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Quantification of breast lesion compositions using low-dose spectral
mammography: A feasibility study

Huanjun Ding, David Sennung, Hyo-Min Cho, and Sabee Molloia)

Department of Radiological Sciences, University of California, Irvine, California 92697

(Received 27 January 2016; revised 23 August 2016; accepted for publication 29 August 2016;
published 19 September 2016)

Purpose: The positive predictive power for malignancy can potentially be improved, if the chemical
compositions of suspicious breast lesions can be reliably measured in screening mammography. The
purpose of this study is to investigate the feasibility of quantifying breast lesion composition, in terms
of water and lipid contents, with spectral mammography.
Methods: Phantom and tissue samples were imaged with a spectral mammography system based
on silicon-strip photon-counting detectors. Dual-energy calibration was performed for material
decomposition, using plastic water and adipose-equivalent phantoms as the basis materials. The
step wedge calibration phantom consisted of 20 calibration configurations, which ranged from 2
to 8 cm in thickness and from 0% to 100% in plastic water density. A nonlinear rational fitting
function was used in dual-energy calibration of the imaging system. Breast lesion phantoms, made
from various combinations of plastic water and adipose-equivalent disks, were embedded in a
breast mammography phantom with a heterogeneous background pattern. Lesion phantoms with
water densities ranging from 0% to 100% were placed at different locations of the heterogeneous
background phantom. The water density in the lesion phantoms was measured using dual-energy
material decomposition. The thickness and density of the background phantom were varied to test
the accuracy of the decomposition technique in different configurations. In addition, an in vitro study
was also performed using mixtures of lean and fat bovine tissue of 25%, 50%, and 80% lean weight
percentages as the background. Lesions were simulated by using breast lesion phantoms, as well
as small bovine tissue samples, composed of carefully weighed lean and fat bovine tissues. The
water densities in tissue samples were measured using spectral mammography and compared to
measurement using chemical decomposition of the tissue.
Results: The thickness of measured and known water contents was compared for various lesion
configurations. There was a good linear correlation between the measured and the known values.
The root-mean-square errors in water thickness measurements were 0.3 and 0.2 mm for the plastic
phantom and bovine tissue backgrounds, respectively.
Conclusions: The results indicate that spectral mammography can be used to accurately characterize
breast lesion composition in terms of their equivalent water and lipid contents. C 2016 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4962481]
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1. INTRODUCTION

Currently, the standard imaging modality for breast cancer
screening is mammography.1–5 Yet despite mammography’s
impressiveadvantages indetectionperformance, imaging time,
and cost-effectiveness, its limitations are widely recognized.6

One of the biggest challenges for accurate early detection in
breast cancer screening is increasing the specificity of tumor
detection to avoid recalling healthy women and exposing them
tofollow-upexaminations thatmayinvolveadditional radiation
or a needle biopsy, which not only increases the healthcare cost
but also adds risk and patient discomfort.7,8 With conventional
mammograms, the radiologist makes the determination based
on specific features in mammographic patterns such as shape,
size, margin, or pattern of abnormal density.9,10 However, in
many cases, it can be difficult to characterize a suspicious
lesion as benign or malignant based only on its mammographic
appearance. Thus, a follow-up examination is required.11

A recent report suggests that in addition to irregular mass
shape, spiculated mass margin, and patient age, a high
mammographic attenuation of a mass increases its likeli-
hood of malignancy.11 However, high mass density by it-
self is not sufficiently accurate to avert the need for a bi-
opsy. The predictive capability could potentially be improved
if lesions could be characterized quantitatively according
to their chemical composition. Thus, there is increased in-
terest in developing lesion characterization techniques that
can characterize lesions as benign or malignant during the
initial screening. It has been suggested that malignant tumors
have reduced lipid and increased water contents compared to
normal breast tissue.12–15 In addition, other reports suggest
a positive correlation between increased tissue water content
and carcinogenesis.16 X-ray linear attenuation coefficients of
breast lesions have been studied in the past, and were reported
to be different from fibro-glandular tissue, especially in the
low energy range.17,18 A recent study also suggested that the
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attenuation of cyst fluid was found to be significantly different
from that of water.19 These reports indicate that mammog-
raphy’s sensitivity and specificity may be improved if breast
tissue composition can be accurately measured to improve
characterization of lesions according to their composition.

Dual-energy imaging can exploit differences between
specific types of breast tissues due to their unique effective
atomic numbers (Z), providing separate quantitative thick-
ness measurements for each tissue. This technique has been
successfully implemented for breast density quantification by
using the standard screening mammogram as the low-energy
image and an additional low-dose high-energy image.20–22

However, the high-energy image may slightly increase the
mean glandular dose and result in misregistration artifacts
due to patient motion. These potential challenges have been
successfully addressed with the recent developments in
photon-counting x-ray detectors. A spectral mammography
system based on photon-counting detectors in a scanning
multislit geometry23 allows dual-energy data acquisition to
be completed with a single exposure. A user-defined energy
threshold is used to sort photons into low-energy and high-
energy bins, according to their energies. Compared to tradi-
tional dual-kVp technique, energy-resolved photon-counting
detectors minimize the spectral overlap and completely
eliminate the misregistration artifacts in dual-energy decom-
position. In addition, conventional charge-integrating detec-
tors generally work in the current mode, which integrates
both the signal and noise from the detector and electronics
over time. The presence of electronic noise can substantially
reduce the signal-to-noise ratio (SNR) in low-dose imaging.24

On the other hand, photon-counting detectors can eliminate
electronic noise, which offers promising potential for low-
dose imaging.25 A previous report shows that an ideal photon-
counting detector with good energy resolution outperforms
conventional charge-integrating detectors in image quality and
various detection tasks.26 It has been shown that the photon-
counting spectral mammography system can accurately mea-
sure glandular and adipose tissue thicknesses for breast den-
sity quantification.27 Thus, it is of interest to investigate the
feasibility of characterizing breast lesion composition using
dual-energy decomposition of spectral mammography images
acquired on a photon-counting system.

The fundamental chemical components in either normal or
cancerous breast tissues are water, lipid, and protein. Previ-
ous reports have characterized breast tissue into water, lipid,
and protein contents using dual-energy mammography.28,29

They suggested that the knowledge of breast lesion compo-
sition appeared additive in combination with existing diag-
nostic methods for the distinction between different benign
and malignant lesion types.29 However, the results failed to
reach statistical significance. One potential issue of using a
three-component model with dual-energy mammography is
that it requires accurate breast thickness measurement as the
third independent physical measurement. Unfortunately, this
is difficult to obtain in practice, particularly in the periphery of
the breast where the breast is not in contact with the compres-
sion plate. Uncertainties in thickness estimation, induced by
the shape model and the mechanical precision of the compres-

sion paddle, can lead to significant errors in lesion compo-
sitional analysis,30 which may reduce the predictive power
for malignancy. To address this potential issue, we propose
to characterize breast lesions with a two-compartment model
using water and lipid as the basis materials. Our previous
postmortem study showed that protein generally contributed
less than 6% to the mass of normal breast tissue.31 More
importantly, using a two-compartment model, protein in breast
tissue will be decomposed into water and lipid basis mate-
rials. Since the dual-energy decomposition coefficients are
well defined for the two basis materials, the presence of a
small amount of protein will only add a small systematic offset
in the estimation of water and lipid contents. This approach
has been tested in a simulation study.32 Dual-energy signals
from simulated breast tissues, which were composed of wa-
ter, lipid, and protein contents, were generated using a previ-
ously reported simulation package.27 The chemical composi-
tions of the simulated breast tissues were designed to match
the experimental results from a previous postmortem breast
study.31 The simulated dual-energy signals were then decom-
posed into water and lipid thickness signals. The result showed
that the measured water content using a two-compartment
model correlated strongly (Pearson’s r > 0.99) with the known
water content in breast tissue with a linear correlation slope
of 1.05 and an offset of 0.1 mm. In this paper, we investi-
gate the feasibility of characterizing breast lesions using a
two-compartment model with physical phantoms and tissue
samples. The purpose of this study is to evaluate the accu-
racy and precision of dual-energy decomposition for lesion
characterization.

2. MATERIALS AND METHODS
2.A. Spectral mammography system

A spectral mammography system (MircoDose SI L50,
Philips, Inc.) was used during the studies, which is able to
acquire dual-energy images within a single exposure. The
system consists of a tungsten-anode x-ray tube, an Al filter,
a precollimator, a postcollimator, and the Si-strip photon-
counting detector unit, which are all mounted on a com-
mon arm that can rotate around the center of the source,
allowing the collimators and the photon counting detector to
scan relative to the compressed breast. The detector’s energy
resolution at the mammography energy range is approxi-
mately 5 keV at full width half maximum (FWHM).33 The
electronic readout noise is effectively eliminated by select-
ing an appropriate background threshold. A multislit colli-
mator shapes the beam to match the detector, and a two-
dimensional image is generated when the beam and detector
are scanned relative to the breast. The scanning multislit
technique helps to eliminate the scattered radiation, which
further improves the SNR. A previous study suggests that the
scatter to primary ratio (SPR) for this geometry is expected
to be less than 6% for phantom thicknesses ranging from 3
to 7 cm at various tube voltages.34 More details about the
spectral mammography system can be found in a previous
publication.27
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2.B. Dual-energy calibration

A calibration phantom consisting of two compartments,
made from Plastic Water® LR and adipose equivalent plastics
(CIRS, Norfolk, VA), was constructed for dual-energy decom-
position. The x-ray attenuation coefficients of plastic water
were calculated based on its elemental compositions provided
by the manufacturer and were found to closely resemble those
of pure liquid water in the mammographic energy range, which
provides a reason for the use of solid water as a substitute
for liquid water in the dual-energy calibration. Unfortunately,
it is difficult to fabricate a plastic-based lipid phantom that
can represent real lipid. Instead, we use the adipose equivalent
phantom which consists of approximately 15% water and 85%
lipid, according to its chemical composition.35 After dual-
energy decomposition by using plastic water and adipose as
the basis materials, a linear transformation can be applied to
convert the basis material into water and lipid based on the
calibrated composition of the adipose equivalent phantom.19

A schematic drawing of the calibration phantom is shown in
Fig. 1. It had a stair shape with four different heights: 2, 4, 6,
and 8 cm, where each of the heights had five different plastic
water densities ranged from 0% to 100% with an increasing

step of 25%. This design provided a total of 20 calibration
points that cover both thickness and density variations. The
calibration phantom was carefully machined and the thick-
ness of each step was confirmed with caliper measurements,
which suggested an uncertainty of approximately 25 µm. The
calibration phantom was imaged at all the available tube volt-
ages on the system, including 26, 29, 32, 35, and 38 kVp.
The spectral mammography system has a built-in calibration
for the selection of the high energy threshold, which depends
on the tube voltage and phantom thickness. The log-signals
from the low-energy and high-energy images were derived for
all 20 calibration points.

In dual-energy decomposition, the low-energy and high-
energy signals of a tissue with given thickness can be written
as a linear combination of the two basis materials used in
the calibration.20 The two measurements from different energy
bins provide enough information to solve for the thickness of
the two basis materials. Due to the polyenergetic nature of
the diagnostic x-ray spectra, dual-energy imaging usually uses
higher-order inverse functions that map the log-signals into
content thicknesses. In this study, a nonlinear rational fitting
function was used, which has been shown to have high fitting
accuracy,36 to calibrate the imaging system

t =
a0+a1SL+a2SH+a3SL

2+a4SHSL+a5SH
2+a6SL

3+a7SH
3

1+b1SL+b2SH+b3SL
2+b4SH

2 . (1)

The calibration process will substitute the known thickness
values, ti, for either plastic water or adipose equivalent phan-
toms, and the corresponding dual-energy attenuation measure-
ments SL and SH into Eq. (1). Subsequently, the system
calibration parameters (a0, a1, . . . ) for each material will be
determined separately from a nonlinear least-squares mini-
mization algorithm.37 Using the measured dual-energy log-
signals, the calibration parameters will then be used as the
decomposition coefficients to characterize lesions in terms of
water and lipid contents. This method has been previously
validated in dual-energy breast density quantification studies,

F. 1. A schematic drawing of the calibration phantom composed of plastic
water and adipose equivalent material of various thicknesses and densities.

which has shown good accuracy for tissue compositional
analysis.27

2.C. Phantom and tissue validation

To validate the proposed method, phantom studies were de-
signed using a mammographic phantom with a heterogeneous
pattern (BR3D, CIRS, Norfolk, VA) as the background in order
to simulate the anatomical noise in clinical mammograms.
The BR3D phantom is constructed with a swirled pattern
of adipose and glandular tissue equivalent materials with an
overall 50:50 ratio. The random swirling pattern makes the
background different depending on the position on the phan-
tom, which leads to variations of the local glandularity. The
lesion phantoms were made from plastic water and adipose
disks that are 1 mm in thickness and 2 cm in diameter. Five
of those disks were stacked together in order to simulate a
0.5 cm lesion. The configuration of the lesion disk phantoms
were varied to produce six possible plastic water densities,
which ranged from 0% to 100% with an increasing step of
20%. As a feasibility study, the size of the phantom was
designed to simulate the largest dimension of an average lesion
observed in mammography,38 so that the compositional char-
acterization will not be limited by quantum noise. The uncer-
tainty in the thickness estimation of the disk phantoms was
approximately 25 µm. To embed the lesion disk phantoms
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in the breast background, a 0.5 cm thick adipose slab con-
taining two holes 2 cm in diameter was used to hold the
lesion disks. The adipose slab with the embedded lesion phan-
toms was then placed on top of the BR3D phantoms, which
forms a breast phantom that has a uniform thickness around
the lesions. This phantom design approximately resembles a
breast under the paddle compression in clinical mammography
scans.

Four phantom validation studies were designed, which ad-
dressed the effects of anatomical noise, breast thickness, breast
density, and lesion depth. The first study imaged the lesion
phantoms of various water densities on different background
phantoms. A uniform 4 cm adipose-equivalent slab was used
to simulate a homogeneous breast background without the
presence of anatomical noise. BR3D phantom with a total
thickness of 4 cm was used to produce a heterogeneous back-
ground, which simulates the anatomical noise. Lesions were
placed on top of the BR3D background at random locations
that were at least a few centimeters away from each other.
This approach allowed us to vary the local glanularity for
each lesion phantom, so that the effect of a heterogeneous
background on lesion compositional measurements could be
assessed. The second study fixed the water density of the lesion
phantom at 40% and imaged it on BR3D phantoms of different
thicknesses ranging from 2 to 5 cm. The third study used the
same 40% water density lesion phantom, but imaged it with a
series of uniform glandular and adipose tissue equivalent slabs
(CIRS, Norfolk, VA) of a total of 4 cm. The combination of
the uniform and BR3D phantoms was used to provide a set of
breast backgrounds of different densities ranging from 0% to
100%. Finally, the last phantom study inserted the 40% water
density lesion phantom into different levels of a 5 cm BR3D
phantom, which simulated different locations of a lesion in the
projection direction.

To further test the lesion characterization method in tissue,
an in vitro study was designed using bovine tissue as the
background. Pure lean and fat bovine tissue pieces were mixed
together to form heterogeneous background phantoms of 25%,
50%, and 80% lean weight percentages. The mixture of bovine
tissue samples was kept in thin, plastic bags and shaped to
resemble compressed breasts. The lesion disk phantoms of
various water densities were placed inside the tissue back-
ground and imaged at different locations. In addition, small
volumes of lean and fatty tissues were carefully weighed to
produce various lesion phantoms with a lean mass percentage
ranging from 0% to 100%. The tissue lesion phantoms were
placed in a plastic tube with a diameter of 10 mm. The total
height of the tissue phantoms were approximately 10 mm.
This setup helped to fix the shape of the lesion phantoms and
also allowed us to keep track of the locations in the tissue
background. After imaging, all tissue lesion phantoms were
decomposed into water, lipid, and protein using a previously
developed chemical analysis process. Details of the chemical
analysis steps have previously been reported.31 The measured
weight of water, lipid, and protein contents was converted
into volumes using the corresponding density values. Volu-
metric densities were calculated for water as the reference
standard.

2.D. Image processing

Automatic exposure mode was used for all data acqui-
sition, where the exposure was optimized according to the
tube voltage and phantom thickness based on the built-in sys-
tem calibration. The mean glandular dose for a single expo-
sure ranged from 0.2 to 0.8 mGy, depending on the imaging
parameters and phantom thickness. Dual-energy images in
the raw format generated from the spectral mammography
system were first normalized by the corresponding open field
images at the same tube voltage settings. Then, the log signals
were calculated for both low-energy and high-energy images
and were used for material decomposition using Eq. (1) with
the calibrated decomposition coefficients for plastic water and
adipose. The decomposition process converted the low-energy
and high-energy log signal images into thickness images of
the two basis materials, where the pixel values represent the
total plastic water/adipose thickness. In the case where a lesion
phantom is inside this volume, the decomposed plastic wa-
ter signal can then be written as the sum of the plastic wa-
ter thickness in the lesion and in the background above and
below the lesion. The lesion’s plastic water content can then
be isolated by subtracting the total decomposed signal from a
region outside the lesion, under the assumption that the plastic
water content distribution in the background is locally uniform
in a region that has a similar size as the lesion. Thus, the
subtracted signals can be used to characterize lesions with
different chemical compositions in terms of plastic water and
adipose contents.

To measure the signal difference between the lesion and the
surrounding area, two ROIs were manually delineated on the
dual-energy decomposed images. A circular ROI was used to
measure the decomposed material thicknesses inside the disks.
An annular ROI with a width of 1 mm was used to measure
the thickness signal from an adjacent area near the lesion
phantoms. The two ROIs were separated by a narrow region
with a thickness of approximately 1 mm, in order to avoid
any potential blurring induced by magnification. A schematic
illustration of the ROI selections is shown in Fig. 2. The signal
difference for plastic water thickness measured on dual-energy
decomposed image was compared to the known values for all
lesion phantoms. Linear regression analysis was performed
for all validation studies. Root-mean-square (RMS) error and
standard error of the estimate (SEE) were used to characterize
the accuracy and the precision of the measurements, respec-
tively. In the tissue lesion analysis, an additional step was taken
to convert the measured plastic water and adipose phantom
thicknesses into water and lipid thicknesses. Linear regression
analysis was performed to investigate the correlation of water
densities obtained through spectral mammography and chem-
ical analysis.

3. RESULTS

Figure 2 shows an example of the images acquired during
the phantom validation. In the dual-energy images [Figs. 2(a)
and 2(b)], lesion disks of 80% water density can be seen
embedded within a swirled background produced by the BR3D
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F. 2. Low-energy (a) and high-energy (b) images in the raw format for an
80% water density lesion embedded in a 4 cm BR3D breast phantom, and the
decomposed plastic water (c) and adipose (d) images. The colored scales are
in unit of cm. A schematic illustration of the circular and the annular ROIs
used to derive the thickness differences is shown in (d).

breast phantom. After decomposition, the thickness of plastic
water and adipose above each pixel is presented in Figs. 2(c)
and 2(d), respectively. Although the current decomposition
approach will not minimize the background noise induced by
the swirl pattern, its focus is to quantify the compositional
thicknesses in different regions of the phantom. In a clinical
application, this method will be used to measure lesion compo-
sition in the presence of anatomical noise.

In the first validation study, lesion disk phantoms of various
water densities were imaged on uniform adipose slabs. The
measured plastic water thicknesses agreed well with the known
values with a RMS error of 0.2 mm. The slope and the
offset from a linear regression analysis were derived to be
1.02 and 0.2 mm. Then, the lesion phantoms were imaged
with a 4 cm BR3D breast phantom, which represents an
average breast compression thickness in mammography.39

Plastic water thickness of the lesion measured using the
method described above (see Sec. 2.D) was compared to the
known thickness of the plastic water disks shown in Fig. 3.
The results showed a good linear correlation between the
measured and the known thicknesses of the decomposed
compartments for both plastic water and adipose. The slopes
of the best linear fitting lines were derived to be 1.03 and
0.92 for plastic water and adipose, respectively. The linear
correlation coefficient (R2) was determined to be 0.95 for both
basis materials. The RMS errors were estimated to be 0.3 and
0.5 mm for plastic water and adipose, respectively.

Since the method to characterize lesion compositions de-
pends on the subtraction of the normal surrounding tissue
component thickness, it is necessary to investigate the ef-
fect of the background thickness and density variations on
the accuracy of the thickness quantification. In Fig. 4, the
measured plastic water and adipose thicknesses in a 40% water
density lesion phantom are shown as a function of the back-

F. 3. Measured plastic water and adipose thicknesses in lesion phantoms
of different densities as a function of the known values for a 4 cm hetero-
geneous BR3D phantom. Lines of best fit are shown for the corresponding
components of plastic water (solid) and adipose (dashed).

ground breast phantom thicknesses, which ranged from 2 to
5 cm. The expected thickness values for the two components
are shown as dashed lines in the figure. It can be seen that
the errors in lesion characterization are independent of breast
thickness. The RMS errors over all breast thicknesses were
determined to be 0.2 and 0.3 mm for plastic water and adipose,
respectively. The mean and standard deviation for plastic water
density measurements were 40.5% and 5.1%, respectively.
It should be noted that when the background thickness was
varied by adding BR3D slab phantoms, the local glandularity
was altered as well. Some measurements may result in slightly
higher errors than others due to the rapid change of background
glandularity, which deteriorates our initial assumption that
the composition of the background is locally uniform around
the lesion phantom. The effect of breast density on lesion
characterization accuracy is shown in Fig. 5. The same 40%

F. 4. Compositional measurements of a 40% water density lesion in breast
phantoms of different thicknesses. The dashed lines indicate the known
thicknesses of plastic water and adipose phantom.
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F. 5. Compositional measurements of a 40% water density lesion in breast
phantoms of different glandularities. The dashed lines indicate the known
thicknesses of plastic water and adipose phantom.

water density lesion was imaged with uniform breast phantoms
of various glandularities. Similar to the breast thickness study,
the measured thicknesses aligned tightly around the expected
values. The RMS errors are 0.1 and 0.2 mm for plastic water
and adipose, respectively. The mean and standard deviation
for plastic water density measurements were 40.6% and 2.1%,
respectively. This result indicated that change in breast density
does not affect the measurement accuracy for lesion character-
ization using the proposed method.

Due to the projection nature of mammography, the position
of the lesion inside the breast may affect the magnification of
the lesion. The decomposition results of a 40% water density
lesion imaged at different positions inside a 5 cm BR3D breast
phantom are shown in Fig. 6. The calculated RMS errors
in thicknesses of the decomposed plastic water and adipose
were 0.2 and 0.3 mm, respectively. The mean and standard
deviation for plastic water density measurements were 37.5%
and 5.5%, respectively. Thus, it can be seen that the accuracy

F. 6. Compositional measurements of a 40% water density lesion that was
inserted at different depths within a 5 cm thick BR3D background phantom.
The dashed lines indicate the known thicknesses of plastic water and adipose
phantom.

F. 7. Measured thicknesses of the decomposed plastic water and adipose as
a function of the known values in lesion phantoms, which were embedded in
a bovine tissue background. Lines of best fit are shown for the corresponding
components of plastic water (solid) and adipose (dashed).

of the investigated lesion characterization is not affected by the
location of the lesion inside the breast.

Finally, the result of lesion characterization in a bovine tis-
sue background is shown in Fig. 7. There is a good correlation
between the calculated thickness of the decomposed materials
and the known values of the disk thicknesses. In a linear
regression analysis, the correlation slopes for plastic water
and adipose were derived to be 0.93 and 1.01, respectively.
The linear correlation coefficients (R2) for the two components
were 0.98 and 0.99. RMS errors for both plastic water and
adipose were estimated to be 0.2 mm. When using bovine
tissue lesion phantoms with tissue background, a good linear
correlation between the decomposed water density and the
reference standard from chemical analysis was observed, as
shown in Fig. 8. The correlation coefficient (R2) was esti-
mated to be 0.96. Linear regression analysis resulted in a slope

F. 8. Decomposed water density from spectral mammography as a function
of that obtained from chemical analysis for bovine lesions embedded in a
bovine tissue background. Line of best fit is also shown in the plot.
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T I. Summary of water density measurements for lesions with various
backgrounds.

Uniform BR3D Bovine tissue Tissue lesion

Slope 1.02 1.03 0.93 1.29
Offset (%) 3.3 2.5 2.3 −11.7
R2 0.99 0.95 0.98 0.96
RMS error (%) 4.2 6.1 4.9 7.4
SEE (%) 1.3 4.5 4.1 4.6

of 1.29 and an offset of −11.7%. To compare the accuracy
and precision of lesion characterization with different types
of background, the results on water density measurements
from all validation studies are summarized in Table I. The
first three columns of data were derived from the plastic disk
lesion phantoms with different backgrounds, and the last set
of data was derived from the bovine tissue lesion phantoms
imaged with the bovine tissue background. Water density,
instead of thickness, was used in the comparison, since the
chemical analysis of tissue lesion phantoms can only generate
volumetric information for water density calculations. Water
densities of the plastic lesion phantoms were derived using the
ratio of measured water thickness to the total lesion thickness.

4. DISCUSSIONS

This study investigates the feasibility of measuring breast
lesion composition in terms of water and lipid by using low
dose dual-energy mammography. It is generally understood
that the attenuation of malignant lesions is different from that
of fibro-glandular breast tissue at mammographic energy range
due to their higher water content.17,18,40 However, the chemical
composition of benign lesions may spread in a relatively large
range.41 While some benign lesions, such as fibroadenomas,
may contain relatively high amounts of water, many other
types of benign lesions contain less water and more lipid as
compared to malignant tumors. It is expected that the chem-
ical composition of a lesion can potentially help differen-
tiate malignant from benign tumors. Therefore, the proposed
technique can help reduce the number of false-positives and
potentially decrease the number of negative breast biopsies
without additional radiation dose.

Dual-energy imaging can provide accurate quantitative
thickness measurements for two basis materials without rely-
ing on any assumptions about the breast thickness. Therefore,
dual-energy imaging can effectively eliminate errors induced
by the shape model and the compression paddle’s mechanical
precision. However, it also limits the compositional analysis to
two basis materials. For this reason, we have characterized the
lesion composition in terms of water and lipid contents, ignor-
ing the relatively small amount of protein in breast tissue.31

In a previous postmortem study, we have reported that the
amount of protein is highly correlated with water and lipid in
breast tissue.31 Therefore, the presence of protein in the lesion
is expected to result in a systematic shift in the measured water
and lipid thicknesses. One advantage of characterizing breast

lesions in terms of water and lipid contents is the possibility of
performing an accurate calibration, since both basis materials
are easy to obtain and have minimal variations. In theory, the
system calibration can be done with pure water and oil. How-
ever, both of the two basis materials are in a liquid form which
makes it challenging for eventual clinical implementations. In
this study, a solid plastic calibration phantom, consisting of
plastic water and adipose equivalent materials, was used for
the purpose of water–lipid decomposition. For future clinical
applications, the decomposed basis material thicknesses can
be converted into water and lipid values using a basis transfer
function.19 The plastic phantoms’ exact composition, in terms
of water and lipid, can be experimentally determined through
an initial calibration process by using liquid water and lipid.
The measured log-signal from the plastic phantoms can be
mapped to the log-signals obtained for water and lipid of
the same thickness. The phantom composition can then be
determined using the mapping coefficients. Although such
a process still involves the use of liquid, it will have to be
done only one time. Once the plastic phantoms’ water–lipid
composition is determined, the dual-energy calibration can
be carried out with plastic-based phantoms by converting the
phantom thicknesses into actual water and lipid thicknesses.
This is a linear transformation process which will not affect
the precision of the lesions’ compositional measurements.

In mammography, the measured signal is associated with
the total breast thickness that the photons penetrate before
getting registered in the detector, which includes signals from
both the lesion and the background tissue. To be able to isolate
the information from the lesion, the signal in the lesion region
can be subtracted from the surrounding tissue. The assumption
here is that the chemical composition of normal breast tissue
inside the lesion region is the same as that in the adjacent
region. Different types of background phantoms were used to
evaluate the potential error induced by this assumption. In the
first experimental setup, a uniform background represented
an ideal case, where this assumption is perfectly satisfied.
The measurement accuracy for uniform background, charac-
terized by the RMS error, was calculated to be 4.2% (Table I),
which is higher than the error in a previous breast density
quantification study using large slab phantoms with uniform
thickness.27 However, the technique involved subtraction be-
tween two regions after material decomposition, which effec-
tively increases the noise. Using a standard error propagation
theory and assuming a decomposition error of 2% for both
regions inside and outside the lesion,27 the expected error in
an ideal case will be approximately 2.8%. The additional error
observed in this study on centimeter-sized lesions compared
to a whole breast can be mostly attributed to the reduction
in measurement area in both calibration and validation steps.
This is not only caused by the increased quantum noise but
also due to the background tissue nonuniformity. To estimate
the increase in error due to a reduced measurement area, the
variation in plastic water density was measured for ROIs of
0.5 and 2 cm diameter at the same location in plastic lesion
phantoms on a uniform background. The variation was found
to be increased in the 0.5 cm diameter ROI by approximately
0.5% as compared with the 2 cm diameter ROI.
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In the second setup, a BR3D phantom with swirl pattern
was used to simulate anatomical noise. The introduction of the
random background noise with BR3D phantoms is essential
to validate the above assumption and to understand the poten-
tial error in lesion compositional analysis. The RMS error in
water density quantification with a BR3D background was
derived to be 6.1% (Table I). The increased quantification
error, as compared to that from a uniform background, can
be used to estimate the potential error induced by the pro-
posed method, where the chemical composition surrounding
the lesion was used to estimate the composition of back-
ground inside the lesion. Furthermore, lesions were intention-
ally imaged at different locations on the BR3D background,
so that an independent estimation of the background can be
performed for each lesion. It can be seen that the precision of
the measurement was significantly affected due to the presence
of background noise, as the SEE increased from 1.3% to 4.5%
and the coefficient of determination (R2) decreased from 0.99
to 0.95 when BR3D background was used. It also found that
the size of the annular ROI can affect the accuracy in back-
ground estimation, which can contribute to the quantification
error. An initial evaluation was conducted to determine the
optimal size of the background ROI with the BR3D phantom.
The results showed that the decomposition error decreased
monotonically as the size of the annular ROI was reduced, and
it plateaued for annular ROIs less than 1.3 mm. We, therefore,
used a 1 mm wide annular ROI for all the validation studies.
It should be noted that the selection of the annular ROI size
depends on the spatial frequency of the background noise. A
similar optimization should be conducted for clinical images.

Although the BR3D phantom offers a certain type of noise
structure, it is not identical to the anatomical noise in clinical
images. Power spectra analysis suggested that the magnitude
of the power spectra curves of the BR3D phantom was within
the range of clinical images but the power law exponent (β)
was lower than the average for clinical images.42 In particular,
BR3D phantom has less low frequency noise as compared to
clinical images.42 To address this issue, we introduced bovine
tissue background which has been used to simulate breast tis-
sue for breast density quantifications.35 The mixture of bovine
tissue background not only offered low frequency background
noise but also helped to understand the effect of protein in the
tissue. Comparing the disk lesion measurements with bovine
tissue background to those with plastic phantom background,
it can be seen that the accuracy (RMS error of 4.9%) was
improved with respect to BR3D, but was not as good as the uni-
form background. The disk lesion measurements with bovine
tissue background also had lower precision (SEE of 4.1%)
compared to that of the uniform background.

For all the validation studies using plastic lesion disks, the
calibration and decomposition basis materials were identical.
This allowed a direct comparison between the decomposed
thicknesses and the known values from physical measure-
ments. Therefore, all linear regression analysis resulted in a
slope very close to unity and a small offset values. As shown in
Table I, the offsets for lesion disk phantoms were comparable
to or much less than the RMS errors, which suggested that the
offset in the linear fitting was simply induced by experimental

errors. On the contrary, when bovine tissue lesion phantoms
were studied, the linear regression analysis resulted in a fitting
slope of 1.29 and an offset of −11.7%. This is expected, since
the proposed method decomposes the measured lesion signal
into two basis materials, ignoring the presence of protein.
On the other hand, in chemical analysis, tissue samples were
characterized in terms of water, lipid, and protein contents.
In dual-energy decomposition, the signal from protein will be
partly decomposed into water content, leading to higher water
density estimation from spectral mammography. Based on
chemical compositions of tissue, water and protein concentra-
tions are highly correlated. Samples with higher water content
will get higher signal from protein, which explains the fact
that our correlation slope is larger than unity. In a simula-
tion study, which decomposed 5 cm thick breast tissue into
plastic water and adipose basis materials, the slope and offset
of the linear fitting between the measured and the known
plastic water densities were derived to be 1.23% and −17.1%,
respectively.32 The observed correlation in the experimental
bovine tissue study was in good agreement with the simulation
results. As previously indicated, the presence of protein in
the background does not affect the accuracy and precision
in lesion characterization. However, the protein contents pre-
sented in the lesion itself can be a major source of error when
the accuracy of the method is evaluated, as evidenced by the
relatively large RMS error of 7.4%. It should also be noted that
although chemical analysis offers a good measure of sample
composition, experimental errors, in the range of 1%–2%, may
still be present for small samples, especially when the amount
of water is low.31 We observed more scattered results for low-
density lesion samples, which can be partly attributed to the
increased experimental error in chemical analysis. Neverthe-
less, we observed a good linear correlation in water density
measurements between spectral mammography and chemical
analysis with R2 comparable to that from the disk phantoms
(Fig. 8). More importantly, the SEE was approximately the
same as the measurements based on plastic disk lesion phan-
toms. Thus, it is suggested that the precision of the proposed
method is preserved when using only two basis materials for
lesion characterization.

The study investigated the effects of breast shape and den-
sity on the accuracy of lesion characterization in terms of
water and lipid. The results suggested that dual-energy decom-
position measurements do not depend on breast thickness,
glandularity, or lesion depth. The mean values in water density
measurements were in good agreement with the known values
within the range of RMS errors shown in Table I. The variation
induced by breast characteristics was also comparable to the
measurement precision. This suggested that the accuracy and
precision will not be affected by breast shape and density.

The current study used a clinical imaging protocol that
was designed for screening mammography. The high energy
threshold was already optimized for breast density quanti-
fication according to a previous simulation study,27 and is
expected to offer a good SNR for lesion characterization in
terms of water and lipid contents. The mean glandular dose
was estimated to be 0.2–0.8 mGy using automatic exposure
control, which is comparably lower than the current clinical
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standard.43 The method aims to offer a quantitative metric to
characterize the chemical composition of a suspicious lesion
in screening mammography without additional radiation. At
the current dose level, the noise can be amplified through the
dual-energy decomposition process. The decomposition noise
will increase the standard deviation of the measurement in
an ROI, but may not significantly affect the mean values in
the measurement, as long as a sufficient number of pixels can
be included in the ROI. Thus, a reliable characterization of
lesion composition may be obtained at a relatively low dose
level. However, for very small lesions, the accuracy of lesion
characterization may be impaired by the small difference be-
tween lesion and normal tissue in the background. A limit
of 10 mm was predicted by a previous theoretical study on
lesion discrimination.44 In clinical images, lesions may have
irregular shapes. This method measures the integrated signal
inside a lesion, followed by the subtraction of the background.
Thus it is less sensitive to the shape, but more sensitive to the
integrated volume of a lesion.

5. CONCLUSION

In summary, dual-energy material decomposition method
was used to characterize lesions in terms of water and lipid in
a phantom study with a photon-counting spectral mammog-
raphy system. The proposed method can accurately quan-
tify the water content with an approximate error of less than
0.4 mm. The results showed that the technique is accurate
for different breast thicknesses, densities, and lesion locations.
Accurate quantification of breast lesion content can potentially
help distinguish between malignant and benign lesions.
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