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1. Introduction 

Mammographic density, which refers to breast tissues other than adipose tissue (like epithelial or stromal 
tissue), is one of the strongest cancer risk factors

1
. Several area-based

2-5
 and volume-based

6-9
 approaches to 

quantitate breast density have been widely used. As screen-film mammography is being replaced by full-digital 
mammography (FFDM), existing methods originally described for digitized film mammograms were adapted to 
FFDM and many other are emerging given the easier implementation of advanced applications in a digital setting. 

The semi-automated, area-based Cumulus approach has been reported to have the strongest cancer risk 
predictive ability

10
 in FFDM images, although it is limited by intra- and inter-reader variability in establishing a 

threshold for differentiating dense from surrounding fatty tissue. Our aim is to develop a novel, fully automated 
method to provide direct dense tissue measurements presenting higher association with cancer risk than Cumulus, 
while also eliminating any subjective judgement in such measurements. Our method is based on polychromatic X-
ray absorptiometry (PXA), nonlinear programming, and image processing techniques to estimate dense volume and 
ratio of dense to adipose tissue on a pixel-by-pixel basis throughout FFDM images. We evaluated its ability to 
predict breast cancer risk, and compared it to Cumulus dense area and percent density (PD) measurements. 

2. Methods 

The idea behind our proposed method is based on single energy X-ray absorptiometry
7
, but taking into account 

the fact that the mammogram is produced by a polychromatic X-ray source (we do not assume a monochromatic 
source). The method does not require a phantom in the acquired images. Following the well-known Beer-Lambert 
law and assuming that breast is mainly composed of adipose and dense tissue, the raw intensity values recorded at 
the detector can be expressed in the terms shown in Figure 1. This expression can be solved for the ratio of adipose 
and dense tissue at each pixel location using a constrained non-linear optimization technique

11
, where the energy-

dependent attenuation coefficients of each tissue type!are known
12

, the source spectrum is simulated
13

, and breast 
thickness can be estimated in a similar manner as in de Sisternes et al

14
. Two overall measurements were computed 

from the pixel-by-pixel estimation: (1) absolute PXA dense volume, computed by adding pixel by pixel the result 
from the multiplication of dense ratio and breast thickness; (2) PXA volumetric percent density (VPD), computed by 
averaging the pixel-based dense ratio values throughout the mammogram, weighted by breast thickness. 

We evaluated our methods in 131 mammograms from unaffected breasts prior to a cancer diagnosis in the 
contralateral breast (cases) and 239 mammograms from healthy women without breast cancer (controls). Control 
women were chosen to match the case patients by age and race. Patient demographics are summarized in Table 1. 
The study protocol was approved by the Stanford University Institutional Review Board. Cumulus dense area and 
PD values were collected by an expert user of the software for comparison to those produced by our methods. 

3. Results 

We compared the distribution of patient demographics, Cumulus and PXA measurements in case and control 
women by computing false discovery rate adjusted q-values (Table 1). Table 2 summarizes the odds ratios (OR) 
estimated for the two methods as quartiles (defined among controls) and as continuous variables (in SD increments), 
unadjusted and adjusted for age, BMI, race and menopausal status. We computed the area under the receiver 
operating characteristic curve (AUC) for each method to compare their ability to discriminate between cases and 
controls. Overall, slightly higher associations with breast cancer risk were observed for our proposed method. 

4. Discussion 

Both Cumulus and PXA measurements were positively associated with breast cancer risk, with the strongest 
continuous association observed for each SD increment of PXA VPD. Women in the top quartile of PXA VPD had 
5.30 (1.99 to 14.16) times the risk of women in the bottom quartile. PXA measurements were fully automated and 
not operator-dependent, eliminating any possible subjective variability. Although a highly-trained reader generated 
the Cumulus measurements, reader judgement may have contributed to their slightly weaker associations with breast 
cancer risk. PXA measurements also showed a slightly greater ability to discriminate between cases and controls in 
terms of AUC. These AUC values were low (0.64 for dense volume and 0.65 VPD), but similar to that previously 
reported by others, indicating its limited value in individual cancer risk prediction. Therefore, the PXA method 
presented here appears to be a valid automated alternative to the labor-intensive semi-automated Cumulus approach 
for quantifying breast density when raw FFDM images are available for analysis, and it also offers the possibility of 
pixel-by-pixel analysis of volume-based methods. These quantifications, alone or jointly with other risk factors, 
might be useful to stratify women in the population according to risk for tailored screening or interventions. 
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Figure 1. Expression for estimating the proportion of adipose tissue and dense tissue in raw FFDM images. 

Table 1. Distribution of patient characteristics in case and control women. 
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