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Abstract

Rationale and Objectives—Breast density is a significant breast cancer risk factor measured
from mammograms. Evidence suggests that the spatial variation in mammograms may also be
associated with risk. We investigated the variation in calibrated mammograms as a breast cancer
risk factor and explored its relationship with other measures of breast density using full field
digital mammography (FFDM).

Materials and Methods—A matched case-control analysis was used to assess a spatial
variation breast density measure in calibrated FFDM images, normalized for the image acquisition
technique variation. Three measures of breast density were compared between cases and controls:
(a) the calibrated average measure, (b) the calibrated variation measure, and (c) the standard
percentage of breast density (PD) measure derived from operator-assisted labeling. Linear
correlation and statistical relationships between these three breast density measures were also
investigated.

Results—Risk estimates associated with the lowest to highest quartiles for the calibrated
variation measure were greater in magnitude [odds ratios: 1.0 (ref.), 3.5, 6.3, and 11.3] than the
corresponding risk estimates for quartiles of the standard PD measure [odds ratios: 1.0 (ref.), 2.3,
5.6, and 6.5] and the calibrated average measure [odds ratios: 1.0 (ref.), 2.4, 2.3, and 4.4]. The
three breast density measures were highly correlated, showed an inverse relationship with breast
area, and related by a mixed distribution relationship.

Conclusion—The three measures of breast density capture different attributes of the same data
field. These preliminary findings indicate the variation measure is a viable automated method for
assessing breast density. Insights gained by this work may be used to develop a standard for
measuring breast density.

Keywords
breast density; calibration; breast cancer risk; spatial variation; full field digital mammography

1. Introduction

Breast density measured from mammograms is a significant breast cancer risk factor (1-4).
The association between breast density and breast cancer has been explored for many years,
spawned by the pioneering work of Wolfe (5,6). The earlier work in breast density used an

© 2011 The Association of University Radiologists. Published by Elsevier Inc. All rights reserved.

"Corresponding author: john.heine@mofffitt.org Phone: 813 979-6719.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heine et al.

Page 2

observational four/five category rating of mammograms based on patterns of increasing risk
developed by Wolfe. These earlier pattern measures of risk were virtually supplanted by the
percentage of breast density (PD) measure developed by these researchers (7,8). More
recently, the pattern analysis has gained attention using a different approach in comparison
with the earlier observational methods. Rather than investigating the raw data directly,
mammographic patterns (or projected breast structure) have been investigated with various
textural related measures. For the most part, these are summary measures that include fractal
analysis, features generated from applying various filtering methods, and co-occurrence
features, as both investigated and reviewed by these researchers (9). Some of these measures
show associations with breast cancer similar to that of the standard PD measure.

There are various methods used to assess breast density as previously reviewed (10). The
operator-assisted PD measure has demonstrated repeatedly to correlate well with breast
cancer without considering the x-ray imaging acquisition influences (2). Another approach
involves calibrating for the inter-image acquisition technique variation (11-15) to produce
normalized data representations. There is little published work showing the efficacy of
calibrating mammograms for breast cancer risk assessments using breast cancer status as the
endpoint comparison. Some work indicates that calibration measures do not produce
stronger breast cancer associations than that of the standard operator-assisted PD measure
(16,17). Other work indicates calibration may be useful for describing the information
captured by the PD measure and for automating its measurement (18). If calibration can be
optimized to improve the precision with which breast density is measured, a more accurate
estimate of the magnitude of association between breast density and breast cancer may be
obtained. It may be too early to assess whether these methods are viable because calibration
represents a newer paradigm in breast density analysis that has not been studied in great
depth.

We investigated the spatial variation in mammograms that were calibrated to account for the
x-ray acquisition technique differences using full field digital mammography (FFDM). The
calibration method was developed previously (12,19-22). The calibration adjusts for
variations in the target/filter combination, x-ray tube voltage, radiation exposure, and
compressed breast thickness to produce a normalized pixel value representation referred to
as percent glandular (PG) that is equivalent to a normalized effective x-ray attenuation
coefficient representation spanning this pixel value range (0-100). The calibration can be
applied at the pixel or local level, which supports analyzing the calibrated pixel distribution
characteristics within a given image.

2. Materials and Methods

To meet our study objectives, we performed a matched case-control study. These three
breast density measures and their association with breast cancer were compared: (a) the
average of the calibrated mammograms [the PG measure], (b) the standard deviation of the
calibrated mammograms [the PGgq variation measure], and (c) the standard PD measure
derived from the raw data (no calibration) using an operator-assisted labeling approach. We
also investigated the measurement correlation with (projected) breast area and the inter-
measure correlation. Breast area was used as a surrogate for breast size. The empirical
probability distributions for the calibrated fibroglandular (abbreviated as glandular hereafter)
and adipose tissue components were constructed. These component distributions were used
to develop a statistical relationship between the three measures of breast density using a
mixed distribution model.
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2.1 Study population

A description of the study population is provided. All study images were acquired with one
FFDM system. Controls were individually matched on age, hormone replacement therapy
(HRT), and screening history to control for possible confounding influences. Breast cancer
cases (n=123) were identified from the pool of women attending the breast clinics at the H.
Lee Moffitt Cancer Center. To be included as cases in the study, women had to have been
diagnosed with a first-time unilateral breast cancer (September 2007-July 2010). For the
purpose of matching controls to cancer cases, three groups of cases were considered based
on their screening history. Group-1 was comprised of women that screened normal within
30 months prior to their breast cancer diagnosis (n; = 107). Group-2 was comprised of
women who had a history of normal screening that fell outside of the group-1 parameters,
such as a woman who had a screening in 2007 but not again until 2010 at which time she
was diagnosed with cancer (n, = 12). Group-3 was comprised of women who were just
beginning screening and were diagnosed at their baseline mammogram (n3 = 4). Case data
and images were either located by retrospective records review (n = 40) for those women
with images archived on the study FFDM unit or recruited, consented, and imaged for the
study (n = 83). The recruited case patients were those women found to have breast cancer at
screening clinics in the surrounding area that were referred to the Moffitt Center for
diagnostics or patients that were found to have breast cancer at the Moffitt Center that did
not have mammograms archived on the study FFDM unit. Recruited case participants were
given a standard screening type mammogram with the study FFDM unit before their
treatment commenced. Cancer status was histologically verified for all cancer cases. Height,
weight, and HRT usage were abstracted from patient records.

Controls (n=123) were identified from the pool of women undergoing breast cancer
screening mammography at the H. Lee Moffitt Cancer Center with the study FFDM unit.
Controls were age matched (+2 years), HRT usage/duration matched, and screening history
matched with the cancer cases using the three screening categories discussed above. For
HRT matching, non-users were defined as those women who never used HRT as well as
those that stopped using HRT two years or more prior to when their study mammograms
were acquired. For current users, HRT usage duration (+ 1 year) was used as a control
matching variable. All control data and images were located retrospectively by records
review over the same timeframe as the cases and restricted to women with screening
mammograms available on the study FFDM unit. These archived mammograms were used
as study images. Height, weight, and HRT usage were abstracted from patient records.

In this report we used two statistically similar datasets derived from the same patients for the
various explorations. We refer to these as the cancer side and non-cancer side datasets. In
the cancer side dataset, the cancerous breast of a given case was matched with the ipsilateral
breast of the control. In the non-cancer side dataset, the non-cancerous breast of a given case
was matched with the ipsilateral breast of the control. The combined dataset consisting of
both the cancer side and non-cancer side datasets is referred to as the expanded dataset
below. The expanded dataset was used for the correlation and distribution modeling
investigations. The study protocol and informed consent process were approved by the local
Institutional Review Board (IRB). This protocol is reviewed annually.

2.2 Imaging system

One General Electric Senographe 2000D FFDM system was used for this work. This
mammography unit is used for routine breast cancer screening at this facility. This system
has a 100 um digital spatial resolution. A more detailed description of the detector specifics
and the system can be found elsewhere (23,24). Craniocaudal (CC) views were used in this
analysis to reduce chest muscle interference. The system produces both raw data and
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processed data for clinical display use. Raw data was used in the analyses (not processed
data for clinical viewing). The system processed images (clinical display images) were used
as raw image surrogates to provide display illustration examples. The raw image data is not
useful for display purposes without considerable manipulation.

2.3 Calibrated breast density measures

We applied the PG calibration automatically at a lower resolution by averaging over 10x10
pixel regions to reduce unwanted variation. The PG and PG4 measures were determined by
calculating the average and standard deviation of the calibrated pixel values within the
breast area (defined below) for each image. Related work showed that eroding the breast
area produces an image coincident with where the breast was in contact with the
compression paddle (21). The breast area was first segmented from the background
automatically by setting all pixels within the breast area =1 and setting all other pixels to
zero. A radial coordinate system origin was positioned at the side of the image (chest wall
position- left side in a left CC view) at the vertical direction (parallel to the chest wall)
centroid position estimated from the segmented binary image. The breast area was then
eroded by 25% of the distance measured from the radial coordinate system origin to the
breast perimeter along a given radial direction. The calibration requires an accurate spatial
assessment of the compressed breast thickness and therefore does not apply in the region
where the breast is not in contact with the compression paddle because the thickness is
unknown in this region. The erosion operation produces the portion of the image that
approximates the region where the compressed breast thickness is defined and known.
Figure 1 (top) shows three raw image surrogates. The corresponding eroded segmented
images are shown in the middle row of Fig. 1. Both the average PG and PG4 measures were
calculated from the region in the calibrated mammograms corresponding to eroded area. The
respective calibrated (eroded) image examples are shown in the bottom row of Fig. 1

2.4 Operator-assisted breast density measurements

The standard PD measurements were generated with the Cumulus3 (CM) software
(University of Toronto) using the batch file procedure operating on the raw (non-processed
images) FFDM images. The dataset consisting of all cases-control images (left and right CC
view images) were first de-identified and randomized. The CM operator was blinded to the
case-control status and original image identifiers. To avoid operator fatigue, the PD labeling
was performed in multiple reading sessions (490 images were labeled). Hereafter, we use
PD measure to refer to the standard breast density measurement derived from the CM
labeling.

2.5 Statistical analysis

Conditional logistic regression was used to assess the association between the three
measures of breast density and the case-control status. A standard quartile analysis was used
for the odds ratio (OR) comparisons, where the control breast density distribution was used
to determine the cutoff value for each measure. The first quartile of breast density for each
measure served as the reference group for the second-fourth quartiles. The quartile analysis
also provided a means for comparing the inter-measure OR distributions. We adjusted for
body mass index (BMI) measured in kg/m? and breast area (pixel units) in the analyses as
continuous variables. The area under the receiver operator characteristic curve (Az) metric
was also used for predictive capability comparisons. This analysis was performed with the
SAS software package (SAS Institute Inc., NC).

Linear regression analysis was used to investigate the inter-breast density measurement

association and their relationship with the projected breast area. All relationships were fitted
to the y=mx+b standard form. The full projected breast area (un-eroded breast area) was
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used in the analysis. This regression analysis was stratified by case-control group for
comparisons of the calibrated measures using the expanded dataset.

2.6 Breast density statistical model

To develop a model that explains the relationships between the three measures of breast
density, the empirical probability distributions (estimates) for the combined case-control
glandular and adipose tissue components were constructed and investigated (expanded
dataset). These two components were used to formulate a mixed distribution that connects
the standard PD, PG and PGgq breast density measures. It was shown previously (18) that a
PD-like measure (PD.) of breast density can be generated from the calibrated PG
representation (eroded) images automatically by first applying a data transform. We let pg(x,
y) = PG(X, y) /100, where PG(x, y) is the calibrated image pixel value located at the (X, y)
spatial coordinates. We note, the pg(x,y) pixel values are constrained to this range (0,1). The
normalized attenuated x-ray exposure representation image is then defined as

A(x,y)=k(1.0 — exp[ —pg(x, y)ts]), )

where tg is the system compressed breast thickness readout quantity expressed in cm for
each image, and k =5000 is an arbitrary constant. Using A, = 3200 as a static threshold,
pixel values within the eroded breast region meeting this condition A(X,y) = A; were
counted as glandular pixels (the d,, count), whereas pixel values meeting this condition
A(X,y) < A were counted as adipose regions (the a, count). For a given image, the PD-type

measure is given by PDF% % 100% with N = d,, + a,. We have shown previously (18) that
the PD. with breast cancer is similar to that of the PD measure when analyzing the same
dataset. For this work, we generated the PD. labeled images as an intermediate step to
construct the component distributions. These binary labeled PD. images were then used as
overlays for their respective PG representation images. For a given pair of PD and PG
images, regions (pixel values) in the PG image corresponding to the regions in the PD.
image labeled as d,, were assembled into an array. This process was carried out for every PG
and PD. image pair in the extended dataset resulting in one array containing all PG pixel
values corresponding to the dj, labeling. The same process was carried out for the a,, labeled
regions resulting in another array. Normalizing each histogram of these arrays separately to
unity gives an approximation for the respective ensemble probability distribution for each
tissue type. These two component distributions were used to formulate a mixed distribution
relationship for each mammogram. For a two component mixture, the mixed distribution for
a given image can be expressed as

p(z)=c X p1(2)+(1 — c) X p,(2), @

where pj represents the component distributions (derived from the two arrays referenced
above) with i =1 for the glandular component and i = 2 for the adipose component, ¢ is the
two-component mixing proportion, and z = PG (calibrated pixel values). For a given image,
the mean can be expressed as

m=c X m;+(1 —c) X my, (3)
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where mq and my are the respective means determined from the component distributions.
Likewise, the variance for a given image can be expressed as

o’=c x (0'%+m%)+(1 —C) X (0'§+m§) -m?, (4)

where o;j represents the respective standard deviations calculated from the component
distributions, and m was defined in Eq. (3). Equations (3—4) redefine the PG and PGy breast
density measures respectively and show the theoretical connection between the three breast
density measures. The relationship with PD follows from Eqg. (3). For a given image, ¢ x
100% is an approximation of the PD measure. The mixing proportion, c, theoretically
accounts for the fraction of pixels within the breast area that would be labeled as dense
breast tissue by the standard PD measure. We calculated (m1, my, o1, o) from the respective
component distributions. These quantities were the used with Egs. (3—4) to estimate the
mixing coefficient breast density measure, c, for each image using the respective PG and
PGgq measures as substitutes for m and o. A brief analysis of the PD. and the mixing
coefficient measures of breast density was provided to demonstrate the validity of (a) the
methods used to generate the component distributions, and (b) the Eq. (4) approximation.

3.1 Breast density measurement comparisons

Demographic and risk factor distributions are provided for the breast cancer cases and
controls in Table 1. Associations between the three breast density measurements (PD, PGgy,
and PG) and breast cancer are summarized in Table 2 (left-side) for the cancer side dataset.
In this table, the OR associations and Az quantities were adjusted for BMI and the
simultaneous adjustments for both BMI and breast area (i.e., the mammogram-based two-
dimensional measure of breast size). For all three measures, the ORs and Az quantities
increased (increased magnitude of association) when controlling for area. Both the PD and
PGyy measures showed significant magnitude of association with breast cancer for all non-
referent quartiles (i.e., the left side OR confidence intervals are greater than unity). In
contrast, the confidence intervals for the PG measure included unity for most quartiles. The
PGgy measure showed greater magnitude of association with breast cancer when comparing
its quartile ORs with the other measures, and the PD measure showed greater association
than the PG measure. The PGgq and PD measures produced similar Az values that were
larger than that produced by the PG measure.

To assess Whether the presence of breast abnormalities in the cancer side breast was
responsible for the positive associations between breast cancer and the PGgq measure, the
associations were investigated using the non-cancer side dataset. For comparison purposes,
the non-cancer side analysis was performed for the PD measure for internal control
comparisons. The findings are shown in Table 2 (right-side). The OR associations and Az
values decreased for both measures in comparison with the cancer-side dataset, but the inter-
measure relationships remained similar. Because the breast area for the cancer cases was
larger than that of the controls (Table 1), a subgroup analysis was performed by ordering the
cancer-side case samples by ascending breast area. Starting with the case-sample with the
largest breast area, each case and associated control were removed from the 123 pairs one
pair at a time until the case and control group breast areas were statistically similar. A paired
t-test was used to compare the remaining case-control pair breast areas after discarding a
given pair. When the set was reduced to between 100-110 matched pairs, the t-test began to
lose significance. Our choice of 100 matched pairs (P=0.87) was arbitrary (104 case/control
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pairs would work as well). When these case-control pairs (n = 23) were excluded from the
analysis, similar results were observed (data not shown).

3. 2 Correlation Comparisons

The (PG, PGgq ) regression plot for the cancer cases is shown in Fig. 2. Because of the
apparent nonlinear trend, the analysis was divided into (PG, PGgq) pairs that were either (a)
equal to, or above, the case PG distribution mean, or (b) below this mean. A similar analysis
was performed for the control (PG, PGgq) pairs using the control PG measure distribution
mean as the breakpoint. The regression plot for the controls is not shown due to close
similarities with Fig. 2. The regression analysis is summarized in Table 3. Comparisons of
the regression parameters and linear correlation coefficients indicate the cases and controls
exhibit similar behavior. The overall correlation without considering the break also showed
that the cases and controls behave similarly (last column Table 3). The correlation between
the PD and PG measures was R = 0.76, and the correlation between PD and PGgq measures
was R = 0.78, as determined with the extended dataset (not shown).

The correlation between the breast density measurements and breast area was investigated
Figure 3 shows the (area, PG) regression plot for the cancer cases. This analysis was also
divided into (area, PG) pairs using the same format as above that were (a) either equal to, or
above, the case breast area distribution mean, or (b) below this mean (Table 1). Figure 4
shows the (area, PGgq) regression plot using the same mean area break point. The two
measures show similar correlation with area. A similar analysis was performed for the
control PG and PGgq measures with breast area using the control area distribution mean as
the break point (not shown). The breast density measurement and breast area regression
analysis findings are summarized in Table 3. The correlations and relationships were
stronger and more similar across case-control group for the below mean-area groups. Using
the extended dataset with no break point, the (area, PD) correlation was R = —0.39. The
degree of the negative correlation between the breast density measures and breast area
suggests that area should be controlled for in the association analysis as shown in Table 2.

3.3 Statistical model evaluation

To explain the correlation and relationships between three breast density measures, the
empirical distributions were derived from the expanded dataset for the adipose and glandular
tissue types, which are shown in Fig. 5. These represent a summary of the entire dataset and
they show that the total collection of PG representation images can be decomposed into two
single-mode distributions. These were constructed by first generating the PD,, labeled
images. For the PD. measure, Az = 0.69 (for the cancer-side dataset adjusted for BMI and
breast area), which indicates the validity of the method used to form these component
distributions (Fig. 5). These distributions were used to evaluate the Eq. (4) expression
relating the three breast density measures by estimating their (the distributions) respective
means and standard deviations giving: (mq, my) = (32.3, 9.7) and (o1, o) = (14.6, 4.9). The
mixture coefficient ¢ [see \Eq. (3) and Eq. (4)] was derived from each image as the breast
density measure (approximation for PD) to assess the Eq. (4) approximation. The ¢ measure
quartile associations with breast cancer (cancer side dataset) and Az were similar to that of
PD (Table 2) when adjusting for breast area and BMI [odds ratios: 1.0 (ref.), 2.6, 3.5, and
5.5, and Az = 0.67]. Although Eg. (4) shows the connection between the various measures,
understanding the positive correlation between m and o, theoretically, requires
manipulation. We generated cq (simulated c variable) over this range (0,1), generated Egs.
(3-4) as functions of cq using the density quantities (m, m», 61, 65), and found the
theoretical linear correlation between PG and PGgq [i.e., correlation between Eq. (3) and
square root of Eq. (4)], which gave Rt = 0.79. This theoretical correlation is in agreement
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with the measured correlation between the PG and PGgq shown in Table 3 (last column). As
Eq. (4) shows, PGgyq is a positive valued function of increasing c but it is not monotonic.

4. Discussion

The analysis resulted in three important findings. First, the PGgq measure showed greater
magnitude of association with breast cancer than the other measures in a side-by-side
comparison. In contrast, the calibrated PG measure was the least associated breast density
measure, which agrees with other calibration investigations (16,17). Secondly, the work
provides evidence for the correlation between the measures. Connecting the image variation
(PGsq measure) with the normalized PG representation, PG measure, and the PD measure
with the mixed distribution relationship is an important contribution to breast density
research. This relationship shows that the three measures are characterizing different
attributes of the same phenomenon and helps to explain the positive correlation between the
measures. Previous work (18) showed that the calibrated PG measure can be used to explain
the information captured by the PD measure. These earlier findings were reinforced by the
mixed distribution formulism. There is also another condition that may contribute to the
positive correlation. Although most likely non-parametric, these distributions (Fig. 5)
individually exhibit skewed right tail behavior similar to that of Poisson, low-order central
Chi-square, and more generally lower order gamma probability density functions for
example. In these non-symmetric parametric densities, the mean and standard deviations are
functions of the same parameters, implying they are related (often termed signal dependent
noise). By hypothesis, our findings suggest that PD is an approximation for the PGggq
measure. These assertions will require further validation. Thirdly, the work showed that
breast area may be a confounding factor for both calibrated measurements as well as for the
PD measure.

The PGgq measure magnitude of association is consistent with previous work that found low
frequency Fourier features show association with breast cancer similar to that of PD (9).
Because the mammograms have approximately a 1/ff power spectrum (25,26), the majority
of the image pixel intensity variation is captured in the lower frequency portion of its
Fourier power spectrum. Although we did not investigate the power spectrum of the
calibrated FFDM images used in this report, the previous spectral analysis of similarly
acquired FFDM images (26) holds in general for these calibrated images. For a given target/
filter calibration and fixed x-ray tube voltage, the calibration mapping is linear; this linear
mapping preserves the spectral functional form within a constant and scaling factor. Thus
for a given calibrated image, the measured PG¢q quantity is heavily influenced by the low
frequency portion of its power spectrum.

Both the choice of dataset and breast area influenced the findings. Previous work showed
that choosing the cancer-side or non-cancer side breast was of little consequence in the
association analyses for the PD measure (27). At this time, it is not clear if this relation holds
for the PGgq measure. We found that the PGgy measure is more predictive in the cancer-side
dataset in comparison with non-cancer-side dataset. However, the same relationship held for
the PD measurements as well. Previous work showed that the left breast has a tendency to be
larger than the right breast and this asymmetry is exaggerated in women with breast cancer
(28), but these asymmetries do not explain the differences noted here in the case-control
breast areas. The mammography type-unit used for this work was the first FDA approved
FFDM unit in the US (24). This system has a smaller detector than newer FFDM systems
and has a problem accommaodating larger breasts in a single acquisition (24). In multiple-
mammography unit facilities that have mixed detector sizes, x-ray technicians (as
ascertained from technicians at this center) direct women with larger breasts (by
observation) to units with larger detectors. All of the control image samples were derived
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from images acquired with this selection process for this FFDM unit under normal screening
conditions. In contrast, a portion of our cancer cases was recruited and imaged without
regard to this selection process indicating that their projected breast areas may be greater
than those of the controls. The breast area distribution summaries (Table 1) show this holds.
The findings for the reduced dataset indicated that this bias has negligible influences when
controlled for it in the full dataset analysis. The findings indicate that controlling for breast
area is as important as controlling for BMI when investigating measures of breast density.
Evidence also indicates larger breasts tend to have less breast density as reviewed by these
researchers (29), which agrees with the overall negative breast density measurement
correlation with breast area relation found here.

There are several limitations with this study. The x-ray attenuation characteristics of the
adipose breast tissue equivalent phantom (used for the calibration) composition deviates
somewhat from that of adipose breast tissue, which introduces error in the mapped pixel
values (18). We used the Egs. (3—4) relationships to connect the various breast density
measures, which are approximations. The theoretical PG measure expression [Eq. (3)]
indicates that the maximum PG measure (average PG quantity calculated over the breast
region) for a given image occurs when ¢ = 1, which should not exceed the value of my. In
practice, the measured values fell within this m4 limit for approximately 87% of the case-
control samples (expanded dataset) or 88% of the controls and 86% of the cases. These
measured distribution quantities will vary according to the PD generation (changing the
static threshold), which is also influenced by the adipose phantom artifact and its correction.
Similarly, the extent of the erosion may also impact these quantities. The findings presented
in this report will require further evaluation with larger datasets and different study
populations. Nevertheless, these approximations assisted in decomposing a rather
complicated problem into simpler elements.

Calibration may involve considerable initial effort to develop its infrastructure. Thus, a case
must be made for its utility. Related work (16,17) indicated calibrated measures did not
produce associations with breast cancer beyond that of the PD measure. Even if calibration
produced a measure with statistically equivalent breast cancer associations as the standard
PD measure, it may have clinical utility given the efficiency gained from automation. The
operator-assisted PD measure requires considerable effort to label large databases. We
speculate that calibration may be the price paid for automated breast density measurements.
Additionally, the calibration produces a normalized (effective x-ray attenuation coefficient)
representation related to an intrinsic physical property of the breast that may provide some
quantitative benefit. Without calibration, the relationships connecting the three measures of
beast density would be difficult to discern. Insights gained from this work may be useful for
developing a standardized quantitative measure of breast density, leading to a better
understanding of the true magnitude of the association between breast density and breast
cancer.

Acknowledgments

The work was supported by NCI grant #R01 CA114491. The authors would like to thank Emily Jolles and Michelle
lannacone for their invaluable insights into patient recruiting.

References

1. Boyd NF, Rommens JM, Vogt K, et al. Mammographic breast density as an intermediate phenotype
for breast cancer. Lancet Oncol. 2005; 6(10):798-808. [PubMed: 16198986]

2. McCormack VA, dos Santos Silva I. Breast density and parenchymal patterns as markers of breast
cancer risk: a meta-analysis. Cancer Epidemiol Biomarkers Prev. 2006; 15(6):1159-69. [PubMed:
16775176]

Acad Radiol. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heine et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 10

. 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):227-36. [PubMed: 17229950]

. Harvey JA, Bovbjerg VE. Quantitative assessment of mammographic breast density: relationship

with breast cancer risk. Radiology. 2004; 230(1):29-41. [PubMed: 14617762]

. Wolfe JN. Risk for breast cancer development determined by mammographic parenchymal pattern.

Cancer. 1976; 37(5):2486-92. [PubMed: 1260729]

. Wolfe JN. Breast patterns as an index for developing breast cancer. Am J Roentgenol. 1976;

126:1130-7. [PubMed: 179369]

. Byng JW, Boyd NF, Fishell E, Jong RA, Yaffe MJ. The quantitative analysis of mammographic

densities. Phys Med Biol. 1994; 39(10):1629-38. [PubMed: 15551535]

. Boyd NF, Byng JW, Jong RA, et al. Quantitative classification of mammographic densities and

breast cancer risk: results from the Canadian National Breast Screening Study. J Natl Cancer Inst.
1995; 87(9):670-5. [PubMed: 7752271]

. Manduca A, Carston MJ, Heine JJ, et al. Texture features from mammographic images and risk of

breast cancer. Cancer Epidemiol Biomarkers Prev. 2009; 18(3):837-45. [PubMed: 19258482]

. Yaffe MJ. Mammographic density. Measurement of mammographic density. Breast Cancer Res.
2008; 10(3):209. [PubMed: 18598375]

Highnam, R.; Brady, M. Mammographic Image Analysis. Boston, MA: Kluwer Academic
Publishers; 1999.

Kaufhold J, Thomas JA, Eberhard JW, Galbo CE, Trotter DE. A calibration approach to glandular
tissue composition estimation in digital mammography. Med Phys. 2002; 29(8):1867-80.
[PubMed: 12201434]

Malkov S, Wang J, Kerlikowske K, Cummings SR, Shepherd JA. Single x-ray absorptiometry
method for the quantitative mammographic measure of fibroglandular tissue volume. Med Phys.
2009; 36(12):5525-36. [PubMed: 20095265]

Pawluczyk O, Augustine BJ, Yaffe MJ, et al. A volumetric method for estimation of breast density
on digitized screen-film mammograms. Med Phys. 2003; 30(3):352-64. [PubMed: 12674236]

van Engeland S, Snoeren PR, Huisman H, Boetes C, Karssemeijer N. Volumetric breast density
estimation from full-field digital mammograms. IEEE Trans Med Imaging. 2006; 25(3):273-82.
[PubMed: 16524084]

Boyd N, Martin L, Gunasekara A, et al. Mammaographic density and breast cancer risk: evaluation
of a novel method of measuring breast tissue volumes. Cancer Epidemiol Biomarkers Prev. 2009;
18(6):1754-62. [PubMed: 19505909]

Ding J, Warren R, Warsi 1, et al. Evaluating the effectiveness of using standard mammogram form
to predict breast cancer risk: case-control study. Cancer Epidemiol Biomarkers Prev. 2008; 17(5):
1074-81. [PubMed: 18483328]

Anonymous, A. A quantitative description of the percentage of breast density measurement using
full field digital mammography Academic Radiology. 2010. Accepted for publication October
2010

Heine JJ, Behera M. Effective x-ray attenuation measurements with full field digital
mammography. Med Phys. 2006; 33(11):4350-66. [PubMed: 17153414]

Heine JJ, Cao K, Beam C. Cumulative Sum Quality Control for Calibrated Breast Density
Measurements Medical Physics. 2009; 36 (12):5380-90.

Heine JJ, Cao K, Thomas JA. Effective Radiation Attenuation Calibration Representation in
Mammaography: Compression Thickness Influences and Correction. BioMedical Engineering
Online. 2010:9. [PubMed: 20163724]

Heine JJ, Thomas JA. Effective x-ray attenuation coefficient measurements from two full field
digital mammaography systems for data calibration applications. Biomed Eng Online. 2008; 7(1):
13. [PubMed: 18373863]

Vedantham S, Karellas A, Suryanarayanan S, et al. Full breast digital mammography with an
amorphous silicon-based flat panel detector: physical characteristics of a clinical prototype. Med
Phys. 2000; 27(3):558-67. [PubMed: 10757607]

Mahesh M. AAPM/RSNA physics tutorial for residents: digital mammography: an overview.
Radiographics. 2004; 24(6):1747-60. [PubMed: 15537982]

Acad Radiol. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heine et al.

25.

26.

217.

28.

29.

Page 11

Heine JJ, Deans SR, Velthuizen RP, Clarke LP. On the statistical nature of mammograms. Med
Phys. 1999; 26(11):2254—65. [PubMed: 10587206]

Heine JJ, Velthuizen RP. Spectral analysis of full field digital mammography data. Med Phys.
2002; 29(5):647-61. [PubMed: 12033559]

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):43-9. [PubMed: 17220330]
Scutt D, Lancaster GA, Manning JT. Breast asymmetry and predisposition to breast cancer. Breast
Cancer Res. 2006; 8(2):R14. [PubMed: 16563179]

Heine JJ, Malhotra P. Mammographic tissue, breast cancer risk, serial image analysis, and digital
mammography. Part 1. Tissue and related risk factors. Acad Radiol. 2002; 9(3):298-316.
[PubMed: 11887946]

Acad Radiol. Author manuscript; available in PMC 2012 May 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Heine et al. Page 12

Figure 1.
Image examples. From left to right, the top row shows three processed images created by the

study FFDM unit used as raw image surrogates for display purposes only. The middle row
from left to right shows the corresponding segmented and then eroded breast image areas.
The bottom row shows the corresponding percent glandular (PG) calibrated images. As in
film mammograms, larger pixel values imply greater x-ray attenuation and greater breast
density. For the bottom row from left to right, the measured (PG, PG4 ) values for each
image were: (14.3, 5.8), (27.5, 5.4), and (14.9, 5.1), respectively.

Acad Radiol. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heine et al.

Page 13

o gl

Figure 2.

Percent glandular breast density measure and percent glandular standard deviation breast
density measure regression analysis. This shows the percent glandular (PG) and PG standard
deviation (PGgq) ordered pairs and fitted lines (solid) for the case samples (Table 3). The
regression analysis was split into two parts for above (x) and below (+) the case PG
distribution mean.
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Figure 3.

Breast area and percent glandular breast density measure regression analysis. This shows
breast area (area) expressed in 10° pixel units and percent glandular measure (PG) ordered
pairs and fitted lines (solid) for the case samples (Table 3). The regression analysis was split
into two parts for above (x) and below (diamond) the case breast area distribution mean.
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Figure 4.
Breast area and percent glandular standard deviation breast density measure regression

analysis. This shows the breast area (area) expressed in 10° pixel units and the percent
glandular standard deviation measure (PGgq ) ordered pairs and fitted lines (solid) for the
case samples (Table 3). The regression analysis was split into two parts for above (x) and
below (diamond) the case breast area distribution mean.
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Figure 5.
Glandular and adipose percent glandular ensemble probability distribution functions. This

shows the adipose (dash) and fibro-glandular (dot) empirical ensemble probability
distribution function approximations derived from the expanded dataset. These are the
component distributions used for the mixed distribution model.
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Table 1

Patient Characteristics. The number (n) of patients and percentages are provided for the breast cancer cases
and controls stratified by hormone replacement therapy (HRT) usage and duration by years (yrs) of usage. The
parenthetical entries cites current HRT users as defined in section 2.1 The mean body mass index (BMI), age,
and breast area are given for each group. The associated standard deviations (SDs) for the BMI, age, and
breast area distributions are also provided.

Characteristic Case,n Casemean/SDor % Control,n Control mean/SD or %
Age 123 59.4/9.7 123 59.2/9.6
HRT
Never-used 62 50.4% 68 55.3%
1-5 yrs 24(4) 19.5% 21(4) 17.1%
6-10 yrs 15(5) 12.2% 15(5) 12.1%
11-15 yrs 9(5) 7.3% 7(4) 5.7%
> 15yrs 13(7) 10.6% 12(8) 9.8%
BMI (kg/m?) 123 27.1/5.1 123 25.7/4.7
Breast area (pixel) 123 1548303 / 69476 123 1310576 / 443321
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