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Objective: The purpose of this study was to improve detectability of
microcalcifications using a dual-energy digital mammographic (DEDM)
technique.
Methods: Slabs of uniform breast-equivalent plastic and an additional
plate were used to mimic various breast thicknesses, from 3 to 7 cm, and
to simulate microcalcification with diameters from 0.16 to 0.39 mm.
Free-response receiver operating characteristics and area under the curves
(Az) were used to evaluate the sensitivity of detecting microcalcifications
using the DEDM compared with using the conventional single-energy
digital mammography (SEDM).
Results: The mean number of false-positives per image was 0.0198
(Az = 0.956 T 0.027) using DEDM compared with 0.292 (Az = 0.681 T

0.235) using SEDM. A lower radiation dose could be possibly obtained
for the DEDM technique with a thickness of less than 5 cm compared
with the SEDM with a thickness larger than 5 cm.
Conclusions: Microcalcifications could be more accurately and effi-
ciently detected using the DEDM, which might bring reliable and prom-
ising applications on early computer-aided diagnosis of breast cancer.
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Because microcalcifications are one of the earliest indicators
of breast cancer, a leading cause of mortality in women,1 their

detection at an early stage plays a decisive role in reducing the
mortality. The full-field digital mammography (FFDM) has been
the criterion standard for breast cancer screening.2,3 Microcal-
cifications, composed primarily of calcium compounds such as
apatite, calcium oxalate, and calcium carbonate, have a higher x-ray
attenuation coefficient than the surrounding normal breast tissue.4

However, when small microcalcifications (G1 mm) are overlapped

with different tissues (eg, adipose, glandular tissue, ducts and
masses), it becomes difficult to detect a breast lesion even when
the signal-to-noise ratio (SNR) is high.5 Moreover, scattered
radiation is one major intrinsic problem for the FFDM system,
which reduces SNR and subject contrast in the image, thus
degrading the image quality and detectability of any microcal-
cification. Currently, the most widely used method for re-
ducing scattered radiation is the antiscatter grid, but for
FFDM, with a wide exposure latitude, the cost of using a grid
is a reduction of the SNR due to loss of primary x-rays.
Therefore, improving SNR or contrast in the FFDM especially
for microcalcification is worth exploring for the earlier detection
of breast diseases.

In recent decades, studies for improving microcalcification
visualization have used several postprocessing imaging tools
such as wavelet analysis,6,7 classic image filtering,8 stochastic
fractal models,9 and multiscale analysis.10 Dual-energy digital
mammography (DEDM) was proposed to be a promising tech-
nique that can improve the detection of microcalcifications.
It involves acquiring 2 images of the subject by using 2 x-ray
spectra to exploit the difference in the energy dependence of
x-ray attenuation between different materials. By properly com-
bining the low- and high-energy images, one type of object
from the image is enhanced, whereas others may be cancelled
or reduced.

Although the DEDM technique has been proposed in the
evaluation of breast tumors,11 its application for the detection of
microcalcifications was limited owing to the inherently low
contrast of microcalcifications and high background noise in
the subtracted image.12 Most of the current DEDM techniques
used a weighted subtraction tool, with a linear combination of
logarithmic low- and high-energy images to generate a sub-
tracted image,5,13,14 consisting of residual tissue structures that
would severely reduce the image contrast.

Kappadath and Shaw15 investigated this effect with various
inverse-map functions on the DEDM, and they concluded that
a mean fitting error of È50 Km and that a max filtering error
of È150 Km could be obtained for a given microcalcification
thickness using cubic and conic functions (nonlinear). An alter-
native was proposed by using a scatter and nonuniformity cor-
rection model for the DEDM,16 and it indicated that sizes of
microcalcifications could be substantially decreased to 250 to
280 Km with a clinical scanner. However, calcifications smaller
than 250 Km were usually not visible in most cases owing to the
residual quantum noise.

This study was aimed to develop a DEDM technique for
efficiently eliminating quantum noise to improve detectability
of microcalcifications, by using a commercially available flat-
panel FFDM. Data were acquired using DEDM on various
combinations of breast thicknesses and tissue densities using a
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breast phantom, and results were compared to those of con-
ventional single-energy digital mammography (SEDM).

MATERIALS AND METHODS

DEDM Theory
Lemacks et al12 proposed a numerical framework to per-

form the signal calculation in DEDM. They assumed that there
were 3 attenuation materials in the breast (adipose tissue, glan-
dular tissue, and microcalcifications), each with an individual
thickness of ta, tg, and tc, respectively, corresponding to their
linear attenuation coefficients, Ka (E), Kg (E), and Kc (E).
Depending on the distribution of materials, the mean measured
signals in the high- and low-energy images for microcalcifica-
tion are given by

ðSjÞM ¼ XRj � d2 � 6jðEÞ � ejKaðEÞT

�ej$KgðEÞtgj$KcðEÞtc � AðEÞ� QðEÞ dE ð1Þ

where j = H (ie, high energy), L (ie, low energy). T represents
the compressed total breast thickness, R is the unattenuated x-ray
exposure at the detector plane, d is the pixel size, and 6(E) is
the unattenuated photon flux per unit exposure per energy at
the detector input. A(E) is the photon absorption ratio of the
detector as a function of photon energy, E, and Q(E) is the de-
tector response function that represents the signal generated by
each detected x-ray photon as a function of photon energy, E.
Defining $Kg(E) K Kg(E)j Ka(E) and $Kc(E) K Kc(E)j Ka(E),
referred to as the difference-attenuation coefficients, we solve
for ta.

Similarly, the mean measured signals in the high- and
low-energy images for background, (SH)B and (SL)B, can be
expressed as:

ðSjÞ B ¼ XRj � d2 � 6jðEÞ � ejK aðEÞT � ej$KgðEÞtg

�AðEÞ � QðEÞ dE; j ¼ H ; L: ð2Þ

We assume that the maximum energy of x-ray spectra in
the high- and low-energy images is E1 and E2, respectively
(E1 9 E2). Thus, the mean signal for microcalcifications and

for background can be rewritten based on equations (1) and (2),
as follows:
For microcalcifications:

$SM = X
E2

0 RL � d 2 � 6LðEÞ �
RH 6HðEÞ
RL6LðEÞ

� ejKaLðEÞT � ej$KgLðEÞtgj$KcLðEÞtc

� e

KaHðEÞ
KaLðEÞ

þ
$KgHðEÞ
$KgLðEÞ

þ $KcHðEÞ
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� AðEÞ � QðEÞ � dE þ X
E1

E2
RH � d2

� 6HðEÞ � ejKaHðEÞT � ej$KgH ðEÞtgj$KcHðEÞt c

� AðEÞ � QðEÞ � dEþ X
E1

0 RL � d2 � 6LðEÞ

� ejKaLðEÞT � ej$KgLðEÞtgj$KcLðEÞtc

�AðEÞ � QðEÞ � dE K c1 � ðSHÞM þ d1 ð3Þ

For background:

$SB K c2 � ðSHÞB þ d2 ð4Þ
where c1 and c2 are constants

d1 ¼
RH6H
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e

KaH
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þ
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RH6H
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e
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 !
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We can express equations (3) and (4) as the signal dif-
ference between high-energy and low-energy images (ie, the

FIGURE 1. A, Stimulated microcalcification phantom in which numbers 1 to 6 were made from calcium carbonate (CaCO3) and
numbers 7 to 12 were from aluminum (Al). B, Photograph showing the phantom position with overlapped normal tissue component
plate stimulating different breast thickness conditions with varied tissue densities.
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subtracted image), which is equal to the signal at the high-
energy multiplied by a ratio of c1, in which integrated energy
from E2 to E1, and add a constant representing a ratio of

RH6H

RL6 L
e

KaH

KaL
þ $KgH

$KgL
þ $K cH

$KcL

� �
j1 of the low-energy signal.

Thus, we can denote the signal difference for microcalcifications
as a linear correlation with the signal at high-energy, (SH)M, with
a slope of c1 and a y intercept of d1. Likewise, the signal dif-
ference for background also can be denoted as c2� (SH)B + d2. In
accordance with this DEDM theory, the maximum information
concerning microcalcifications and background can be iden-
tified through the proposed algorithm.

Breast Phantom
A plate consisting of 6 different sizes of presifted calcium

carbonate grains and aluminum grains (Computerized Imaging
Reference Systems [CIRS], Inc, Norfolk, Va) was used to sim-
ulate microcalcifications with diameters of 0.39, 0.27, 0.23, 0.20,
0.16, and 0.13 mm, as shown in Figure 1A in order from number
1 to number 6. Each cluster contained 5 microcalcifications of the
same size to ensure measurement reproducibility. Because of the
limited visibility of the mammography system for a pixel size
less than 85 Km, we excluded 0.13-mm-sized microcalcifica-
tions from this experiment. Moreover, although the feasibility of
using aluminum grains as just-visible microcalcifications for the
FFDM system had been already proven,17 we excluded the
aluminum grains as microcalcifications to simplify our experi-
mental parameters.

To realistically mimic breast imaging conditions, slabs of
breast-equivalent plastic (CIRS, Inc), with densities simulating
70%, 50%, and 30% adipose (corresponding to 30%, 50%, and
70% glandular tissue, respectively) were used to achieve vari-
ous breast thicknesses. Thin breasts were composed of 3-, 3.5-,
4-, and 4.5-cm thicknesses and thicker breasts were represented
by slabs with thicknesses ranging from 5, 6, and 7 cm. During
image acquisition, a plate containing varying sizes of micro-
calcifications was placed on top of a 20-mm-thick slab with
1 edge aligned to the edge of the chest wall. Additional slabs
composed of 30%, 50%, or 70% adipose tissue were then stacked
on top to simulate glandular breast tissue of varying thicknesses
(Fig. 1B). The breast phantom was maintained at a fixed height
and position so its image always occupied the same size and
position on the detector array. This made the subsequent region-
of-interest (ROI) analysis easier to perform.

Image Acquisition Using DEDM and SEDM
Screening with the FFDM system (Giotto Image System;

IMS, Bologna, Italy) was performed with a direct flat-panel
detector, consisting of a semiconductor layer of amorphous se-
lenium (Se) placed under a direct current before x-ray exposure.
The absorption of x-rays caused local charge equalization. The
charges were captured by an array of electrodes, storage capa-
citors, and transistors located behind the Se layer and were
converted to electronic signals. After electronic enhancement
and analog-to-digital signal conversion, the digital image was
sent to the imaging computer.

Matrix size of the detector was 3584 � 2816, corresponding
to a field size of 30.4 � 23.9 cm2, with a pixel size of 85 Km.
Fixed conditions included a 0.3-mm focal spot, a source-to-
image distance of 660 mm, compressed paddle with stress of
5 kg (10 lb), and anode/filter of tungsten/silver.

For the DEDM technique, an automatic exposure control
was used to acquire each high-energy image at different tissue

densities with various breast thicknesses (Table 1). A correspond-
ing low-energy image was achieved by adjusting the tube voltage
to its lowest setting, 23 kV (peak), while keeping the effective tube
current time product (mA s) the same as that used in the high-energy
image acquisition.

This study also used SEDM to be the control, acquiring
images at the same exposure setting as that in the high-energy
acquisition in the DEDM. Two radiologists with more than 5 years
of clinical experience have individually reviewed the SEDM
images on an image workstation with a 1600 � 1200 resolution,
a window/level adjustment and zooming, if necessary. During
the review process, the radiologists were not given the phantom
information to select ROIs of suspicious microcalcifications by
they the recorded their sizes.

Mean glandular dose (MGD), the average value of the ab-
sorbed dose in the glandular tissue, was also used to estimate the
dose risk. It can be calculated from the following equation:

MGD¼ ESE � D gN ð5Þ

where ESE (entrance skin exposure) is expressed in roentgens
(R) and DgN is the normalized dose conversion factor (mGy/R)
that resulted from an incident exposure in air of 1 R, being a
function of breast density, breast thickness, x-ray beam quality
(ie, tube potential and beam half value level), and anode/filter
combination.

Statistical Analysis
The acquired images were analyzed using MATLAB soft-

ware (version 7.10.0.499; MathWorks, Natick, Mass). For each
different tissue density, we measured the mean diameter of the
microcalcifications for each thickness using the DEDM tech-
nique (as stated in Section II.1, DEDM theory). Analysis of
variance and Student t test (version 10.0; SPSS, Inc, Chicago, Ill)
were performed to compare statistical differences for each mi-
crocalcification size and for each tissue density on thinner versus
thicker breasts in the DEDM.We also conducted multiple-reader
analysis using the Pearson correlation in the SEDM to have
consistent agreement between readers and to provide more robust
confidence in the readers’ evaluations.

To evaluate the accuracy of detection of microcalcifica-
tions, we measured free-response receiver operating character-
istic (FROC) curves by measuring TP fractions with associated
average FP numbers per image. The TP fraction refers to the true-
positive detection fraction, which shows how many real micro-
calcifications can be detected; and the average number of FP
per image refers to a false-positive number. A total of 175 ROIs

TABLE 1. Tube Voltage/Tube Current Time Product
(kV [peak]/mA s) Parameter Settings at Different Breast
Thicknesses and Tissue Densities in High-Energy
Digital Mammography

Thickness, cm g30/a70 g50/a50 g70/a30

Thinner 3 25/56 25/59 25/62
3.5 26/54 26/58 26/60
4 27/55 27/60 27/63
4.5 28/58 28/64 28/69

Thicker 5 29/63 29/71 29/76
6 30/87 30/100 30/111
7 31/120 31/139 31/158

g30/a70 indicates tissue density with glandular of 30% and adipose of
70%; g50/a50, tissue density with glandular of 50% and adipose of 50%;
g70/a30, tissue density with glandular of 70% and adipose of 30%.
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for each tissue density were used for the DEDM technique
and for comparing it to the SEDM. Each ROI was com-
posed of 5 microcalcifications per diameter � 5 diameters per
thickness � 7 thicknesses. Here, a TP fraction of 1 was defined
as a detected microcalcification that was overlapped with more
than 50% of the suspicious area,18 and all other micro-
calcifications were considered FP clusters. A cluster was defined
as a group of microcalcification of 2 pixels or more. In addition,
areas under the FROC curve (Az) were also used to compare the
accuracy of detectability of microcalcification between the 2
methods. Student t test was performed to compute P values to
assess the statistical differences in Az between the 2 techniques
(P G 0.05 was considered statistically significant).

RESULTS
In this study, we found that most of the measured micro-

calcification diameters were greater than the exact values pro-
vided by the commercial company (CIRS, Inc; Table 2), with an
approximate difference of less than 5 pixels. This wasmainly due
to the partial volume effect. In comparison of the estimated
microcalcification sizes among different tissue densities, there
were no significant differences observed (all P 9 0.05).

In general, the detectability of microcalcification using the
DEDM approach showed no correlation between tissue densities
of g30/70 and g50/a50. Meanwhile, data for g70/a30 showed
slight underestimations especially compared with those of g30/
a70, owing to an increased linear attenuation coefficient with
increased glandular ratio. On the other hand, there were signif-
icant differences in the estimated microcalcification sizes be-
tween thinner and thicker breasts for each tissue density.

In the SEDM technique, all estimated microcalcification
diameters for 3 tissue densities were plotted in Figure 2 to
compare differences on the detected microcalcifications be-
tween the 2 professional readers. In the results, the estimated
medium diameter of overall performance was 0.50 T 0.18 mm
for reader 1 and 0.41 T 0.20 mm for reader 2, respectively, and
the difference between the 2 readers was less than 2 pixels.
Also, there was a good agreement between the 2 readers as
evidenced by a Pearson correlation of 0.84 to 0.90.

For the 3 tissue densities in Figure 3, TP fraction was
0.90 for an average of 0.018 to 0.042 FP per image using
the DEDM technique compared with an average of 0.134 to
0.422 using the SEDM. In overall performance, the average
FP per image was 0.0198 for the DEDM and 0.292 for the

SEDM with a TP fraction of 0.90. These results demonstrated
that the DEDM technique leads to a more robust estimation
of image noise and thereby performed better detection of
microcalcification than that with the SEDM technique.

The area under the curves (Az), obtained as a measure of
accuracy of microcalcification detection, were compared with
the difference between the DEDM and the SEDM techniques
for each tissue density. The estimated Az values in the DEDM/
SEDM methods were 0.948/0.673 for g30/a70, 0.923/0.567
for g50/a50, 0.889/0.627 for g70/a30, and 0.956/0.681 for
overall performance, respectively. There were no significant
differences in Az values for various tissue densities using the
SEDM method. However, in the DEDM technique, the Az value
for g70/a30 was found to be significantly lower than that of
other densities. The higher Az values given with the DEDM
technique proved better performance than those with the SEDM
(P G 0.001). For example, in a breast thickness of 4.5 cm and
with tissue densities of 50% glandular and 50% adipose (g50/
a50), 5 same-sized microcalcifications with diameters of 0.39
and 0.16 mm were measured with the 2 techniques as shown
in Figure 4. The SEDM technique had a tendency of over-
estimating diameter sizes of 0.39 mm and underestimating di-
ameter sizes of 0.16 mm, respectively, leading to obtain worse
detection accuracy compared with the DEDM technique.

DISCUSSION AND CONCLUSIONS
Computerized detection of microcalcifications has been at

the forefront of research over the past decade. This study has
shown that detection of microcalcifications depended not only
on the signals present in the mammographic image but also
on the limited contrast sensitivity of FFDM and image noise
(tissue structure background), which clearly increased the FP
detection rate. Using higher radiation exposure could be one of
the methods to enhance contrast-to-noise ratios to improve
bringing more microcalcifications to a visible level when the
background is uniform. Nevertheless, a nonsignificant improve-
ment in detecting microcalcifications might be achieved if com-
plicated tissue structures were used. Thus, the anatomical noise
would be the dominating factor that will limit visualization of
microcalcifications.19

FIGURE 2. Microcalcification diameters were recorded by the
2 readers in SEDM where the medium diameter was marked
as & and r, respectively, according to each tissue density. Data
showed good agreement between the 2 readers as evidenced
by a Pearson correlation of 0.84 to 0.90.

TABLE 2. Estimated Microcalcification Sizes at 3 Different
Tissue Densities With Thinner (3Y4.5 cm) and Thicker (5Y7 cm)
Breast Thicknesses

Estimated Size, mm

PTrue Size, mm g30/a70 g50/a50 g70/a30

Thinner 0.39 0.62 T 0.05 0.60 T 0.04 0.59 T 0.03 0.27
0.27 0.41 T 0.03 0.38 T 0.03 0.36 T 0.04
0.23 0.32 T 0.02 0.31 T 0.04 0.29 T 0.04
0.20 0.28 T 0.02 0.27 T 0.03 0.25 T 0.04
0.16 0.21 T 0.04 0.20 T 0.03 0.18 T 0.05

Thicker 0.39 0.57 T 0.05 0.57 T 0.03 0.48 T 0.10 0.10
0.27 0.34 T 0.04 0.30 T 0.09 0.23 T 0.13
0.23 0.23 T 0.08 0.20 T 0.08 0.22 T 0.08
0.20 0.18 T 0.07 0.17 T 0.08 0.15 T 0.10
0.16 0.14 T 0.08 0.09 T 0.07 0.08 T 0.06

P 0.001 G0.001 G0.001
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In the study, we offer a DEDM model that simultaneously
corrects for the inherently low contrast of microcalcifications
and the high degree of noise in the subtracted image. The least
detectable microcalcifications with our method were 0.2 mm,
whereas the breast thickness was less than 5 cm, and the de-
tectability could be further improved to 0.16 mm if breast

FIGURE 3. The FROC curves were obtained with both DEDM and SEDM techniques for tissue densities of g30/a70 (A), g50/a50 (B),
g70/a30 (C), and overall performance (D), a combination of all tissue densities.

FIGURE 4. Images of 5 same-sized microcalcifications with
diameters of 0.39 mm for DEDM (A), 0.39 mm for SEDM (B),
0.16 mm for DEDM (C), and 0.16 mm for SEDM (D) zoomed
to display and measured under a compressed breast thickness of
4.5 cm with a tissue density of g50/a50.

TABLE 3. Summary of Our Morphology and Measured Az
Values Compared With Other Research

Author Morphology Az

Our experiment Dual energy 0.89Y0.95
Lado et al21 One-dimension wavelet

transform
0.77 for fatty
0.64 for dense

Betal et al22 Top-hat and watershed
algorithm

0.73Y0.84

Hamid et al23 Real-valued and binary
genetic algorithm

0.83Y0.89

Papadopoulos et al24 Hybrid neural network
classifier

0.91Y0.92

Nakayama et al25 Filter bank 0.68Y0.92
Yu et al26 Markov random field

and fractal model
0.78Y0.90

Ge et al27 Box-rim filter and FP
reduction

0.95 for 10
iterations

0.99 for 90
iterations
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thickness was less than 4.5 cm. These results demonstrated
comparable sensitivities to other studies with FFDM (90% vs
92%) but a superior number of false-positives per image (0.019
vs 1.2).20

The area under the curves (Az) in this study played a crucial
rule for comparing detection accuracies, and our dual-energy
technique obtained Az values of 0.89 to 0.95, indicating a better
detection accuracy compared with those of other studies,21Y26

with Az values of approximately 0.83 to 0.91 using FFDM, and
the comparisons were accordingly summarized in Table 3. In
the study by Ge et al,27 they obtained a detection accuracy with
Az values higher than 0.95, even up to 0.99, by using a series
of complicated mathematical procedures and analyses, including
inverted logarithm transforms, filtering, segmentations, convolu-
tion neural network, clustering, and linear discriminate analysis.
However, their study was very time-consuming and required
tremendous iterations to achieve such detection accuracy. Our
proposed technique based on the dual-energy concept proved
to be a better tradeoff between detection accuracy and computa-
tional burden.

For the past decade, a charge-coupled deviceYbased slot
scanning digital mammography (SSDM) has been developed
and applied to breast imaging. Lai et al19 have evaluated and
compared the microcalcification detectability of 2 commer-
cial digital mammography systems, SSDM and FFDM. Their
study obtained an Az value of 0.684 with FFDM, which was
comparable to our experimental results with the SEDM (Az =
0.681). In addition, they suggested that the SSDM was a better
technique for detecting microcalcification than FFDM and
that its accuracy could be increased when using a higher MGD
(Az values in SSDM vs FFDM: 0.753 vs 0.683 at 0.87 mGy
and 0.836 vs 0.803 at 1.74 mGy, respectively). Nevertheless,
under the same breast thickness of 5 cm in g50/a50 tissue
density, our DEDM technique offered better detection accu-
racy (Az = 0.923) compared with the SSDM, although MGD
was 1.6 mGy for the DEDM (Table 4), slightly lower than
the 1.74 mGy for the SSDM. However, the differences in MGD
were not statistically significant.

There were not much differences in the MGDs with dif-
ferent tissue densities for the DEDM and the SEDM techniques,
respectively, as shown in Table 4; however, the MGD increased
with breast thickness owing to the need to increase the tube
voltage and the tube current (Table 1). Our DEDM technique
generally resulted in a higher MGD compared with that in the
SEDM. However, a lower radiation dose could be possibly ob-
tained for the DEDM techniquewith a thickness of less than 5 cm
compared with that for the SEDM with thickness larger than
5 cm. Meanwhile, our DEDM technique could effectively detect

microcalcifications sized up to 0.2 mm; thus, compression of
the breast to a thickness of less than 5 cm was recommended
to preserve the optimal microcalcification detection accuracy,
with an effective benefit of minimizing the MGD.

The DEDM technique in this study was proposed to po-
tentially provide more imaging information by using subtracted
signals, instead of using logarithm image subtraction,11Y16 which
would induce noise enhancement to lead rarely detectable micro-
calcifications. Although determination of the signal differences
relying on accurate microcalcification measurement proved to
be satisfactory, its classification of microcalcifications origi-
nated from the signal differences of microcalcifications with a
size of 0.39 mm and from the background. In fact, it lacks slope
information on equations (3) and (4), which were integrated
signals of the high energy from E2 to E1, depending on the
incident x-ray spectra and spatial nonuniformity of the x-ray
intensity; detector response, in principle, could result in erro-
neous dual-energy imaging. Moreover, a higher kilovolt (peak)
setting in high-energy imaging to enhance imaging contrast and
further studies on mimicking the clinical situation more closely,
likely useful in specimen projections, are also needed to colla-
borate with our findings. A classification system using the
DEDM technique that could be incorporated in computer-aided
detection to enhance the ability to interpret mammographic
findings might be a topic for future research.
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