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Purpose: To evaluate a method for measuring breast density using photon-counting spectral mam-
mography. Breast density is an indicator of breast cancer risk and diagnostic accuracy in mammogra-
phy, and can be used as input to personalized screening, treatment monitoring and dose estimation.
Methods: The measurement method employs the spectral difference in x-ray attenuation between
adipose and fibro-glandular tissue, and does not rely on any a priori information. The method was
evaluated using phantom measurements on tissue-equivalent material (slabs and breast-shaped phan-
toms) and using clinical data from a screening population (n ¼ 1329). A state-of-the-art nonspectral
method for breast-density assessment was used for benchmarking.
Results: The precision of the spectral method was estimated to be 1.5–1.8 percentage points (pp)
breast density. Expected correlations were observed in the screening population for thickness versus
breast density, dense volume, breast volume, and compression height. Densities ranged between
4.5% and 99.6%, and exhibited a skewed distribution with a mode of 12.5%, a median of 18.3%, and
a mean of 23.7%. The precision of the nonspectral method was estimated to be 2.7–2.8 pp. The
major uncertainty of the nonspectral method originated from the thickness estimate, and in particular
thin/dense breasts posed problems compared to the spectral method.
Conclusions: The spectral method yielded reasonable results in a screening population with a preci-
sion approximately two times that of the nonspectral method, which may improve or enable applica-
tions of breast-density measurement on an individual basis such as treatment monitoring and
personalized screening. © 2017 American Association of Physicists in Medicine [https://doi.org/
10.1002/mp.12279]
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1. INTRODUCTION

It is well-established that breast density is directly correlated
to the risk of developing breast cancer,1,2 and inversely corre-
lated to the diagnostic accuracy of mammography.3,4 Breast
density therefore has the potential to improve risk assess-
ments,5,6 which in turn enables the transformation from pop-
ulation-based to personalized screening in order to increase
sensitivity and minimize cost of breast-cancer screening.7–11

In a personalized screening approach, high-risk women are
called to mammography at an earlier age, more frequently,
and/or are examined with other modalities. Breast-cancer
treatment may also benefit from using breast density as a
biomarker.10–12 The administration of preventive and adjuvant
chemotherapy can be related to risk, and the effect of drugs
such as tamoxifen and raloxifene that simultaneously reduce
the susceptibility to breast cancer and breast density, can
be monitored. Further, breast density has the potential to
facilitate clinical trials by working as a surrogate for

breast cancer,10 and it is an important input parameter to dose
calculations.13

Traditionally, breast density is estimated from the areal
fraction of fibro-glandular tissue in the mammogram. This
area-based density is most commonly determined by visual
assessment and reported using the BI-RADS breast-density
categories.14 Automated and computerized methods have been
developed in order to reduce workload and address inter-
reader variability of manual assessment.15 Assessment of area-
based density is well-established in clinical practice, but an
intrinsic limitation is that the method does not have a simple
relationship to the underlying quantity that is being assessed,
i.e., the volume of fibro-glandular tissue in the breast. This
ambiguity may lead to dependencies on random external fac-
tors such as compression or image processing parameters.

Methods to measure the volumetric fraction of fibro-
glandular tissue in the breast (sometimes referred to as the
volumetric breast density) are becoming an established alter-
native to the area-based density measure.15 These methods
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are more consistent and can be expected to improve many
applications of breast density, such as risk estimates,15–18

although clinical results on this topic are, so far, not conclu-
sive.19–21

Computed tomography (CT) and magnetic resonance
imaging (MRI) provide volumetric data that can be converted
to breast density either by a voxel-wise binary segmentation
of the breast,22 or by a continuous measurement of voxel con-
tents.23 Nonetheless, in routine breast imaging or a screening
setting, the only data available may be regular mammograms,
but measuring tissue volumes from two-dimensional data is
challenging; two properties (the thicknesses of adipose and
glandular tissue) cannot be computed from a single projec-
tion measurement without any a priori knowledge. Highnam
and Brady proposed that mammograms could be normalized
to represent tissue thicknesses by accurate modeling of the
imaging system,24 the standard mammogram form (SMF).25

SMF has inspired a number of methods, which all require
some information in addition to the mammogram, such as the
height of the compression paddle,26–30 or an entirely fatty
pixel.31 In addition, a breast model or a low-pass filtration
may be required to account for any thickness gradients.

Spectral breast-density measurement was first considered
by Breitenstein and Shaw,32 and investigated experimentally
by Shepherd et al. using a device for dual x-ray absorptiome-
try.33 As x-ray attenuation is material-specific, it is possible
to extract the thicknesses (and volumes) of adipose and glan-
dular tissue with exposures at two different x-ray energies
using so-called material decomposition.34 Spectral breast-
density measurement is attractive because there is no need for
a compression height measurement, which often only has an
accuracy of several millimeters,35 or a reference fatty pixel,
which may be difficult to extract from dense breasts or in the
presence of artifacts (e.g., skin folds or dips), or a thickness
model, which may fail at e.g., irregular thickness changes.
However, the major challenge of spectral measurements is to
streamline the acquisition of spectral information, so that the
method can be applied for routine clinical use and screening.

One possibility for obtaining spectral information is to use
two exposures with different beam qualities, investigated for
breast-density measurements by Ducote and Molloi.36,37 The
introduction of photon-counting detectors in medical imaging
has, however, enabled one-shot spectral imaging,38,39 i.e.,
photons from a single acquisition are sorted according to
energy by the detector. One major advantage of this approach
compared to dual-exposure methods is that the patient and
workflow are unaffected; there is no additional dose or exam-
ination time. In addition, misregistration errors are avoided
and reduction of electronic noise and scatter improves the
material decomposition.

Philips MicroDose SI (Philips Health Systems, Kista,
Sweden) is a spectral mammography system with a photon-
counting detector. Spectral breast-density measurement has
been evaluated on prototype systems using phantom data,40,41

and on the commercial system using clinical data.42 This
study is a comprehensive evaluation of the algorithm for mea-
suring breast density in the commercial system using

phantom data and clinical data. Special attention is put on
determining the precision.

2. THE SPECTRAL BREAST-DENSITY
MEASUREMENT METHOD

2.A. Theoretical background

In a photon-counting system, the detected signal in energy
bin X of a detector element is

nX ¼ q0

Z
U Eð Þ exp �tglg Eð Þ � tala Eð Þ � tslsðEÞ

� �
� CX nX; n�X;Eð ÞdE; (1)

where q0 is the number of incident photons and U is the inci-
dent energy spectrum. l and t represent the linear attenuation
coefficients and thicknesses of the breast constituents, where
subscripts g, a, and s indicate fibro-glandular, adipose, and
skin tissue, respectively. With this notation, breast density is
defined as d ¼ tg= tg þ ta

� �
and the total breast thickness is

t ¼ tg þ ta þ ts. C is the detector response function, ideally a
rect function, but in practice will decay with energy (quantum
efficiency), have a weak nonlinear dependence on the count
rate (proportional to nX with constant read-out time) caused
by pile-up and chance coincidence, and have a weak nonlin-
ear dependence on the counts in other energy bins (n�X) in
case of cross talk between bins. Equation (1) assumes that
scattering can be treated as absorption, i.e., a system with
efficient scatter rejection.

For most natural body constituents at mammographic
x-ray energies, x-ray attenuation is made up of only two
interaction effects, namely photoelectric absorption and scat-
tering processes.34 Assuming known system properties
(q0;U;C), constant and known skin thickness (ts), and
known linear attenuation coefficients (lg, la, ls), acquisi-
tions over two different energy ranges (X ¼ hi; lof g) accord-
ing to Eq. (1) yield a system of equations with a unique
solution for tg and ta:

nlo ¼ q0
R
U exp �tglg � tala � tsls

� �
ClodE

nhi ¼ q0
R
U exp �tglg � tala � tsls

� �
ChidE:

�
(2)

Measurements at more than two energies (jXj[ 2) yield
an over-determined system of equations under the assumption
of only two independent interaction processes. Measuring at
a single energy (jXj ¼ 1) corresponds to nonspectral imag-
ing, and cannot alone be used for determining breast density
as it would be the solution to a single equation in two
unknowns.

2.B. Spectral mammography system

The Philips MicroDose SI mammography system com-
prises a tungsten-target x-ray tube with 0.5 mm aluminum fil-
tration, a precollimator, and an image receptor, which is
scanned across the object (Fig. 1, left). The image receptor
consists of photon-counting silicon strip detectors with
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corresponding slits in the precollimator (Fig. 1, center). This
multislit geometry rejects virtually all scattered radiation.43

Photons that interact in the detector are converted to
pulses with amplitude proportional to the photon energy.39 A
low-energy threshold provides efficient rejection of electronic
noise by discriminating against all pulses below approxi-
mately 5 keV. Low levels of electronic noise and scattered
radiation are important factors for spectral imaging to work
efficiently [implicit assumptions of Eqs. (1) and (2)]. The
system allows image acquisitions at 26, 29, 32, 35, and
38 kV. A high-energy threshold sorts the detected pulses into
two bins according to energy, which are the high-energy part
of the spectrum (referred to as the high bin) and the total
spectrum (the sum bin). The threshold level is set depending
on kV in the range 15–25 keV.

Figure 1, right, shows measured counts in the high bin
and the difference between the sum and the high bins (essen-
tially the low bin), compared to a generic 32-kV tungsten
spectrum,44 transmitted through 40 mm of adipose and glan-
dular tissue. It is clear that the measurement contains a larger
portion of the counts in the low bin than what would be
expected from the spectrum and a threshold at 19 keV, which
emphasizes the fact that the threshold level is only an estimate
and, furthermore, the energy resolution of the threshold is
approximately 5 keV.39 This uncertainty does, however, not
impact the breast density measurement as will be discussed
in the following section.

2.C. Calibration and image processing

Equation (2) is preferably solved by calibration because
system properties (q0, U, and C) may be complex and par-
tially unknown. For instance, as was seen in the previous
section, the incident x-ray spectra as well as the exact levels
of the detector thresholds were not known. Nonspectral

calibration was applied approximately weekly by imaging a
0–72 mm (in steps of 12 mm) polymethyl methacrylate
(PMMA) step wedge. This calibration step allowed for map-
ping of pixel values in each energy bin to equivalent thick-
nesses of PMMA and accounts for nonspectral drifts of
system response, e.g., caused by changes in x-ray tube output.
Figure 2 shows an overview of the calibration procedures for
a case in medio-lateral oblique (MLO) view, imaged at
32 kV and with a compression height of 51 mm.

The subsequent spectral calibration allowed for mapping
of equivalent thicknesses of PMMA to thicknesses of adipose
and glandular tissue. Calibration data were acquired by imag-
ing tissue-equivalent material (CIRS Inc., Norfolk, VA, USA)
in a range of thickness-density combinations as listed in
Table I. The thickness range was determined by tube voltage
(the system picks kV in response to compression height), and
the density range was chosen to approximately correspond to
thickness (anticorrelation between thickness and density was
assumed).

To ensure accurate interpolation and extrapolation, system
modeling according to Ref. [39] was used to generate large
PMMA-to-thickness and PMMA-to-density look-up tables
(LUTs), which were fitted to the measured calibration data by
a six-parameter affine transform. The LUTs for 32 kV are
shown as example in Fig. 2. Note that the thickness and den-
sity ranges covered by the LUTs are substantially larger than
the calibration ranges in Table I, which is necessary to cover
all physically possible combinations and to account for noise.
Iso-thickness and -density lines are shown in the LUTs (dot-
ted). The calibration points (circles) are essentially parallel to
the iso lines, which is expected from the calibration points in
Table I.

The spectral calibration was carried out only once during
the study, but, to account for drifts of the spectral response,
the high-energy bin was multiplied with a factor such that the

FIG. 1. Left: Photograph and schematic of Philips MicroDose SI. Center: The image receptor and electronics. Right: Transmitted spectrum through 40 mm of
glandular and adipose tissue, measured and calculated from Ref. [44] (top), and (bottom) the linear attenuation of tissue-equivalent material, measured and from
Ref. [46], and of glandular and adipose tissue from Ref. [47] and calculated from Ref. [45]. [Color figure can be viewed at wileyonlinelibrary.com]
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signal ratio between the two energy bins was kept constant in
the open beam. In addition, the spectral response can be
expected to vary systematically with detector temperature
because of changes in charge collection efficiency. Small
temperature variations (< �1°C) can be expected in the
water-cooled detector, and an approximately linear depen-
dency of the LUTs was found within this span. The detector
temperature was therefore monitored, and the effect on the
LUTs was compensated for by a linear function.

The linear attenuation of tissue-equivalent material was
measured in this study using a procedure described in
Appendix A. The results are shown in the lower plot of
Fig. 1, right, together with published attenuation data. The

average difference at 20-30 keV between our measurement
and a calculation from the elemental composition of breast
tissue,45 which the material is made to mimic, is small and
within 0.3%, which is in line with previous studies.46 Never-
theless, as has also been noted previously,46 there is a larger
(8% for adipose and 2% for glandular tissue) difference to
direct attenuation measurements by Johns and Yaffe.47 A pre-
liminary investigation of clinical data using the tissue-equiva-
lent material as calibration base resulted in an unreasonable
distribution of densities ranging from negative values to val-
ues above 100%. The calibrated breast densities were there-
fore transferred to attenuation according to Johns and Yaffe
(henceforth referred to as display values) using a linear trans-
fer function derived in Appendix A.

The PMMA-to-thickness and -density LUTs yield pixel-
wise measurements of thickness and density, referred to as
thickness and density maps (see examples in Fig. 2). The
thickness map was used to calculate the volume element cor-
responding to each pixel, which in turn was used to calculate
measures of breast volume, dense volume, and density for the
entire breast. The procedure is described in detail in
Appendix A. The mode (most common value) of the thick-
ness map was used as a measure of the compressed breast
thickness, independent of the compression paddle height. We
assumed 1.5 mm of skin on each side of the breast.48

FIG. 2. Illustration of the calibration procedure and spectral breast-density measurement for a: Unprocessed high- and sum-energy images (raw counts); nonspec-
tral calibration on a PMMA step wedge; high- and sum-energy mammograms; spectral calibration on tissue-equivalent material and PMMA-to-thickness and -
density LUTs; thickness and density maps; calculation of density and volume measures. Iso-thickness and -density lines (dotted) and calibration points (circles)
are indicated in the LUTs. Note that the thickness and density maps are normally not displayed to the user but are an internal part of the algorithm.

TABLE I. Calibration with tissue-equivalent material per x-ray tube voltage.
The calibration points were defined by combining the listed thicknesses and
densities.

Voltage Thicknesses Densities

26 kV [10 20 40] mm [50 70 100]%

29 kV [20 40] mm [30 50 70 100]%

32 kV [20 40 60] mm [0 30 50 70 100]%

35 kV [40 60 80] mm [0 30 50 70 100]%

38 kV [60 80] mm [0 30 50 70 100]%
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Segmentation and exclusion of the pectoralis muscle were
performed for MLO views and the skin line was excluded by
removing 5 mm of the periphery of the breast.

3. ANALYSIS

3.A. Phantom measurements

Slabs of tissue-equivalent material were used to evaluate
the accuracy and precision of the spectral breast-density mea-
surement. Accuracy is in this study defined as the mean devi-
ation from ground truth, and precision refers to the degree of
variation between measurements.

Six sets of images, each containing 25 different phantom
configurations were acquired on two different MicroDose SI
units. The phantom configurations ranged from 20 mm to
110 mm thickness, from 250 cm3 to 1360 cm3 volume, and
from 0% to 100% breast density in terms of the tissue-equiva-
lent material. In terms of display values, the density ranged
from 18% to 85%. The six sets of images were acquired on
each of the two systems under varying conditions corre-
sponding to reasonable circumstances in clinical practice:
Two sets under normal conditions in a stable laboratory envi-
ronment, two sets with large detector temperature variations,
one set with a worn-out x-ray tube close to the end of its
expected life time, and one set after a large number of consec-
utive exposures corresponding approximately to the maxi-
mum number of exposures between PMMA calibrations.
Additionally, one set of images containing six configurations
of low thicknesses and high densities was acquired on both
units. A total of 162 data points were acquired.

The average and the standard deviation of the errors were
evaluated using the tissue-equivalent material as ground truth,
and taken as measures of accuracy and precision, respec-
tively. As the same type of material was used for calibration
and for the measurements, accuracy in this case should not
be confused with deviations from actual breast-density val-
ues, which is in our case defined by the measurement accu-
racy of the attenuation values in Ref. [47], but refers to the
deviation from phantom specifications, caused by systematic
uncertainties, such as in the LUT interpolation.

3.B. Clinical measurements

Clinical data were collected with one MicroDose SI unit as
part of a screening program for women aged 40 to 75 yr at
S€odersjukhuset in Stockholm, Sweden. The data were col-
lected with informed consent and within the Karolinska mam-
mography project for risk prediction of breast cancer
(KARMA). For an examination to be included, we required it
to contain exactly one image in craniocaudal (CC) view and
one image in MLO view for each laterality. This resulted in a
total of 1333 examinations with four images each. The breast
density was measured in these images under the following
additional constraints: No implants; compression height
between 20 and 100 mm; successful automatic pectoralis seg-
mentation. The upper limit in compression height was set by

technical constraints specific to the system that was used for
this study and is not a limitation of the commercial system.

A measure of accuracy (mean deviation from ground
truth) could not be obtained from the clinical data as there
was no ground truth available, but the data were evaluated in
terms of statistical properties (e.g., range and distribution) to
verify that these were reasonable. The precision (the degree
of variation from one examination to the next) was evaluated
by the correlation between the following pairs of variables:
Breast thickness and compression height (a one-to-one rela-
tion within the precision of the compression paddle height is
expected); breast density and breast volume (a weak anti-
correlation is expected); contralateral (left-right) breast
density; and ipsilateral (CC-MLO) breast density.

Even though measurements from the same examination
(ipsilateral and contralateral) are likely to exhibit strong
correlation, we expect some degree of variation. Common to
both contralateral and ipsilateral measurements are variations
caused by algorithm inaccuracy, differences in environmental
and system conditions, and differences in positioning of the
breast. For the contralateral images, there are additional bio-
logical variations between the breasts. For the ipsilateral
images, a systematic error from slightly different breast vol-
umes in the CC and MLO views and random variations
caused by pectoralis-segmentation inaccuracy can be
expected. If we assume that these sources of variation are
independent and normally distributed and we neglect the con-
tribution from the pectoralis segmentation (expected to be
small based on previous experience), we can estimate the
contribution from biological variation (rbio) and from other
sources (rother), given the contralateral (rcontra) and ipsilateral
variations (ripsi):

r2contra ¼ r2bio þ r2other
r2ipsi ¼ r2other

�
) rbio ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2contra � r2ipsi

q
: (3)

3.C. Comparison to nonspectral breast-density
assessment

A nonspectral algorithm for breast-density assessment has
been developed previously and shown to perform well on the
MicroDose system.30 This nonspectral algorithm, applied on
the sum of the high- and low-energy bins, was used to bench-
mark the performance of the spectral algorithm.

In summary, calibration data were acquired by imaging
a range of thickness-density combinations of the same type
of tissue-equivalent material that was used for the spectral
calibration. Using the calibration data, effective linear atten-
uation coefficients for adipose and glandular tissue were
calculated and fitted to second degree polynomials of x-ray
tube voltage and breast thickness. To measure the density
in an image, the breast thickness was estimated by a model
that assumed a constant thickness equal to the compression
height in the central part of the breast, and semi-circles
perpendicular to the skin line and with a diameter equal to
the compression height in the peripheral part. The measure-
ment was restricted to an area with thickness larger than
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half the compression height to reduce errors from model
imperfections and the skin line. To ensure a meaningful
comparison between the spectral and nonspectral algo-
rithms, the following adaptions of the nonspectral algorithm
were made compared to the implementation described in
Ref. [30]: Density values outside the range [0%, 100%]
were allowed; display values were calculated as described
in Appendix A; identical pectoralis segmentations were
used for both algorithms.

A major difference between the spectral and nonspectral
algorithms is the use of additional thickness information in
the nonspectral algorithm, and a phantom experiment was
designed to evaluate the effect of this difference. Two breast-
shaped phantoms were milled from tissue-equivalent material
with equal specified density using thickness maps derived
from two spectral mammograms (Fig. 3). The skin model in
the spectral algorithm was disabled for this investigation.
Two images were acquired of each phantom with compres-
sion heights obtained by compressing the phantom. Devia-
tions of the measured compression heights of �1 mm were
simulated by setting the compression height manually; 1 mm
is the smallest step that the compression mechanics can
resolve and it is also a realistic precision for compression
paddles calibrated for breast-density estimation.35 The preci-
sion for the respective algorithms was taken as the standard
deviation of the difference to the specified density.

The precision of the nonspectral algorithm was estimated
on clinical data from the contralateral and ipsilateral correla-
tion as described in Section 3.B. Systematic differences
between the spectral and nonspectral algorithms were investi-
gated by comparing the measured densities on the population.
A limitation of the comparison is that the nonspectral algo-
rithm did not include a skin model.

4. RESULTS

4.A. Phantom measurements

Figure 4 shows the measured density and volume as a
function of ground truth for the 162 phantom measurements.
Ground truth was given by the specifications of the tissue-
equivalent material, which were transferred to display values
according to Appendix A. Linear fits and the Pearson correla-
tion coefficients are shown in the figure. The accuracy (mean
deviation from ground truth) of the density measurement was
0.2 percentage points (pp), and the precision (one standard
deviation) was 1.8 pp. The accuracy of the volume measure-
ment was 1.9%, and the precision was 1.6%. Table II shows a
stratification of the accuracy and precision on environmental
and system conditions.

4.B. Clinical measurements

The spectral breast-density measurement was successful
(all constraints listed in Section 3.B fulfilled) for 99.7% of
all images. Specifically, pectoralis segmentation was success-
ful for 99.6% of all MLO images. The nonspectral algorithm
was successful for 99.3% of all images. For inclusion of an
image, we required that both algorithms be successful, result-
ing in a total of 1329 examinations and a total of 5289 images
(not all of the examinations contained four images with all
constraints fulfilled).

Figure 5 shows measures from the spectral algorithm:
Breast density, dense volume, and total breast volume (in-
cluding skin). The scatter plots show the dependencies of
these variables on breast thickness (including skin). Error
bars indicate the spread (one standard deviation of the mea-
surements within equal-sized thickness intervals), and a mov-
ing average filter was applied to illustrate the trend. The data
were fitted to a general power function (a� thicknessb) with
coefficients a and b for each measure shown in Fig. 5 and
listed in Table III. The density was anticorrelated to breast
thickness, whereas the dense volume and breast volume were
directly correlated to thickness.

The left-side marginal histograms in Fig. 5 show distribu-
tions, i.e., the sum over all thicknesses in the scatter plots,
with statistics listed in Table III, including the range, mode
(most frequent value), mean, median, and standard deviation.
As all three distributions are clearly skewed and non-Gaus-
sian, the mean and standard deviation are questionable
descriptors of the data but are included for comparison to
other studies. The bottom marginal histogram shows the
breast-thickness distribution. Mammograms in Fig. 5 show
the cases with minimum, median, and maximum densities in
the distribution.

Log-normal distributions were fitted to the dense-volume
and total breast-volume distributions, which makes sense for
positively bound data describing natural growth (sometimes
referred to as Gibrat’s law). The breast-thickness data were
farther offset from 0 (less skewed) and a normal distribution
was used for fitting. We expect the data toward larger

FIG. 3. The custom-made phantoms that were used to compare the spectral
and nonspectral algorithms. [Color figure can be viewed at wileyonlinelibrar-
y.com]
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volumes and thicknesses to be biased because the technical
limitation of 100 mm maximum compression height led
radiographers to disqualify women with larger breasts (note
the skewness of the thickness distribution in Fig. 5, which is
expected to be Gaussian). To compensate for the bias, the
breast volume and breast thickness fits assumed right cen-
sored data above 1000 cm3 and 70 mm, respectively. Fitting
parameters are listed in Table III. No distribution fit is pro-
vided for the density data because a suitable distribution type
was not evident.

Figure 6 shows the measured breast thickness as a func-
tion of the compression height. The correlation was strong
and the linear regression coefficient was close to 1 (the Pear-
son correlation coefficient and a linear fit are indicated in
Fig. 6). There was a constant offset close to 1 mm.

Figure 7 shows the contralateral and ipsilateral breast-den-
sity correlation for the spectral algorithm, with Pearson corre-
lation coefficients R2 ¼ 0:977 (95% CL: 0.975–0.979) and
R2 ¼ 0:992 (95% CL: 0.991–0.993), respectively. The ipsilat-
eral correlation was hence significantly stronger than the con-
tralateral correlation, indicating that the contralateral
variation was substantially impacted by biological factors,

whereas the ipsilateral variation was determined by the other
factors as described in Section 3.B.

Figure 8 shows the distributions of contralateral and ipsi-
lateral differences in breast density, i.e., the projections along
one-to-one lines (lines of identity) in Fig. 7. The standard
deviations were 2.4 pp and 1.5 pp, respectively. From
Eq. (3), we can estimate the biological variation between
contralateral breasts to 1.9 pp, and the contribution from
other sources, essentially the system precision, to 1.5 pp. The
ipsilateral difference distribution is skewed and exhibits a
heavy left tail, which may be due to slightly different image
volumes in the CC and MLO views. In particular, adipose tis-
sue along the pectoralis muscle directed toward the axilla
may be additionally included in the MLO view, resulting in
an overall lower density for the MLO images compared to the
CC images.

4.C. Comparison to nonspectral breast-density
assessment

The nonspectral algorithm measured the mode, mean, and
median of the density distribution to 14.5%, 23.0%, and
19.2%, which are comparable to the results of the spectral
algorithm in Table III.

Figure 9 shows the contralateral and ipsilateral breast-den-
sity correlation for the nonspectral algorithm, with Pearson
correlation coefficients R2 ¼ 0:960 (95% CL: 0.957–0.962)
and R2 ¼ 0:955 (95% CL: 0.952–0.958), respectively. The
correlation was, hence, in both cases significantly weaker
than for the spectral algorithm. The strength of the contralat-
eral and the ipsilateral correlation was similar, indicating that
variation due to other factors than natural variation (essen-
tially the algorithm precision) is dominating. The standard
deviations of the distributions of contralateral and ipsilateral
density differences were 2.7 and 2.8 pp, respectively, which
is larger than the expected natural variation between breasts
and therefore gives an indication of the algorithm precision.

FIG. 4. Measured density (left) and volume (right) as a function of ground truth for 162 measurements. The dashed lines are linear fits. The Pearson correlation
coefficients (R2) are given with 95% confidence intervals. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Accuracy (A) and precision (P) for the phantom measurements,
stratified on environmental and system conditions, with the number of mea-
surement points (n).

n

Density Volume

A [pp] P [pp] A [%] P [%]

Normal conditions 50 0.6 1.1 1.8 1.2

Temperature variation 50 0.5 1.3 1.8 1.5

High load 25 �1.3 2.3 3.2 1.2

Old x-ray tube 25 0.5 1.3 1.7 1.7

High density 12 �0.7 3.3 0.4 1.8

Total 162 0.2 1.8 1.9 1.6
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FIG. 5. Breast density (top), dense volume (middle), and breast volume (bottom) measured in 5289 mammograms with the spectral algorithm. The scatter plots
show the dependencies on breast thickness smoothed with a moving average filter, with error bars (one standard deviation), and with a fitted general power func-
tion. The marginal histograms show distributions of the measures projected along the axes of the scatter plots. The mammograms represent the minimum (top),
median (middle), and maximum (bottom) densities. [Color figure can be viewed at wileyonlinelibrary.com]
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Note that the ipsilateral spread is even higher than the con-
tralateral density spread, which might be due to limited repro-
ducibility of the breast-thickness model between CC and
MLO views.

Figure 10 shows breast density measured by the nonspec-
tral versus the spectral algorithm. Identical results are

expected from the two algorithms, but the nonspectral algo-
rithm reported comparably lower values at high densities. A
possible explanation for this systematic difference is the fol-
lowing: (a) Higher densities imply lower thicknesses (Fig. 5,
top); (b) a fixed offset (inaccuracy) in the compression height
becomes relatively larger at low thicknesses; (c) the compres-
sion height was slightly higher than the actual breast thick-
ness (Fig. 6); (d) overestimation of the breast thickness is
inherently correlated to underestimation of the density in a
nonspectral algorithm. A similar trend has been observed
previously for a comparison between a nonspectral algorithm
and ground truth as determined by magnetic resonance imag-
ing.49

Results from the measurements on breast-shaped phan-
toms are summarized in Table IV. The same compression
height was reported for both acquisitions of the thick phan-
tom (row 1–2 in Table IV). For the thin phantom, the com-
pression height differed by 1 mm (row 3–4), which is of the
same order as the simulated deviation of �1 mm (row 5–6).
The error of the spectral algorithm was 1.2 pp on average and
was relatively uniform over the range of measurements with a
standard deviation of 0.063 pp. The average error is within
the expectations for a particular measurement condition, con-
sidering the 1.8 pp standard deviation reported in Sec-
tion 4.A.

For the nonspectral algorithm, the error was small for the
thick phantom with correct compression height, but large

TABLE III. Statistics of the breast measures obtained from the screening population: The range, mode, mean, median, standard deviation (std), parameters of the
distribution fits, and thickness dependencies (a� thicknessb).

Range Mode Mean Median Std Fitted distribution Thickness dependence

Density [%] [4.5 99.6] 12.5 23.7 18.3 15.9 - a ¼ 5406 b ¼ �1:4

Dense volume [cm3] [11 564] 90 119 106 60 �Log�N 4:7; 0:47ð Þ a ¼ 14 b ¼ 0:53

Breast volume [cm3] [49 2671] 624 699 647 368 �Log�Nð6:5; 0:71Þ a ¼ 0:43 b ¼ 1:8

Thickness [mm] [15 92] 55 52 53 13 �N 53; 15ð Þ - -

FIG. 6. Compression height as a function of measured breast thickness with
a linear fit. The Pearson correlation coefficient (R2) is given with a 95% con-
fidence interval. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 7. Contralateral (left) and ipsilateral (right) breast density, measured by the spectral algorithm. The Pearson correlation coefficients (R2) are given with 95%
confidence intervals. The dashed lines are linear fits. [Color figure can be viewed at wileyonlinelibrary.com]
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deviations were observed for the thinner phantom. The sensi-
tivity to compression height was substantial with errors of
about 2.9 pp/mm for the thick phantom and 5.4 pp/mm for
the thin phantom. (A previous study reported 4 pp/mm for
another but similar nonspectral algorithm,22 which is similar
to the average of these two measurements.) The errors were
substantially less uniform than for the spectral algorithm with
a standard deviation of 3.3 pp.

5. DISCUSSION

5.A. Accuracy

The accuracy (mean deviation from ground truth) of the
spectral method was good (0.2 pp in density and 1.9% in vol-
ume as determined by phantom measurements), which con-
firms that the calibration works properly. The major factor

affecting accuracy for both density and volume was a high
exposure load (Table II), whereas the other investigated con-
ditions had no notable effect.

For the clinical images, the range of density values was
within [0%, 100%], which is physically sound. The range is
shown in Fig. 5 using mammograms for the maximum and
minimum densities, but it should be noted that the measure-
ment error in the boundary cases of the distribution is large.
In particular for the high-density case, the density is likely
lower than 99.6% because the error distribution caused by
precision is particularly broad at high densities (Table II) and
the case is at the tail of that distribution (maximum density +
maximum precision error).

The strong correlation between compression height and
the spectral thickness measurement (Fig. 6) indicates accu-
rate spectral thickness measurements; the constant offset of

FIG. 8. Distributions of contralateral and ipsilateral differences in density.
[Color figure can be viewed at wileyonlinelibrary.com]

FIG. 9. Contralateral (left) and ipsilateral (right) breast density measured by the nonspectral algorithm. The Pearson correlation coefficients (R2) are given with
95% confidence intervals. The dashed lines are linear fits. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 10. Breast density measured by the nonspectral algorithm versus the
spectral algorithm. The data were smoothed with a moving average filter
(solid). A one-to-one line (line of identity) is included for reference (dashed).
[Color figure can be viewed at wileyonlinelibrary.com]
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about 1 mm is within the expected accuracy of the compres-
sion height. The measured breast density was anticorrelated
to breast thickness (Table III and Fig. 5, top), as expected.
The dense volume was only weakly correlated to breast thick-
ness with an approximately square-root dependence (Fig. 5,
middle and Table III). The total breast volume, on the other
hand, was strongly correlated to breast thickness with a
close-to quadratic dependence (Fig. 5, bottom and Table III).

Table V shows that the density measurements reported in
this study fall within the range of a sample of previously pub-
lished mean and median values. (Median values are generally
lower than mean values because of the skewed distributions,
which sets the extreme points.) The relatively large span of
density distributions in the literature (Table V) can be partly
attributed to differences in the populations (age, ethnicity
etc.), but also to differences in the underlying algorithms, pri-
marily in the definitions of dense and adipose tissue. For
example, had we used the tissue-equivalent material that was
used for calibration (based on Ref. [45]) to define breast tis-
sue (instead of Ref. [47]), we would have ended up with a
nonphysical density range of [�23%, 123%]. Also, an early
investigation of several measurements of the elemental

composition of glandular tissue reported a large variation,50

which, if used as basis for an x-ray attenuation calculation,
would result in a span of 29% in linear attenuation at 20 keV
— substantially larger than the difference between tissue-
equivalent material and Ref. [47] (c.f. Fig. 1, right).

5.B. Precision

The precision (the degree of variation between measure-
ments) in density measurement of the spectral algorithm was
shown to be 1.8 pp in phantom experiments under a range of
conditions. The largest deterioration in density precision was
found for high densities and high exposure loads (Table II),
whereas the precision in volume exhibited relatively small
variations over the range of measurement conditions. The
precision, as well as the accuracy, seems relatively indepen-
dent of detector temperature and the age of the x-ray tube,
which indicates that the temperature compensation (Sec-
tion 2.C) works well and that the x-ray spectrum does not
change over time.

The precision found in the phantom measurements is in
good agreement with the 1.5 pp precision determined by the
ipsilateral correlation of screening mammograms. It should
be noted, however, that the measures are slightly different;
the phantom experiments comprised several systems and a
range of conditions, so the precision refers to what can be
expected from an entire installed base, whereas the clinical
measurements were done on a single system, but contained
variations caused by for instance positioning and pectoralis
segmentation. A study of a different algorithm for spectral
breast-density measurement reported a precision of \2 pp,40

which is in line with the present results.
The precision of the nonspectral algorithm was found to

be 2.7–2.8 pp from the contralateral and ipsilateral density
correlation, and the error is hence close to twice that of the
spectral algorithm evaluated on the same mammograms. The
investigation of the breast-shaped phantoms indicates that the

TABLE IV. Spectral and nonspectral measurements of breast density for the
two breast-shaped phantoms. Row 1-4 show results with compression heights
determined by the system. Rows 5–6 show results from simulated deviations
in the compression height.

Thickness Density

True Compression True Spectral Nonspectral

50 mm 53 mm 39.5% 40.7% 38.9%

50 mm 53 mm 39.5% 40.8% 38.8%

25 mm 26 mm 39.5% 40.7% 32.0%

25 mm 25 mm 39.5% 40.6% 37.4%

50 mm (sim.) 54 mm 39.5% 40.7% 36.0%

50 mm (sim.) 52 mm 39.5% 40.7% 41.8%

TABLE V. Examples of published breast data and intrapatient correlation measures in comparison to the data reported in this study. Results from spectral and non-
spectral methods are cited. The correlation data are listed as the squared Pearson correlation coefficients (R2), which were in some cases recalculated from the
published nonsquared coefficients (see footnotes for the original values). Note that median values are generally lower than mean values because of the skewed
distributions and possibly a better descriptor of the distributions.

Method n

Density [%] Volume [cm3] R2 correlation

Mean Median Mean Median Contra. ipsi.

Gennaro et al54 Nonspectral 527 - 11.5 - 554 0.80a 0.75a Commercial Volpara software

Kontos et al52 Nonspectral 71 21.9 - - - 0.90 - Commercial Quantra software

Yaffe et al22 Nonspectral 191 14.3 - 769 - - - Validated using breast CT, skin excluded

Aitken et al21 Nonspectral 367 - 26.2 - 524 - -

Gooßen et al30 Nonspectral 245 22.3 - - - 0.85b 0.86b Same nonspectral algorithm as in this work

This work Nonspectral 1329 23.0 19.2 - - 0.96 0.96

Machida et al42 Spectral 40 - - - - - 0.98c Same spectral algorithm as in this work

This work Spectral 1329 23.7 18.3 699 647 0.98 0.99

aCalculated from R ¼ 0:896 contralateral correlation and R ¼ 0:864 ipsilateral correlation.
bCalculated from R ¼ 0:92 contralateral correlation and R ¼ 0:93 average ipsilateral correlation for right and left.
cCalculated from R ¼ 0:99.
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uncertainty of the thickness estimation in the nonspectral
algorithm is of the order of 3.3 pp (at 40% density), which
covers most, or all, of the difference between the two algo-
rithms.

The intrapatient correlation measures of the spectral
algorithm (ipsilateral and contralateral correlation) are
higher than those of the nonspectral methods listed in
Table V. The nonspectral algorithm applied in this study
performed substantially better than in a previous study of
the same algorithm, which can be explained at least partly
by the fact that a conventional non-photon-counting system
with worse scatter and noise properties was used in the
previous study. Moreover, the nonspectral algorithm used
in this study performed at least on par with other nonspec-
tral algorithms, and can hence be regarded as representa-
tive.

It is reasonable to question whether the high precision
offered by the spectral algorithm has any clinical relevance or
if these types of improvements are mainly technology driven.
One application of density measures is risk estimates. A
meta-analysis of 42 studies on the correlation between breast
density and breast cancer risk reported an increase in risk of
approximately 4% per percentage point breast density.2 Risk
estimates generally contain many other factors, and this rela-
tively weak dependence makes it unlikely that a few percent-
age points additional precision will be a game changer to, for
instance, divide women into risk categories for personalized
screening.

Instead, the increased precision is more likely to be ben-
eficial for measuring variations within the same individual.
One example is given in the present study, where the natu-
ral variation between contralateral breasts was estimated —
a result that could not have been obtained with lower preci-
sion. A clinically more relevant application is monitoring
of treatment with drugs such as tamoxifen and raloxifene,
which have been shown to reduce the susceptibility to
breast cancer, and for which breast density works as a
surrogate endpoint biomarker.12 In an early study, the area-
based breast density decreased by 19% (7.9 pp at an
average of 41.9%) over the first 18 months of tamoxifen
treatment (including an age-related decrease).51 Assuming a
linear relationship between area-based and volumetric
breast density (which is approximately the case for small
variations52), this change corresponds to a yearly reduction
of 1.9 pp at a volumetric density of 15% (the mode of the
density distribution measured in this study). A more recent
study measured the yearly reduction in volumetric breast
density for treatment with tamoxifen to 1.17%–1.70%
(0.30%–0.56% for the control group).53

Hence, with a precision of ≤ 2 pp, the spectral algorithm
would be at the borderline of seeing the effect of tamoxifen
treatment on an individual level and a yearly basis, which is
necessary for efficient monitoring, and the precision advan-
tage over the nonspectral algorithm seems relevant for these
types of applications. Also, any additional increase in preci-
sion by further refinement of the algorithm would be
beneficial.

6. CONCLUSIONS

The spectral method yielded reasonable results in terms
of distributions of, and correlation between, breast mea-
sures in a screening population. The precision of the
method was approximately two times that of the investi-
gated nonspectral method on average, and the improvement
was larger for thin/dense breasts. The nonspectral method
investigated here is expected to be representative for non-
spectral methods in general, and we conclude that the pre-
cision of the spectral method is superior to that of
nonspectral methods, which was also corroborated by com-
paring to a sample of previous studies. High-precision mea-
surement methods may not be necessary for risk estimates,
but may be an enabler for measuring changes in a single
individual, such as in treatment monitoring. One example
is given in the present study where high precision enabled
estimation of the natural density variation between con-
tralateral breasts.
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APPENDIX A

TRANSFER OF CALIBRATED BREAST DENSITY TO
DISPLAY VALUES

LINEAR TRANSFER FUNCTION

We have used the breast-tissue attenuation values
from Ref. [47] together with the assumption of a con-
stant and known skin thickness48 and skin attenuation
calculated from the elemental composition45 to calculate
display values for breast density. However, the system
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was calibrated using tissue-equivalent material, which is
made to mimic attenuation calculated from the elemen-
tal composition of breast tissue according to Ref. [45]
and does not include skin. This appendix describes in
detail how we transfer calibration values to display
values.

With the same assumptions as preceding Eq. (2), a lin-
ear combination of any two reference materials of different
and low atomic numbers, such as aluminum (Al) and poly-
ethylene (PE), mimics the energy-dependent attenuation of
a third material of a given thickness. In other words, the
normalized thicknesses of these materials (aAl and aPE) are
unique descriptors of the attenuation coefficient of the third
material (l) with thickness t at all energies (E) given the
known attenuation coefficients of the reference materials
(lAl and lPE):

9!aAl9!aPE8E : t � l Eð Þ
¼ t � aAl � lAl Eð Þ þ aPE � lPE Eð Þ½ �:

(A1)

For the case of a breast consisting of adipose, fibro-gland-
ular, and skin tissue (a, g, and s), it is convenient to convert
Eq. (A1) to matrix notation:

Tlþ tsls ¼ TAþ tsAsð Þlref ;where (A2)

T ¼ tg ta½ �; l ¼ lg
la

� 	
;A ¼ aAl;g aPE;g

aAl;a aPE;a

� 	
;

As ¼ aAl;s aPE;s½ �; lref ¼
lAl
lPE

� 	
: (A3)

The relationship between measured data (T0) and data cor-
rected for skin (TCIRS) is

T0ACIRSlref ¼ TCIRSACIRS þ tsAsð Þlref
) TCIRS ¼ T0ACIRS � tsAsð ÞA�1

CIRS; (A4)

where ACIRS holds the equivalent thicknesses of reference
materials for CIRS tissue-equivalent material. The conversion
to another representation of breast-tissue attenuation (in our
case as published by Johns and Yaffe47 — subscript JY)
becomes:

TCIRSACIRS ¼ TJYAJY

) TJY ¼ TCIRSACIRSA�1
JY ¼ Eq:ðA4Þf g

¼ T0ACIRS � tsAsð ÞA�1
JY :

(A5)

DETERMINATION OF EQUIVALENT MATERIAL
THICKNESSES

The equivalent Al and PE thicknesses were derived in two
ways: (a) calculations from published values on linear attenu-
ation coefficients, and (b) measurements on samples of tis-
sue-equivalent material. Most of the procedure have been
described in Ref. [55], but it is summarized here for clarity.

With known values of the linear attenuation coefficient,
the relation to the normalized reference thicknesses aAl and
aPE could, in principle, be found by calculating Eq. (A1) at
two arbitrary energies and solving the resulting linear system
of equations [similar to Eq. (2)]. However, the limited valid-
ity of the assumptions underpinning Eq. (A1) may lead to a
slight dependency on the energies chosen. Therefore, we used
a linear least-squares fit over the energy bins corresponding
to a typical mammography spectrum (E1. . .EN). This proce-
dure corresponds to the following minimization with respect
to aAl and aPE:

min
t1;t2

XN
n¼1

aAl � lAl Enð Þ þ aPE � lPEðEnÞ � lðEnÞ½ �2;

(A6)

where lAl and lPE were calculated from the elemental com-
position using the XCOM database,56 assuming pure Al, and
PE composition from Ref. [57].

For measurements of reference thickness on sample mate-
rials, a three-level step wedge of Al foil was overlaid with a
step of PE to create a six-level calibration matrix. Images
were acquired with the sample and the step wedge both visi-
ble, and x-ray attenuation was measured by mapping the
high- and low-energy counts obtained from a region-of-inter-
est (ROI) located on the sample against those obtained from
ROIs on the calibration matrix.

Table A1 shows the measured and calculated equivalent
thicknesses of Al and PE. The values of the tissue-equivalent
material are the means of two measurements at 20 mm and
50 mm of material, which differed by 1% on average, mainly
because of spectrum and count rate differences. The equiva-
lent thicknesses for published attenuation data were calcu-
lated according to Eq. (A6) on available data points in the
interval 15–40 keV. Inserting the values in Table A1 into
Eq. (A5) yields the linear transfer function between calibra-
tion data and display values.

CALCULATION OF VOLUME

The PMMA-to-density and -thickness LUTs yield thick-
ness and density maps tði; jÞ and dði; jÞ. The volume element
corresponding to each pixel was calculated as the integral of

TABLE A1. Normalized equivalent thicknesses of aluminum (Al) and poly-
ethylene (PE) for fibro-glandular (g), adipose (a), and skin (s) tissue, mea-
sured on tissue-equivalent material (CIRS) and calculated from published
data.45,47

Measured CIRS (ACIRS):
Calc. Ref. [47]

(AJY):
Calc. Ref. [45]

(As)

[%] Al PE Al PE Al PE

g 4.08 99.2 4.46 95.3 - -

a 1.49 93.1 0.77 94.7 - -

s - - - - 4.60 99.3
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the height-dependent area element (Dx� Dy) over the breast
in the detector-to-source direction:

vi;j ¼
Zr0ðx;yÞþti;jþts

r0ðx;yÞ

px
SID
RðxÞ 1� r

RðxÞ

 �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Dxi;jðx;rÞ

� py 1� r
SID

 �
dr;

zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{Dyi;jðrÞ

(A7)

where x and y are the detector-strip and scan directions
(Fig. 1), SID is the source-to-image distance and p is the
pixel side length. The source-to-pixel distance
R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SID2 þ x2

p
depends on x, but, for the MicroDose sys-

tem, is approximately independent of y because of the rota-
tional geometry; the breast support and compression paddle
are curved to be perpendicular to the beam path. The pixel-
to-breast distance r0 ¼ z0RðxÞ=SIDþ Drðx; yÞ depends on
the distance between detector and patient support (z0) and the
distance between the patient support and the breast (Dr). The
breast was assumed to be at the patient support within the
compressed breast region and otherwise centered between the
patient support and the compression paddle. Measures of
breast volume, dense volume, density, and thickness for the
entire breast were calculated according to:

V ¼
X

vði; jÞ;VD ¼
X

dði; jÞ � vts¼0ði; jÞ
Vts¼0

;

D ¼ VD

Vts¼0

; T ¼ mode t i; jð Þð Þ þ ts: (A8)

Note that the skin thickness is included in the volume and
breast thickness, but excluded from the dense volume and
density measures.

a)Author to whom correspondence should be addressed. Electronic mail:
erik.fredenberg@philips.com.
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