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Abstract
Objectives To demonstrate the feasibility of contrast-
enhanced dual-energy mammography (CEDEM) using titani-
um (Ti) filtering at 49 kVp for high-energy images and a novel
artefact reducing image-subtraction post-processing
algorithm.
Methods Fifteen patients with suspicious findings (ACR BI-
RADS 4 and 5) detected with digital mammography (MG)
that required biopsy were included. CEDEM examinations
were performed on a modified prototype machine. Acquired
HE and low-energy raw data images were registered non-
rigidly to compensate for possible subtle tissue motion.
Subtracted CEDEM images were generated via weighted sub-
traction, using a fully automatic, locally adjusted tissue
thickness-dependent subtraction factor to avoid over-
subtraction at the breast border. Two observers evaluated the
MG and CEDEM images according to ACR BI-RADS in two
reading sessions. Results were correlated with histopathology.

Results Seven patients with benign and eight with malignant
findings were included. All malignant lesions showed a strong
contrast enhancement. BI-RADS assessment was altered in
66.6% through the addition of CEDEM, resulting in increased
overall accuracy. With CEDEM, additional lesions were
depicted and false-positive rate was reduced compared toMG.
Conclusions CEDEM using Ti filtering with 49 kVp for HE
exposures is feasible in a clinical setting. The proposed image-
processing algorithm has the potential to reduce artefacts and
improve CEDEM images.
Key Points
• CEDEMwith a titanium filter is feasible in a clinical setting.
• Breast thickness-dependent image subtraction has the poten-
tial to improve CEDEM images.

• The proposed image-processing algorithm reduces artefacts.
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Introduction

Contrast-enhanced dual-energy mammography (CEDEM)
has the potential to improve diagnostic accuracy in lesion
detection and characterization through the additional function-
al information provided by the contrast enhancement of breast
tumours [1–7]. CEDEM uses the dual-energy and temporal
subtraction technique [2, 8], which takes advantage of charac-
teristic changes in the x-ray attenuation of breast tissue and
iodine contrast agent at different photon energies. A high-
energy (HE) and a low-energy (LE) image obtained after the
administration of an iodinated contrast agent are used for the
calculation of a subtraction image with increased conspicuity
of the iodine enhancement [8]. CEDEM systems usually use
either copper (Cu) [1, 3, 4] or aluminium (Al) [5] as additional
filters to further harden the incident photon beam and thus
narrow the spectrum to reduce overlap for the HE image ex-
posure, combined with tube potentials between 45 and 49
kilovolt peak (kVp).

In general for beam hardening any material without a K or
L edge in the spectral range can be used. Therefore another
suitable option for filter material is titanium (Ti). Ti has a
relatively low atomic number and therefore absorption edges
in the applied spectral energy range can be avoided. The lower
atomic number of Ti (Z=22) compared to Cu (Z=29) is further
beneficial as there is a larger contribution of the photoelectric
effect. Additionally the use of a Ti filter leads to (a) a lower
tube load, and (b) a higher signal-difference-to-noise ratio
(SdNR) of the iodine enhancement in breast tissue that is
apparent in the subtracted image [9]. The SdNR is a measure
of the detectability of an object in an x-ray image [10]. It is
defined as the ratio between the mean signal difference of the
object of interest and the background divided by the standard
deviation of the noise in the background [11]. A higher SdNR
results in a better visibility of iodine against the structured
breast background. SdNR can also be increased through ele-
vated tube voltages, reflecting a greater distance to the K-edge
of iodine at 33.2 kV [12, 13].

The application of an intelligent algorithm in the image
subtraction process [14], which takes the breast contour into
account, avoids subtraction artefacts and increases image
quality [6].

The purpose of the study was to evaluate the feasibility of a
CEDEM system, using a Ti filter at a fixed tube voltage of 49
kVp for HE images, and to introduce a novel post-processing
algorithm for the subtraction process.

Materials and methods

Siemens Healthcare (Erlangen, Germany) provided the equip-
ment for this study. The authors had complete control of the
data and the article submitted for publication. Institutional

review board approval and written, informed consent from
patients were obtained.

Patients

Within a 9-month period, patients who were recalled after
screening mammography (MG) and had a suspicious imaging
finding at assessment (American College of Radiology (ACR)
Breast Imaging Reporting and Data System (BI-RADS) 4 and
5) were offered enrolment in this study. Patients who were
pregnant, lactating, younger than 40 years, or had breast im-
plants, prior breast surgery or mastectomy, renal insufficiency,
or contraindications to iodinated contrast agent were exclud-
ed. Examinations were scheduled between the seventh and
14th day of the menstrual cycle.

Image acquisition

CEDEM was performed with a modified Siemens Mammomat
Inspiration full-field digital mammography (FFDM) unit
(Siemens Healthcare). For CEDEM a pair of HE and LE images
were obtained consecutively during a single breast compression.
HE imageswere obtainedwith an additional Ti filter. Simulations
have verified a tube current lower by a factor of 1.6 for the Ti
filter (1 mm) compared to a Cu filter (0.3 mm) as used in other
systems, resulting in a lower tube load, for equal image quality
[9]. Deterministic simulations were performed with a tungsten
(W) anode, different filter materials (rhodium (Rh), Al, Cu, Ti)
and thicknesses as well as tube voltages. Breast thicknesses were
modified between 20 mm and 80 mm with an assumed 50/50
glandular/fatty tissue fraction. SdNRwas computed for a 0.1mm
homogenous iodine slice. Phantom tests were performed using
these settings in a CIRS model 020 (CIRS, Virginia, USA), and
resulted in 30% of the dose used for the HE images compared to
standard mammograms [9]. As a result, HE images were ac-
quiredwith aWanode and a 1-mmTi filter at a fixed tube voltage
of 49 kVp. Ti was chosen because of its relatively low atomic
number and, thus, absence of absorption edges in the spectral
energy range applied. The material thickness chosen represents a
compromise between optimum hardening and tube output (tube
current). In order to prevent a dose increase due to the iodine
contrast, manual exposure technique was used for HE acquisi-
tions. A lookup table was created based on the average glandular
dose (AGD) for the LE images acquiredwith automatic exposure
control (AEC) using a CIRS model 020 (CIRS, Virginia, United
States) phantom with 50/50 glandular/fatty tissue fraction with
different thicknesses (20–80 mm). The AGD of HE was set to
approximately 30 % of the AGD for LE. LE images were ac-
quired with a W anode target and a 55-μm Rh filter at a tube
voltage of 28–32 kVp according to regular MG imaging proto-
cols, applying the photon energies well below the K-edge of
iodine. Exposures were taken in an automatic image acquisition
technique using an anti-scatter grid.
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Contrast agent administration

Intravenous injection (20-gauge catheter) of contrast agent
was performed prior to positioning and breast compression
with the patient in a seated position. Breast positioning was
equal to conventional mammograms. A single dose of 2 ml/kg
bodyweight of non-ionic iodine contrast media (Iomeron 400,
Bracco, Italy) was administered at a rate of 3.5 ml/s using a
power injector (Ulrich Medical, Ulm, Germany), followed by
a saline flush of 25 ml. Sixty to 90 seconds after administra-
tion of the contrast agent, the breast was compressed with
standard compression force and imaging began, so that the
early-phase enhancement of breast lesions was reached [15].
HE images, which carry mainly the iodine information, were
performed first to maximize the dual-energy contrast [16]. LE
images were performed after a delay of 30 s. During this time,
the HE image was displayed, and filters were changed and
moved into the x-ray beam automatically. In this prototype
setting only one view was acquired; however, we are aware
that in a clinical setting two views are mandatory [3].

Image processing

Image reconstruction software was written in Matlab
(MathWorks, Ismaning, Germany) and included two steps.
First, LE and HE images were registered non-rigidly to com-
pensate for possible subtle tissue motion between the two
images (Fig. 1) [17]. Then a weighted subtraction of the log-
arithmic images was performed according to:

CEDEM ¼ ln HE−w s; tð Þ*ln LE

The corresponding weighting factor, w(s,t), is optimized to
cancel background breast tissue, resulting in minimal anatom-
ical noise. In order to maximize the augmentation of the iodine
contrast and minimize anatomical noise, w(s,t) is dependent
on the x-ray spectra used (s), and the compressed breast thick-
ness (t), accounting for both individual differences, as well as
decreasing tissue thickness toward the periphery of the organ.
Therefore the breast contour is detected using a segmentation
algorithm. Local breast thickness in the border region is then
estimated by applying spline interpolation and a geometric
model of the compressed breast tissue. The resulting w(s,t)
in the subtraction then becomes locally dependent on the tis-
sue thickness estimate, resulting in high values in the centre
and gradually lower values in the margin area [18]. This ap-
proach is superior to a constant w(s,t), since the latter would
result in over-subtraction at the border that might conceal
contrast-enhancing lesions at the breast margin (Fig. 2). To
determine the optimal w(s,t) an image entropy minimization
algorithm is applied, since subtracted images with less ana-
tomical noise, i.e. better cancellation of non-iodine-related

structures, are mathematically related to a lower image entro-
py. All images were stored digitally.

Image evaluation

In addition to the CEDEM image, full-field digital mammog-
raphy (FFDM) images were available for all patients.
Diagnosis was established via core-needle biopsy and/or sur-
gery in all patients [19]. In case of additional lesions detected
with CEDEM that were not visible with FFDM, e.g. multifo-
cal or multicentric cancers, additional magnetic resonance im-
aging (MRI) was performed. Additional lesions underwent
either MR-guided or ultrasound-guided biopsy if visible on
second-look ultrasound. All images were evaluated indepen-
dently by two radiologists (Readers 1 and 2) with more than
6 years of experience in breast imaging. In case of a discrep-
ancy, the final decision was made in consensus. Evaluation
was performed on a Syngo® MammoReport workstation
(Siemens) under slightly increased ambient light settings [20].

Readers were blinded to inclusion criteria, clinical informa-
tion, patient history and previous MGs. Images were
anonymised and shown in a random order in two independent
sessions. In the first session, the set of MGs (two views) were
reviewed. Thirty days after the first session, the MGs and the
CEDEM images were evaluated side by side. In case of a
discrepancy in the final BI-RADS assessment between the
MG and CEDEM, the results of the CEDEM were always
used for the final BI-RADS classification. This could result
in an up- or downgrading of the initial MG BI-RADS classi-
fication. MGs and subtracted CEDEM images were reviewed
based on the criteria from the BI-RADS lexicon [21]. For the
interpretation of the subtracted CEDEM images, criteria on
contrast enhancement intensity and morphology were adopted
from the MRI part of the BI-RADS lexicon [21]. Subjective
judgement of lesion enhancement was based on a four-option
scale, i.e. strong, moderate, weak and none.

Results

Seven benign and eight malignant lesions were found in 15
patients (median age, 58 years; range, 44–74 years). Table 1
summarizes the details for each patient and the results of the
image evaluation. Of the eight patients with malignant lesions,
five had a single lesion, one had a multifocal cancer with four
lesions (patient 9) and two had multicentric cancer with three
lesions (patient 10) and five lesions (patient 14). In the multi-
focal and multicentric lesions CEDEM depicted three (patient
9), two (patient 10) and four (patient 14) additional lesions that
were not visible in FFDM. All malignant lesions showed a
strong contrast enhancement at CEDEM. Moderate enhance-
ment was seen in two benign lesions. The remaining benign
lesions showed no enhancement.
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Through the combination of the MG and CEDEM, BI-
RADS assessment changed in 10/15 (66.6 %) patients. In five
cases (33 %), BI-RADS was upgraded from BI-RADS 4 to 5.
In two cases (13 %), BI-RADS was downgraded from BI-
RADS 4 to 2 (Fig. 3), in two cases (13 %) from BI-RADS 3
to 2, and in one case (7 %) from BI-RADS 4 to 1.

Discussion

The results of our study show that the CEDEM system
studied, using a Ti filtering of 1-mm thickness to harden
the 49 kVp W-anode X-ray spectra for HE acquisition,
generated images that are clinically useful. This method,
combined with a subtraction algorithm to account for local
breast tissue thickness, especially in the border region of
the compressed breast, is feasible. It allowed the analysis of
breast lesions with a high diagnostic accuracy.

Several studies have shown the potential value of CEDEM
for an improved diagnostic accuracy in breast lesion

characterization compared to MG [1–7]. To date Cu filters
with tube voltages within a range of 45–49 kVp were used
for the HE images. These settings were used to effectively
shape the X-ray spectrum to maximize the proportion of X-
rays with energies above the k edge of iodine [22].
Improvements are anticipated to be achievable by combining
different levels of tube potentials and target/filter combina-
tions for LE and HE images [16, 23].

In our study, CEDEM was performed using a W anode
target and a 1-mm Ti filter at a fixed maximum achiev-
able tube voltage of 49 kVp for the HE images.
Previously, these settings led to an increase in the SdNR
[9, 13] and the best visibility of iodine in phantom studies
[12]. To our knowledge, we are the first to successfully
demonstrate the feasibility of this combination in a clinical
setting.

All cancers were depicted with CEDEM, including both
lesions that were visible or invisible on standard FFDM.
All strongly enhancing lesions at CEDEM proved to be
carcinomas. Lesions with moderate or no enhancement

Fig. 1 Effect of non-rigid co-registration of low energy (LE) and high
energy (HE) images on the subtracted contrast-enhanced dual-energy
mammography (CEDEM) image. Breast structures are surrounded by a
thin black shadow in non-registered CEDEM images due to subtle tissue

motion between the acquisition of LE andHE images, e.g., vessels (arrow
in a). No shadows are visible after applying co-registration, and the
subtracted CEDEM image appears more homogenous (arrowhead in b)

Fig. 2 Mammography (a),
subtracted contrast-enhanced
dual-energy mammography
(CEDEM) image with breast
thickness-dependent weighting
factor (b), and with a constant
weighting factor (c) in a 63-year-
old female with an invasive ductal
carcinoma (IDC) (arrows in b and
c). A thick rind of increased
density surrounding the periphery
of the breast is present
(arrowheads in c) due to over-
subtraction. This artefact is
overcome when applying a
locally dependent weighting
factor (b)
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proved to be benign findings at histopathology (Fig. 4).
Cancers not visible on FFDM were identified on CEDEM
through contrast enhancement, which was especially helpful
in radiologically dense breasts. Multifocal and multicentric
cancers not detected on MG were depicted on CEDEM.

The increase in overall accuracy, especially in dense
breasts, the depiction of additional lesions, and a reduction
in the false-positive rate is in agreement with other
contrast-enhanced MG studies [1, 3, 6].

Post-processing of the acquired HE and LE images is
of great importance to allow optimal assessment of the
subtracted contrast-enhanced images. We implemented an
optimized image subtraction algorithm for CEDEM that
has the capability of minimizing the potential of
concealing contrast-enhancing lesions at the border of the
breast (Fig. 2). However, the effect of this approach needs
to be evaluated in direct comparison with post-processing
algorithms used in other studies. Jochelson et al. [6], using
a simpler image subtraction algorithm, reported that eval-
uation was limited subsequently in the occurring rind of
increased density surrounding the periphery of the breast,
and underlines the importance of our endeavour. To avoid
motion artefacts, we introduced fully automatic, non-rigid,
co-registration of each HE and LE image pair (Fig. 1).
This has some impact since it is reported that up to
10 % of examinations had to be excluded due to motion
artefacts [24]. This motion can result in a ‘black carcino-
ma’, an unexpected decrease in density in the subtracted
images, which was explained by the mismatch between
the HE and LE image.

A limitation of our study is the small number of patients.
The numbers of malignant and benign lesions was not bal-
anced, and thus the breast cancer incidence was much higher
compared to the incidence in a screening population.
However, this was a feasibility study intended to test a pro-
totype version in a clinical setting. Further research with a
larger population is necessary to demonstrate the value of
CEDEM using this approach. It can be expected that the
results will be at least comparable to other CEDEM systems
[1–8].

In conclusion, CEDEM using a Ti filter at a fixed tube
voltage of 49 kVp for HE images is feasible. Breast tu-
mours can be analysed with high diagnostic accuracy
compared to FFDM. The proposed image-processing algo-
rithm has the potential to reduce artefacts and improve
CEDEM images.
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Fig. 3 Mammography (a) from a 52-year-old female shows an
architectural distortion (arrow in a) and was rated as BI-RADS 4. No
contrast enhancement is depicted in the suspected region at contrast-
enhanced dual-energy mammography (CEDEM), and the lesion was
thus rated as BI-RADS 2 (b). Histology of the suspected region showed
no signs of malignancy

Fig. 4 Mammography (a) and subtracted contrast-enhanced dual-energy
mammography (CEDEM) image (b) of a 47-year-old female with a
fibroadenoma. Moderate enhancement is present (b) in this benign
lesion. Common features of a fibroadenoma can also be depicted in the
subtracted CEDEM image with image co-registration and a locally
dependent weighting factor for image subtraction: lobulation (arrow in
b), and thin non-enhancing septa (arrowhead in b)
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