screening examinations at our institution from Septem-
ber 19, 2011, through January 6, 2015, after which DM was 
replaced by synthetic 2D mammography (37 247 studies from 
11 359 individual women).

Abbreviations
2D = two-dimensional, APD% = area-based percent density, AUC = 
area under the receiver operating characteristic curve, BI-RADS = Breast 
Imaging Reporting and Data System, DA = dense area, DBT = digi-
tal breast tomosynthesis, DM = digital mammography, DM-PRO = 
measures from processed DM views with LIBRA, DM-Q = measures 
from raw DM views generated by Quantra, DM-RAW = measures from 
raw DM views with LIBRA, DM-V = measures from raw DM views 
generated by Volpara, DV = dense volume, LIBRA = Laboratory for 
Individualized Breast Radiodensity Assessment, OR = odds ratio, SD 
= standard deviation, VBD = volumetric breast density, VPD% = volu-
metric percent density

Summary
Volumetric breast density estimates from reconstructed breast tomo-
synthesis images may have stronger associations with breast cancer 
than area-based and model-approximated volumetric density measures 
derived from conventional digital mammography.

Key Results
	N Volumetric percent density (VPD%) from digital breast tomosyn-

thesis (DBT) images was associated with breast cancer (odds ratio 
[OR], 2.3 per standard deviation [SD] of VPD%), after adjusting 
for standard risk factors.

	N DBT-derived VPD% was more strongly associated with breast 
cancer than area-based percent density from digital mammography 
(DM) (OR, 1.3 per SD for raw DM and 1.7 for processed DM) 
and DM-derived VPD% (OR, 1.6 and 1.7 per SD).
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para Health Technologies) (9) software packages can assess 
VBD from raw DM images. Using the image pixel intensi-
ties, known x-ray attenuations for dense versus fatty tissue, 
and the Digital Imaging and Communications in Medicine, 
or DICOM, header values for breast thickness and compres-
sion, Quantra and Volpara approximate the thickness of adi-
pose versus fibroglandular tissue within each pixel of the DM 
image. In both cases, summing the approximations of dense 
pixel volumes provides DV, and normalizing DV by the total 
breast volume gives VPD%. We used the DV and VPD% 
generated by Quantra (DVDM-Q and VPD%DM-Q) and Volpara 
(DVDM-V and VPD%DM-V) from both raw DM views available 
for each woman.

Statistical Analysis
A per-woman value of each density measure was generated 
by averaging the corresponding density estimates from both 
breast views (craniocaudal and mediolateral oblique). Spear-
man correlation coefficients (r) were calculated to investigate 
correlations between DBT and DM density measures. The as-
sociation between each density measure and breast cancer was 
evaluated with use of conditional logistic regression (adjust-
ing for age and body mass index) for modeling, and each den-
sity measure was log-transformed to account for its skewed 
distributions. Our sample provided 80% power to detect an 
odds ratio (OR) as low as 1.3 per 1 standard deviation (SD) 
in density measure, assuming a type 1 error rate of 0.05.

Results were summarized as ORs and estimates of the area 
under the receiver operating characteristic curve (AUC) with 
95% CIs. To compare non–DBT-derived ORs and AUCs 
versus the null hypothesis that they were not different from 
DBT-derived values, 1000 bootstrap samples were chosen at 
random while maintaining the matched groups, and P val-
ues were then computed with use of two-sided tests based on 
comparisons across these 1000 samples. All tests of statistical 
significance were at the standard a = .05 level. All statistical 
analyses and plotting were performed in Python 3.7.4.

Results

Data Set Characteristics
The study data set was composed of 132 women diagnosed with 
invasive breast cancer (mean age 6 SD, 60 years 6 11) and 528 
matched control patients (mean age, 60 years 6 11; P = .84) 
(Fig 1). Patients with breast cancer had a higher mean body mass 

Figure 1:  Flowchart shows criteria for case-control selection. DBT = digital breast tomosynthesis, DM = digital mammography.

Table 1: Data Set Characteristics by Case-Control Status

Characteristic

Breast  
Cancer  
Group  
(n = 132)

Control  
Group  
(n = 528) P Value*

Age (y)† 60 6 11 60 6 11 .84
Body mass index (kg/m2)†‡ 30.2 6 7.5 28.7 6 7.0 .04
Ethnicity ..99
  White 64 (48) 256 (48)
  Black 62 (47) 248 (47)
  Other or unknown 6 (5) 24 (5)
Menopausal status .59
  Premenopause 36 (27) 129 (24)
  Postmenopause 95 (72) 393 (74)
  Unknown 1 (0.75) 6 (1.1)
BI-RADS density category .11
  A 9 (7) 70 (13)
  B 72 (55) 295 (56)
  C 47 (36) 154 (29)
  D 4 (3) 9 (2)

Note.—Unless otherwise specified, data are numbers of patients, 
with percentages in parentheses. BI-RADS = Breast Imaging 
Reporting and Data System.
*P values from two-sided Wilcoxon rank-sum tests for 
continuous covariates and x2 tests for categorical covariates.
† Data are means 6 standard deviations.
‡ One patient of the 132 with breast cancer (0.8%) and five 
individuals of the 528 in the control group (0.9%) were missing 
body mass index information.
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index compared with individuals in the control group (30.2 kg/
m2 6 7.5 [SD] vs 28.7 kg/m2 6 7.0; P = .04) (Table 1); there 
were no differences in ethnicity, menopausal status, or BI-RADS 
density category.

Correlations between DBT and DM Density Measures
We first examined DBT measures with area-based density measures 
(Fig 2). VPD%DBT was moderately correlated with APD%DM-RAW 
(r = 0.67, P , .001) and APD%DM-PRO (r = 0.75, P , .001) 
(Fig 3). DVDBT was weakly correlated with DADM-RAW (r = 0.39, 
P , .001) and DADM-PRO (r = 0.32, P , .001). When volumet-
ric metrics from DBT and DM were compared, VPD%DBT was 
moderately correlated with VPD%DM-Q (r = 0.61, P , .001) and 
VPD%DM-V (r = 0.75, P , .001). In addition, DVDBT showed 
moderate correlations with DVDM-Q (r = 0.65, P , .001) and 
DVDM-V (r = 0.62, P , .001). All correlations further differed by 
level of BI-RADS density and breast thickness, with stronger cor-
relations in dense breasts (ie, BI-RADS density C and D) and in 
lower breast thickness strata (Figs E1, E2 [online]).

Associations of DBT and DM Breast Density Measures with 
Breast Cancer
Most breast density measures were positively associated with 
breast cancer (ORs, 1.5–2.6) in conditional logistic regression 
models that also included age and body mass index (Table 2). In 
comparisons with area-based models, VPD%DBT had a stronger 
association with breast cancer (OR, 2.3 [95% CI: 1.6, 3.4] per 
SD) than APD%DM-RAW (OR, 1.3 [95% CI: 0.9, 1.9] per SD; 
P , .001) and APD%DM-PRO (OR, 1.7 [95% CI: 1.2, 2.3] per 
SD; P = .004). Similar trends were observed for absolute density 
measures, with DVDBT having a stronger association with breast 
cancer (OR, 2.3 [95% CI: 1.5, 3.5] per SD) than DADM-PRO  
(OR, 1.5 [95% CI: 1.0, 2.2] per SD; P = .02), but not with 
DADM-RAW (OR, 1.8 [95% CI: 1.2, 2.7] per SD; P = .22). DBT 
also showed higher discrimination of breast cancer: VPD%DBT 
resulted in an AUC of 0.62 (95% CI: 0.57, 0.68), whereas re-
sults from APD%DM-RAW (AUC, 0.58 [95% CI: 0.52, 0.63];  
P = .04) and APD%DM-PRO (AUC, 0.60 [95% CI: 0.54, 0.65]; 
P = .048) were lower.

Figure 2:  Examples of volumetric breast density evaluation from digital breast tomosynthesis (DBT) and digital mammography (DM) in 
(A) craniocaudal (CC) and (B) mediolateral oblique (MLO) breast views, which were obtained in the same woman (aged 56 years, from 
the control group) at the same time. Volumetric measurements of volumetric percent density of 17.1% and density volume of 71.9 cm3 were 
obtained from DBT (where dense-tissue regions of the breast are marked in green). Area-based breast measurements obtained from DM 
were percent density of 19.2% and density area of 17.2 cm2.
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VPD%DBT also had stronger associations with breast cancer 
(OR, 2.3 [95% CI: 1.6, 3.4] per SD) than did VPD%DM-Q (OR, 
1.7 [95% CI: 1.2, 2.6]; P = .04) and VPD%DM-V (OR, 1.6 [95% 
CI: 1.1, 2.4]; P = .01) (Table 2). However, there were no dif-
ferences between DVDBT measures and DV measures from DM 
(DVDM-Q and DVDM-V) measures in their associations with breast 
cancer (P . .05, with ORs of 1.9 and 2.6), and there were no 

differences among the AUCs of all VBD models (P . .05, with 
AUCs from 0.59 to 0.62) (Table 2).

The AUC of the case-control classification performance 
based on clinical BI-RADS density assessments on the same data 
set was 0.58 (95% CI: 0.51, 0.60), which was lower than the 
performance of all automated DM and DBT density measures 
(Tables 2, E2 [online]).

Figure 3:  Correlations between digital breast tomosynthesis (DBT) and digital mammography (DM) (A) percent and (B) absolute breast density measures according to 
case-control status. Identity line (dashed line) is also shown for reference. APD% = area-based percent density, DA = dense area, DM-PRO = measures from processed DM 
views with the Laboratory for Individualized Breast Radiodensity Assessment, DM-Q = measures from raw DM views generated by Quantra, DM-RAW = measures from 
raw DM views with the Laboratory for Individualized Breast Radiodensity Assessment, DM-V = measures from raw DM views generated by Volpara, DV = dense volume, 
VBD = volumetric breast density, VPD% = volumetric percent density.
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Discussion
Our study evaluated the associations of volumetric breast density 
(VBD) measures estimated from the quasi–three-dimensional 
data from digital breast tomosynthesis (DBT) with breast can-
cer risk. Our findings showed that fully automated volumetric 
estimates of breast density from DBT images were significantly 
associated with invasive breast cancer at time of mammographic 
examination, with over twofold risks per standard deviation of 
volumetric percent density and dense volume, after adjusting 
for standard risk factors. Comparing results with models using 
density measures based on digital mammography (DM), area-
based density measures from the Laboratory for Individualized 
Breast Radiodensity Assessment software package, or LIBRA, 
and VBD measures from the Quantra and Volpara software 
packages, our DBT-based models showed stronger associations 
with breast cancer. Furthermore, we showed higher or similar 
case-control discriminatory capacity for models based on DBT 
VBD estimates compared with those using density from DM.

The importance of volumetric density estimates in further re-
fining breast cancer risk assessment has been shown in previous 
studies (10,20), where breast cancer associations were highest 
for Volpara VPD% compared with semi- and fully automated 
APD% measures. However, both studies evaluated model-
approximated VPD% derived from raw DM, not from DBT 
volumes, as we did here.

Our study also showed only moderate correlations between 
DBT and DM density measures, which also varied with den-
sity and breast thickness categories. Such differences may be due 

to a combination of factors. Overall, with the removal of ana-
tomic noise (such as the superimposed densities from skin and 
subcutaneous tissue in DBT), DBT breast density estimates are 
expected to be lower than those derived from DM (24). How-
ever, breast density, when volumetrically assessed from multiple 
reconstructed DBT sections in dense breasts, may be estimated 
at higher values than those from DM (25), where denser tis-
sue is summed. At the same time, more anatomic noise is intro-
duced into an image as breast thickness increases. Furthermore, 
vendor-specific image processing and reconstruction algorithms 
applied to generate the reconstructed sections may make certain 
tissue arrangements more discernible in the reconstructed sec-
tions, which in turn may lead to more accurate identification of 
dense versus fatty tissue. Finally, an additional factor affecting 
correlation of VBD density estimates from DBT compared with 
DM is that methods estimating VBD with DM rely on physics-
based models; however, as with all models, there are assumptions 
made that may not be appropriate for all women. Although it is 
uncertain which effects tend to dominate in density correlations 
between DM and DBT as well as which density estimate is closer 
to the “true” value of breast density, these findings show the need 
for a careful refinement of density-based risk calculations as im-
aging shifts from DM to DBT screening (26).

A strength of our study was access to paired DM/DBT images 
obtained at the same time under a single compression, avoid-
ing possible variability or bias in the results due to differences in 
breast compression, position, device, or even technician effects 
between DM and DBT. Another major strength was data from 

Table 2: DBT and DM Breast Density Measures: Distributions according to Case-Control Status and Associations with  
Breast Cancer

Density Measure
Breast Cancer 
Group (n = 132)

Control Group 
(n = 528) Odds Ratio

Odds Ratio 
P Value* AUC

AUC 
P Value*

Area- and volume-based  
percent density

  VPD%DBT 16.1 6 12.0 15.4 6 11.0 2.3 (1.6, 3.4) Ref 0.62 (0.57, 0.68) Ref
  APD%DM-RAW 14.0 6 8.5 14.3 6 10.0 1.3 (0.9, 1.9) ,.001 0.58 (0.52, 0.63) .04
  APD%DM-PRO 18.7 6 15.0 16.3 6 12.3 1.7 (1.2, 2.3) .004 0.60 (0.54, 0.65) .048
  VPD%DM-Q 13.0 6 7.3 12.1 6 7.4† 1.7 (1.2, 2.6) .04 0.59 (0.53, 0.65) .11
  VPD%DM-V 8.0 6 5.7 7.9 6 6.1 1.6 (1.1, 2.4) .01 0.59 (0.53, 0.64) .07
Dense volume and dense area
  DVDBT (cm3) 172.0 6 90.3 138.9 6 73.4† 2.3 (1.5, 3.5) Ref 0.62 (0.57, 0.67) Ref
  DADM-RAW (cm2) 23.5 6 11.3 20.9 6 11.5† 1.8 (1.2, 2.7) .22 0.60 (0.55, 0.65) .20
  DADM-PRO (cm2) 29.4 6 22.3 22.1 6 13.4† 1.5 (1.0, 2.2) .02 0.59 (0.54, 0.64) .07
  DVDM-Q (cm3) 151.7 6 118.2 112.3 6 83.4† 1.9 (1.4, 2.7) .15 0.61 (0.55, 0.66) .27
  DVDM-V (cm3) 80.3 6 42.6 64.4 6 34.8† 2.6 (1.7, 4.0) .77 0.62 (0.57, 0.68) .67

Note.—Unless otherwise specified, data are means 6 standard deviations. Data in parentheses are 95% CIs. Odds ratios and area under the 
receiver operating characteristic curve (AUC) values were calculated from logistic regression models adjusted for age and body mass index. 
Odds ratios are per 1 standard deviation of the log-transformed density measure. APD% = area-based percent density, DA = dense area, 
DBT = digital breast tomography, DM = digital mammography, DM-PRO = measures from processed DM views with the Laboratory for 
Individualized Breast Radiodensity Assessment, DM-Q = measures from raw DM views generated by Quantra, DM-RAW = measures from 
raw DM views with the Laboratory for Individualized Breast Radiodensity Assessment, DM-V = measures from raw DM views generated 
by Volpara, DV = dense volume, ref = reference measure, VPD% = volume-based percent density.
* P values for difference in odds ratio or AUC from the corresponding reference measure.
† Indicates statistically significant difference compared with patients with breast cancer, based on the two-sided Wilcoxon rank-sum test.
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a racially diverse population (48% White, 47% Black), which 
allows generalizability of our results to larger portions of the 
United States or even global populations. Finally, in comparing 
with several established (both research and commercial) tools for 
density estimation from DM, our study offers wide applicability 
and enhanced translation to clinical application, strengthening 
the potential impact of our findings compared with other studies 
on breast density and risk.

Certain limitations should also be noted. We performed our 
study using contralateral mammograms of patients with inva-
sive breast cancer, rather than prior screening images of women 
in whom breast cancer was later detected. This is a common 
first-step approach (19), based on the premise that a woman’s 
breasts—both affected and contralateral—share inherent breast 
tissue properties that predispose her to a certain risk of develop-
ing breast cancer. Additionally, due to the relatively short period 
of DM/DBT screening at our institution (before implementa-
tion of synthetic 2D mammography/DBT) and the need for 
raw DM/DBT data (which is not routinely stored), the size of 
our study data set, driven by the number of patients with breast 
cancer, was only moderate, and access to prior negative DM/
DBT screening studies was limited. In future studies, we aim to 
validate our findings in larger cohorts, using also screening im-
ages from years prior to a cancer diagnosis, which will pave the 
way to the first public release of our VBDDBT algorithm. Future 
evaluation of DBT-derived density will also include potential 
integration with density measures from synthetic 2D mam-
mography, as this imaging technique is rapidly replacing DM 
in DBT imaging (27). Furthermore, we will explore potential 
integration with breast parenchymal complexity features, which 
are complementary to breast density and can be generated by 
emerging radiomic and deep learning methods (28,29), toward 
further improving breast cancer risk assessment with DBT.

In conclusion, fully automated, quantitative, volumetric esti-
mates of breast density from digital breast tomosynthesis (DBT) 
reconstructed data results in stronger associations with breast 
cancer than either area-based density estimates from conven-
tional, planar digital mammography (DM) or volumetric density 
estimates from DM. Our results further extend the advantages 
of the new standard of breast cancer screening, DBT, showing a 
path to improved quantitative breast density calculation, which 
may result in improved breast cancer risk assessment.
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