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Abstract

Mammographic density has been strongly associated with
increased risk of breast cancer. Furthermore, density is inversely
correlated with the accuracy of mammography and, therefore, a
measurement of density conveys information about the difficulty of
detecting cancer in a mammogram. Initial methods for assessing
mammographic density were entirely subjective and qualitative;
however, in the past few years methods have been developed to
provide more objective and quantitative density measurements.
Research is now underway to create and validate techniques for
volumetric measurement of density. It is also possible to measure
breast density with other imaging modalities, such as ultrasound
and MRI, which do not require the use of ionizing radiation and
may, therefore, be more suitable for use in young women or where
it is desirable to perform measurements more frequently. In this
article, the techniques for measurement of density are reviewed
and some consideration is given to their strengths and limitations.

What is mammographic density?

Figure 1 illustrates six mammographic images of the breast
[1]. It is seen that the breast has a wide range of appearance
on mammography, associated with differences in tissue
composition. Radiographically the breast consists mainly of
two component tissues: fibroglandular tissue and fat.
Fibroglandular tissue is a mixture of fibrous connective tissue
(the stroma) and the functional (or glandular) epithelial cells
that line the ducts of the breast (the parenchyma). Fat has a
lower X-ray attenuation coefficient (Figure 2) than fibroglan-
dular tissue and, therefore, is more transparent to X-rays.
Thus, regions of fat appear darker on a radiograph of the
breast. Regions of brightness associated with fibroglandular
tissue are referred to as ‘mammographic density’. From the
pattern of brightness in a mammographic image, the relative
prevalence of these tissues in the breast can be inferred.

Parenchymal patterns and density
In 1976, John Wolfe, a radiologist who specialized in
mammography, first proposed that there was a strong asso-
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ciation between the “parenchymal patterns” seen in the
mammogram and the risk that a women would later develop
breast cancer [2,3]. He defined four patterns (later known as
Wolfe grades) to characterize the breast. The N pattern,
which represented a fatty radiolucent breast, connoted the
lowest breast cancer risk. The P1 and P2 patterns indicated
progressively greater levels of prominence of fibrous tissue
surrounding the ducts and correspondingly higher risk, while
the DY pattern indicated the highest risk with a breast that
contained dense sheets of fibroglandular tissue. The
association of the Wolfe patterns with risk of breast cancer
has been reviewed by Saftlas and Szklo [4] and by Goodwin
and Boyd [5], who concluded that there is a two- to three-fold
increase in risk between the N and DY patterns. Because it
appears that it is the increasing prevalence of fibroglandular
tissue in the breast that gives rise to the increased risk, most
subsequent work in this field has attempted to measure
mammographic density explicitly.

Qualitative density assessment

n-category classification

Each of the images in Figure 1 was selected as represen-
tative of one of the categories of a six-category classification
(SCC) scheme, which is quantitative for the proportion of the
breast appearing as mammographically dense tissue. The six
categories range from an absence of density to extensive
density (the exact categories for the classification of Figure 1
are summarized in the legend).

Breast Imaging Reporting and Data System density
categories

Currently, a widely used density classification scheme is the
one associated with the Breast Imaging Reporting and Data
System (BIRADS) [6] for reporting findings on mammo-
graphy. This density system has four categories: BIRADS-1
indicates a predominantly fatty breast; BIRADS-2 scattered
fibroglandular densities; BIRADS-3 a breast that is hetero-

BIRADS = Breast Imaging Reporting and Data System; CT = computed tomography; MRI = magnetic resonance imaging.
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Figure 1

A six-category system for classifying mammographic density. The categories describe the fraction of fibroglandular tissue in the breast as judged
by an observer and are: (a) 0, (b) <10%, (c) 10-25%, (d) 26-50%, (e) 51-75%, (f) >75%. Reproduced from [1] with permission from American

Association for Cancer Research.
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Linear X-ray attenuation coefficients of fat and fibroglandular tissue in
the breast plotted versus X-ray energy. Values for samples of breast
tumors are also shown. 'Reproduced from [51] with permission from
IOP Publishing Ltd.

geneously dense; and BIRADS-4, the highest level, an
extremely dense breast that could obscure a lesion. This
qualitative system was not developed to quantify risk, but to
allow an interpreting radiologist to indicate the level of
concern that a cancer in the breast might be missed on
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mammography due to masking by dense tissue. It is well
known that the sensitivity of mammography is decreased in
the dense breast [7,8] and a high BIRADS score tells a
referring physician who is concerned about breast cancer
that other tests less affected by density, such as ultrasound
or magnetic resonance imaging (MRI), might be warranted.
More recently, in an attempt to make the BIRADS density
system more quantitative, it has been recommended that
mammograms be classified into four density categories with
upper bounds of 24%, 49%, 74% and 100%.

Quantitative techniques

Two-dimensional methods

Planimetry

Planimetry refers to the direct measurement of the area of
dense tissue seen on the mammogram. Typically, it is
performed by tracing around the regions of dense tissue on
the mammogram using an instrument called a planimeter. This
integrates the total enclosed area. A similar measurement of
the total projected area of the breast on the mammogram is
also made and the first measurement is divided by the second
to obtain the fractional area of the breast that is considered to
be dense. This measurement is straightforward to perform, but
becomes increasingly labor intensive if it is attempted to
separately measure the individual ‘islands’ of dense tissue that
are frequently present in the image. This method was used in
the work by Wolfe and colleagues [9,10].
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The user interface for the interactive thresholding method for determination of mammographic density. (a) The digitized mammogram is displayed
on the computer screen and a threshold is selected by the operator to segment the breast from the surrounding background. (b) A second
threshold is set to identify the regions of density. The algorithm indicates these pixels by a white overlay.

Image digitization

For many of the quantitative density measurement techniques
(but not planimetry) the image must first be digitized.
Generally, this is accomplished using a device that scans the
film point by point (raster scanning) or line by line with an
intense, highly collimated light source such as a laser. In the
digitized image, the brightness of each picture element (pixel)
is represented by a numerical value ranging from 0 to 2" — 1,
where n is the number of bits of digitization. This value can be
either linearly or logarithmically related to the brightness. It is
important that the digitizer be capable of registering signals
over the full range of film opacity from clear to fully black
without saturating. Generally, this requires a digitizer with at
least 12 bits of precision (4,096 grey levels) combined with
an optical design that supports this range. For example, the
digitizer must be free from sources of extraneous glare light
that would interfere with the measurement.

The digitizer must have adequate spatial resolution to allow
local density changes to be tracked. For most measurements
the resolution requirement is moderate and even fairly coarse
digitization (for example, 0.25 mm pixels) is adequate. For
more advanced measures such as texture analysis [11-13] or
if the digitized image is also to be used for diagnostic
purposes, it may be necessary to digitize to pixels as small as
0.050 mm (50 um).

Thresholding

Semi-automated feature: interactive thresholding As a less
time-consuming alternative to planimetry for providing a
quantitative estimate of mammographically dense tissue, a
simple observer-assisted technique called interactive thres-
holding was developed by our group [14]. This technique can
easily be applied to a digital representation of the mammogram.

In the thresholding procedure, an observer manipulates a
computer pointing device (for example, a mouse or trackball)
to select threshold grey levels that identify specific regions
of the breast. As the threshold level is adjusted, those pixels
in the image at the selected level are highlighted on a color
graphics overlay, so that the operator can observe inter-
actively on the computer display when the optimal level has
been set. Two threshold grey-level values are selected. The
first identifies the edge of the breast to separate it from the
background (area outside the breast); this threshold is
referred to as igpge (illustrated in the breast image of
Figure 3 by the dashed line). Similarly, a second threshold is
selected that best outlines region(s) of mammographic
density in the image, and above which all pixels are
interpreted as mammographic density; this threshold is
referred to as ipy (pixels of this value are represented by the
solid bright line for the breast in Figure 3b). In addition, a tool
is provided to allow exclusion of the area of the image of the
pectoralis muscle (if it appears on the mammogram) from the
calculation.

The size of each region can be determined by counting the
enclosed pixels, a process that is simplified by considering
the histogram of grey-level frequencies from pixels within the
breast. The histogram is constructed such that h; represents
the number of pixels with grey-level i. The area under the
histogram (summing all pixels in the histogram above igpge to
the maximum grey-level iy,,y) is then a measure of the
projected area of the breast, A:

IMAX

A= D h

= lepGE
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Pixels having a grey-level i > iyy are assumed to represent
regions of mammographic density. The area under the histo-
gram above this threshold is representative of the projected
area of mammographic density in the breast. The ratio of
these totals defines the proportion of mammographic density
in the breast, PD:

IMAX

2 h
i=ipy

PD= ——
A

X 100%

This technique has been employed as a tool in many clinical
studies [15-20].

One limitation of the interactive thresholding method is that it
involves operator decisions. While segmentation of the
breast from the surrounding background can be performed
very reproducibly, setting of the threshold to segment the
dense from non-dense tissue can introduce variability. The
reason for this is that there is a continuum of different signal
levels in the image and a binary choice of ‘dense’ versus
‘non-dense’ and this can be complicated by local variations
in thickness of the breast and in the thickness of dense
tissue. An analogy is shown in Figure 4, a photograph of a
mountain range. If a threshold altitude is selected to attempt
to separate the snow-covered tops from the lower portions
of the mountain, compromises are required. If it is attempted
to include all the snow, some bare regions will be included.
Conversely, if the threshold is selected to exclude all bare
areas, some snow will be missed. This will impose some
variability in the measurement as it does in the measurement
of density. This can be minimized but not completely
eliminated by training and the implementation of reading
standards.

There have been efforts to develop automated density
measurement methods based on thesholding [21-25];
however, to our knowledge, no system of this type is currently
in widespread use.

Texture-based techniques

Several investigators have developed methods for analyzing
mammographic patterns according to texture and found that
these texture measures were associated, to varying degrees,
with risk [11,26-31]. For example, Caldwell and colleagues
[27] tested the correlation of the fractal dimension of the
digitized mammogram with the Wolfe parenchymal patterns.
Magnin and colleagues [28] in France and Giger's group at
The University of Chicago [29,30] have evaluated the ability
of a number of computer-calculated image texture measures
to predict risk. While these ideas are intriguing and may lead
to more powerful analytical tools in the future, none has yet
been demonstrated to provide as strong an association with
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breast cancer risk as have more direct measures of mammo-
graphic density.

Volumetric density assessment

While a strong association has been demonstrated between
percent mammographic density by area and breast cancer
risk, it is more logical that risk is related more directly to the
number of target cells, which in turn will be proportional to
the ‘volume’ or fractional volume of dense tissue in the breast.

The most straightforward method of measuring volumetric
radiological density is from computed tomography (CT). The
CT scan is actually a three-dimensional reconstruction of the
X-ray attenuation coefficient of tissues presented as a series
of planar images. The values of each image pixel characterize
the tissue in terms of its effective atomic number and electron
density in a more or less continuous manner. Alternatively, if
desired, a simple binary threshold can be reliably set to
differentiate between fat-like and water-like tissues and the
volume of each type of tissue, the total breast volume and the
fraction by volume of each tissue type can be calculated.

Such data for the breast can be obtained from thoracic CT
imaging performed without contrast media. There are also
dedicated breast CT systems now under development in
which only the breast is irradiated [32,33]. These can provide
X-ray attenuation data corresponding to volume elements
within the breast. One possible limitation of the latter is that
because the breast is imaged when it is pendant into the
imaging system with the woman lying prone on a table, some
tissue near the chest wall may be excluded from the image
and, therefore, from the calculation.

Another possible source of volumetric data is tomosynthesis,
a technique that uses projection images obtained at different
angles about the breast (Figure 5) on a specialized digital
mammography system to reconstruct quasi three-dimensionall
planar images, essentially of the X-ray attenuation coefficient
of the breast tissue [34,35]. Because only a limited number
and range of angular projections are available, the recon-
struction is approximate and generally will not estimate atten-
uation coefficients as accurately as can be done with CT.
Nevertheless, the data should be more than adequate for the
binary problem of having the pixels representing the tissue
composition as being either fat or fibroglandular.

Dual-energy X-ray absorptiometry

For many years there has been strong interest in bone mineral
density and, consequently, systems have been designed to
measure it radiologically. Such systems are in widespread
commercial use. A common approach is to make precise
measurements of X-ray transmission through a defined
anatomical location containing bone at two X-ray energies. If
the path through a body part is assumed to consist only of
bone comprising an integrated thickness of t, .., and soft

tissue of integrated thickness t,, and the attenuation
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lllustrates the limitations of setting a single threshold value to segment a mammogram for measurement of density. (a) Aerial view of mountains in
the South Island of New Zealand. The altitude of the snow line varies so that a single value is not adequate to separate the snow-covered (dense)
from bare (fatty) regions. (b) A schematic illustration of this problem. The edge and density brightness thresholds are denoted by the horizontal
dashed lines Because of the reduction in thickness of the breast near the periphery, the brightness of a region of dense tissue in the mammogram
(between the two vertical dashed lines) falls below the density threshold and so is excluded from the measurement. Similarly, fatty tissue in an area
of the breast that is thicker than average can be inappropriately registered as dense tissue.
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Schematic representation of image acquisition in breast
tomosynthesis.

coefficients of these are known, then the transmitted fluences
at the lower and higher energies are:

// = o/e_ﬂbltbone + Utsoft
and
lh = lohe_ﬂbhtbone + Uintsoft

where [ and h represent the low and high energies. From
these two equations in two unknowns, the effective values of

tpone @and ., can be estimated. The same approach has been
used for breast density measurement by Shepherd and
colleagues [36], who have built a dedicated system for this
purpose. Instead of bone and soft tissue, transmission
through the breast is analyzed in terms of effective thick-
nesses of fibroglandular tissue and fat. Such a system should
offer very precise results and, because of the narrow X-ray
beams used, should be free of the effects of scattered
radiation. One negative aspect is that even though the
required radiation dose is very low, it does require a separate
procedure be undertaken by the woman while most other
methods simply make use of a mammogram that was
obtained for other purposes.

Volumetric density from mammograms

Until three-dimensional X-ray breast imaging techniques
become widely used, it is most practical to obtain volumetric
density information from images produced by two-
dimensional mammography systems. Several authors have
suggested methods for doing this [37-39]. All methods are
based on the known exponential attenuation properties of X-
rays. If I, X-rays of energy E are incident upon a breast of
thickness T, with effective X-ray attenuation coefficient u(E),
then the number transmitted that can be measured by an
imaging system is:

1(E) = I,(E)e=+T

This relationship is based on two simplifying assumptions:
first, that the X-rays are monoenergetic; and second, that no
X-rays scattered in the breast reach the imaging system.

Proceeding further, we can consider the breast to be
composed of only two materials, fibroglandular tissue and fat,
of thicknesses t;, and t,, such that for any path of the X-ray
beam though the breast of length T:
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T=ty, + ty
Then
/”(E) = /0 (E)e~(iin(EMtip + tyar(E)trar)
or
/”(E) =1, (E) e~ (i (E)m + i (E)(1 = m))T
where m = t’;f’ is the fractional density along the measured
path.

If /,/1, is measdred and T is known, then m can be calculated
using the known attenuation coefficients of fibroglandular
tissue and fat.

In practice, X-ray beams available for clinical mammography
are polyenergetic, so the problem becomes more complica-
ted. Researchers have taken different approaches to solve
this problem. For example, Highnam and colleagues [39,40]
have chosen to create a physics model of the complete
image forming system, including the X-ray source, X-ray
scattering and scatter removal and the image receptor, and
have calculated a quantity referred to as h,,, the thickness of
“interesting” (that is, fibroglandular) tissue. Van Engeland and
colleagues [41] developed a physical model to describe
image acquisition of full-field digital mammograms and
demonstrated good correlation of their volumetric density
measurements with three-dimensional data from breast MRI.

Modeling methods require good knowledge of the X-ray
spectrum and all materials in the X-ray beam path from
source to detector, including characterization of the perfor-
mance of the antiscatter grid and detector. We have taken a
slightly different, more empirical approach that avoids the
need to have this specific information. We image a two-
dimensional tissue equivalent ‘staircase’ phantom (Figure 6)
varying in thickness (from O to 8 cm in 1 cm steps) in one
dimension and in tissue composition (from pure fibro-
glandular to pure fat in 8 steps) in the other. From the image
of this phantom on a mammography system, acquired under a
specific set of exposure factors, a surface can be determined
that relates the measured attenuation to the thickness and
composition of tissue represented by the steps. Then, if the
breast thickness is known corresponding to each point (x,y) in
the mammogram, the composition, that is, m in the last
equation above, can be determined from the calibration
surface.

For screen-film mammography, this method is limited by the
nonlinear shape of the characteristic response curve of the
film. As seen in Figure 7, the response becomes very flat
outside a narrow range of intensities, causing the inference of
radiation exposure from the scanned measurement of film
opacity (optical density) to be unreliable. To some extent this
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problem can be mitigated by producing calibration images at
different exposure levels and bootstrapping data from these
together. Nevertheless, it must be remembered that mammo-
graphy was not designed to be a quantitative imaging
method, but rather simply to produce an image that demon-
strates lesions within the breast.

Digital mammography

In digital mammography the screen-film image receptor is
replaced by a detector that produces an electronic signal that
precisely and predictably (with generally linear or logarithmic
response) tracks the fluence of X-rays transmitted by the
breast over a very wide range. This signal is digitized and the
image is stored as a matrix in computer memory. This greatly
facilitates quantitative density measurement, both because of
the improved quality of the signal and because it is no longer
necessary to scan the mammogram to digitize it. Furthermore,
the modern X-ray systems used for digital mammography give
highly reproducible X-ray outputs, largely eliminating the need
to monitor drifting of signals from image to image.

There are a few important considerations associated with
density assessment from digital mammograms. Many digital
mammography systems produce images in two forms,
commonly referred to as the ‘for processing’ or ‘raw’ image
and the ‘for presentation’ or ‘processed’ images. The raw
image data are based on the detector signal, which is
normally proportional to X-ray transmission through the breast
and, therefore, should relate closely to breast composition.
This image would be subjected to only slight corrections, for
example, to compensate for detector flaws.

In order to make the information more suitable for display on a
computer screen or for laser printing on film, these images
subsequently undergo extensive processing. The image
processing operations may be linear or non-linear and may be
applied globally (that is, over the entire image in a consistent
manner) or locally. These algorithms are largely proprietary to
the manufacturers of the digital mammography systems so
that the exact details on what they do to the image data are
not known. Such processing is likely to distort the
relationship between the image signal and X-ray transmission
and, thereby, interfere with the ability to derive density
information from the images. Radiologists report that when
viewing these processed mammograms, breasts appear to be
less dense than when imaged with film mammography. For
the purpose of cancer detection this is generally considered
to be advantageous. In particular, attempting to measure
density using thresholding algorithms or physics-based
modeling algorithms is likely to be problematic, especially if
such measurements are to be compared to those obtained
from film mammograms.

It is strongly recommended that density analysis from digital
mammograms be performed using the raw image data.
Certainly volumetric analysis should be more accurate when



Figure 6

Available online http://breast-cancer-research.com/content/10/3/209

(c)

Log Exposure

Thickness s(cn:) T

(b)

An empirical approach to calibration of a mammography system for volumetric measurement of density. (a) “Staircase” calibration tool. It is
composed of a range of thicknesses of breast tissue equivalent plastics. On each step, the composition mimics fat, fibroglandular tissue and
30:70, 50:50, and 70:30 combinations of the two. (b) Radiograph of the calibration tool. (c) Calibration surface created from the radiograph in (b).

done in this way. If it is desired to perform two-dimensional
thresholding on digital mammograms, the best approach may
be to transform the raw image using a clearly defined global
processing algorithm that emulates the characteristics of
mammography film before utilizing the thresholding algorithm
to measure density. Work to evaluate the performance of
density measurements made in this way is currently in
progress in my laboratory.

Comparison of density assessment methods

There has been relatively little work done in comparing the
measurements provided by different breast density measure-
ment techniques and even less on comparing their perfor-
mance in predicting breast cancer risk. In a study utilizing
mammograms from 65 women, Martin and colleagues [42]

compared two-dimensional density measurements derived
from several qualitative, quantitative and semi-automated
methods. These included a ten-category subjective scale
based on percent density, the qualitative BIRADS scale, a
newly introduced quantitative BIRADS scale (four quartiles),
and a semi-automated version of a system similar to that
described by Byng and colleagues [14]. Consistent with the
observations of Warner and colleagues [43], they found large
differences between assessments based on qualitative and
quantitative methods. Qualitative assessments were also less
reproducible. The authors also observed that qualitative
assessments tended to overestimate the degree of density.

There have also been a limited number of comparisons
between volumetric and area-based methods. While there is
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Characteristic curve of a screen-film mammography image receptor.
There is an approximately linear relationship between optical density of
the processed film and the logarithm of relative X-ray exposure, but
only over a limited region of exposure.

reason to presume that the latter should better correlate with
the biological factors responsible for breast cancer risk,
volumetric methods depend critically on knowledge of breast
thickness, which is difficult to determine accurately in the
clinical environment. This may be responsible for the recent
findings that the volumetric technique developed by Highnam
was less reliable than threshold-based two-dimensional
thresholding [44] and did not provide a stronger predictor of
breast cancer risk [45].

Density from other imaging modalities

Although most of the work on breast density measurement
has been done with mammography, other medical breast
imaging modalities also provide information about tissue
composition. These have the advantages of providing three-
dimensional images and do not involve exposure of the breast
to ionizing radiation. One of these is ultrasound. Although the
images primarily are sensitive to acoustic reflections at tissue
boundaries, the signals are also dependent on the speed of
sound and its attenuation, and all three of these factors are, in
turn, dependent on tissue composition. There is indication
that measurements with ultrasound could provide equivalent
density information to that from mammography [46-48]. One
of the current limitations of ultrasound, however, is that
imaging is highly operator dependent, and this will likely lead
to variability in density measurement. Nevertheless, it should
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be possible to produce an automated volume ultrasound
system that would be reproducible and produce reliable
quantitative results.

MRI images can be produced that provide signals related to
the fat and water composition of the breast. Since the water
composition is highly correlated with the prevalence of
fibroglandular tissue, these images should be useful for
density assessment. Several groups are developing
approaches to quantifying density using MRI [49,50].

Conclusion

Several methods are available for the measurement of breast
density. Generally, quantitative approaches that use data
extracted from the digitized mammogram allow more precise
and reliable measurement than possible with subjective and
qualitative techniques. Methods for volumetric assessment of
density are currently being developed and evaluated as well
as techniques that do not require the use of ionizing radiation.
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