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Abstract: Dual energy (DE) technique has been used by numerous studies in order to detect breast 
cancer in early stages. Although mammography is the gold standard, the dual energy technique 
offers the advantage of the suppression of the contrast between adipose and glandular tissues and 
reveals pathogenesis that is not present in conventional mammography. Both dual energy 
subtraction and dual energy contrast enhanced techniques were used in order to study the potential 
of dual energy technique to assist in detection or/and visualization of calcification minerals, masses 
and lesions obscured by overlapping tissue. This article reviews recent developments in this field, 
regarding: i) simulation studies carried out for the optimizations of the dual energy technique used 
in order to characterize and quantify calcification minerals or/and visualize suspected findings, and 
ii) the subsequent experimental verifications, and finally, the adaptation of the dual energy 
technique in clinical practice. 

Keywords: Dual energy; X-rays; Minerals; Crystalline compounds; Crystal structure; Breast 
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1. Introduction 

Breast cancer is one of the most common causes of cancer death in the United States [1], 
accounting for approximately 12% of globally diagnosed cancers in 2012 [2]. Diagnosis of cancer in 
early stage leads to more efficient treatment [3–5]. Furthermore, early detection through screening 
and adequate follow-up of women with positive findings could significantly reduce breast cancer 
mortality (by 15–25%) [6]. Preliminary signs of masses and microcalcifications are important 
indicators of breast cancer [7–9]. A considerable percentage of non-palpable breast cancers (30–50%) 
are detected only because of the appearance of microcalcifications in a mammogram [10].  

Several imaging modalities, such as mammography, ultrasound, and digital tomosynthesis, 
have been used for breast cancer diagnosis. X-ray mammography is the gold standard method for 
early detection of breast carcinomas [11–14]. Masses, areas of distortion, and calcifications that cannot 
be detected by physical examination can be visible on mammograms [15]. Although mammography 
can detect the aforementioned distortions, overlapping tissue structures may obscure their detection. 
As calcifications are the smallest objects that can be detected, any further improvement in their 
detection and visualization is an important step forward. Microcalcifications exhibit higher X-ray 
attenuation compared to the surrounding breast tissue making them visible, while masses are 
difficult to be detected since the X-ray attenuation is similar to that of the healthy breast tissue [16].  

Dual energy (DE) technique suppresses the contrast between adipose and glandular tissues 
revealing pathogenesis that is not present in screening mammography [16]. Dual energy digital 
mammography (DEDM) employs two sequential measurements at different kilovoltages (kV), 
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typically with different beam filters mechanically moved into and out of the beam between exposures 
[17]. Since dual energy technique requires two separate irradiations, no energy discrimination is 
required in the detector. The added filtration selectively removes lower energy photons from the high 
kV beam and provides similar beam intensities at the detector, which otherwise would be much 
greater for the high kV beam [17,18]. By properly subtracting the low- and high- energies, the contrast 
between any two materials may be cancelled or reduced to enhance visualization in imaging 
procedures [19–23]. Weighted subtraction of the logarithmic transform of the low- and high-energy 
images is performed to obtain a subtracted image that enhances microcalcifications [20,21]. In the 
same sense, in dual energy contrast enhanced digital mammography (CEDM) has been evaluated for 
the improvement in the detection of lesions in the final (subtracted) image [22,23]. 

This paper reviews recent developments in this field regarding: (i) the simulation studies 
performed for the optimization of the dual energy technique in order to detect/visualize suspected 
findings (masses, lesions and calcification minerals with crystalline formation), (ii) the experimental 
verifications of studies as well as their results, and (iii) the application of DE in clinical practice. 

2. Dual Energy Method 

Dual energy digital mammography (DEDM) involves the acquisition of two images (high- and 
low-energy image) and then weighted subtraction is applied leading to decrease of the obscurity from 
tissue structure materials [17,24]. Dual kilovoltage technique employ two sequential measurements 
at different kilovoltages, typically, with different beam filters resulting in no need of energy 
discrimination in at the detector. [17,18]. The proper subtraction of the low- and high- energy images 
results in cancellation or reduction of the contrast between any two materials. Thus, the suspected 
findings (i.e., lesions, calcifications, masses) are enhanced in the final image [17–23]. 

The dual energy technique can be implemented with two filtering methods. The K-edge filtering 
technique is used to modify the output from the X-ray tube. The selected filter materials should have 
a K-shell absorption edge near the midpoint of the energy spectrum. Selective attenuation of photons 
just above the absorption edge creates a transmitted spectrum consisting of two relatively narrow 
bands. Only a single exposure is required with K-edge filtering as both energies are present 
simultaneously in the radiation beam [17]. When single exposure is used, an energy-resolving 
detector should be employed in order to distinguish and use only the appropriate energy range. The 
K-edge filtering technique has also been used in the dual energy imaging in order to shape the low- 
and high-energy spectra and obtain quasi-monochromatic spectra [25–28]. 

In dual energy iodine contrast imaging technique, iodine is used as a contrast agent. The 
balanced filter technique, that is used in iodine contrast imaging, is the second filtering method and 
uses three filters. Since iodine is the contrast medium, it is used as one of the three filters (filter 2). 
The other two filters are selected in the basis that their atomic numbers should be lower (filter 1) and 
higher (filter 3) than iodine, respectively. In iodine contrast imaging technique, the patient undergoes 
a mammogram before the contrast medium injection [16]. The subtraction of the mammogram and 
the image acquired, after the injection, cancels out the background and the lesions are enhanced due 
to the iodine uptake. However, with iodine contrast imaging technique both low- and high-energy 
images can be acquired after the patient is injected with the contrast medium [29,30].  

Regardless the image filtering and acquisition techniques, a weighted subtraction after 
logarithmic transform of the low- and high-energy pixel values is performed. The final dual energy 
image reveals enhanced the distortions either the patient was injected or not [16,20,21,25,26]. 

3. Detectors Used in Dual Energy Breast Imaging 

In the last decades, several researchers studied the ability of Dual Energy mammography using 
different detector systems. Johns and Yaffe worked firstly on a theoretical optimization considering 
an ideal imaging system [31] and the experimental verification followed, was accomplished with a 
prototype scanned projection detector [31]. Boone et al. [32] evaluated the efficacy of simulated color 
mammography dual energy image. A calcium index image is computed which corresponds to a dual 
energy basis decomposition tissue subtracted image. Then the calcium index image is colorized using 
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simple color schemes and overlaid onto the conventional single energy image. Six detector pairs, with 
the following crystalline materials, were examined: Y2O2S/Gd2O2S, SrFBr/BaFBr, Y2O2S/LaOBr, 
Y2O2S/CaWO4, Y2O2S/YTaO4, and Y2O2S/LuTaO4 [32]. The Y2O2S/Gd2O2S as well as the SrFBr/BaFBr 
crystalline materials were found to be the best combinations. Brettle and Cowen [33] expanded the 
theoretical model of Boone et al. [32] using a commercial Computed Radiography system. 
Furthermore, hydrogenated amorphous silicon (aSi:H) flat panel detectors coupled with a thallium-
doped cesium iodide (CsI:Tl) converter layer have extensively used in dual energy mammography 
studies [8,9,21–23,34–37]. Finally, digital X-ray imaging detectors [38–40] based on complementary 
metal oxide semiconductor (CMOS) active pixel sensors (APS) coupled to Gd2O2S:Tb phosphor 
screen have been recently introduced in dual energy breast imaging applications [25–28]. 

4. Simulation Studies 

The present section summarizes the simulation studies developed in dual energy breast imaging 
field. The development or modification of algorithms, the study of the impact in using different input 
parameters, and generally the adoption of different considerations in those simulation studies are 
presented below. The results obtained from each study are also presented.  

Lemacks et al. presented the theoretical framework they developed for the calculation of the 
calcification signal-to-noise ratio (SNR) in dual energy images [20]. They studied the influence of 
various imaging parameters (i.e., polyenergetic X-ray spectrum, scintillating material, 
microcalcification size, tissue composition, breast thickness) on the calcification contrast-to-noise 
ratio, considering a fixed entrance exposure of 1000 mR. The standard clinical practices and 
considerations were preserved throughout the study. The optimization of the dual energy technique 
resulted in the detection of 250 μm microcalcificaton mineral size in a 5 cm compressed breast 
composed of 50% adipose and 50% glandular tissue. The signal-to-noise analysis presented in this 
work, evaluated the performance of dual energy imaging, without addressing the impact of scatter 
radiation and detector response [20]. This was addressed in following studies [8,9,24,35]. 

Brandan and Ramirez applied Lemacks’ analytical model [20] to calculate the contrast-to-noise 
ratio in subtracted images considering exposure conditions (i.e., voltage, target and filter material 
and thickness) available in a Senographe 2000D unit used in clinical practice [21]. The input 
parameters (i.e., X-ray spectra, breast and microcalcification composition) used were obtained from 
different published data, compared to Lemacks et al. [20]. The results showed differences ranging 
from 40% to 70% in contrast-to-noise ratio values. The differences depended on the choices made for 
the spectra, breast tissue and calcification composition. The contrast-to-noise ratio values in the 
subtracted microcalcification image were found to be smaller than the Rose’s criterion when using 
the equipment beams. According to Rose’s criterion, the minimum signal-to-noise ratio should be 
close to 5 in order an object to be visible in a homogeneous background. The study of Brandan and 
Ramirez concluded to different results than Lemacks et al. despite the fact that the same analytical 
model was used [20,21].  

Ducote and Molloi investigated the use of dual energy imaging to quantify breast density. Both 
monoenergetic beams and polyenergetic X-ray spectra were studied [41]. The impact of various beam 
energies, dose ratios, and pre-patient filtration on breast density was investigated for several breast 
thicknesses. The results, considering a breast of 4.2 cm, for the monoenergetic approach showed that 
a mean glandular dose of 0.183 μGy was required, while the required mean glandular dose for the 
polyenergetic approach was 9.85 μGy. Based on these results, the breast density can be measured 
with dual energy imaging with either configuration (monoenergetic or polyenergetic) with an 
increase in the dose when polyenergetic X-ray spectra are used. This study concluded that this 
technique could make use of a standard screening mammogram along with a high energy image 
exposure, while an added small amount of dose would be imparted to the patient [41]. 

Koukou et al. investigated a dual energy method for the detection of the minimum 
microcalcification thickness. The minimum microcalcification thickness was determined by applying 
Lemacks’s et al. [20] monoenergetic analytical modeling [25]. In this study, a modified radiographic 
X-ray unit was considered to overcome the kVp range limitation of mammographic units used in 
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previous dual energy studies [20,21]. The optimum irradiation conditions (i.e., X-ray tube high 
voltage, filter material according to their K-edge and thickness) were resolved for polyenergetic 
spectra, so the study becomes more realistic. The contrast-to-noise ratio of the subtracted calcification 
images was calculated for various skin entrance doses (0.96 mGy to 3.52 mGy) and a breast thickness 
of 4 cm. The resulted minimum detectable microcalcification mineral thickness was 150 μm. The dual 
energy method modeled in this work revealed that this method could provide improved calcification 
detectability in breast imaging [25]. 

Del Lama et al. studied the dual energy features with the use of a modified PENELOPE Monte 
Carlo code [42]. The dual energy technique, using mammography parameters and geometry, was 
employed for (i) studying the visualization and measurement of microcalcification thicknesses, (ii) 
determination of the glandular ratios and (iii) evaluation of the effect of the algorithm correction 
methods. The modified Monte Carlo code followed the mathematical framework developed by 
Lemacks et al. (2002) [20]. It was found that the obtained scatter and noise corrected dual energy 
maps revealed better quality images when compared to conventional mammography images. This 
was attributed to the elimination of background. Furthermore, the results of this study showed that 
it was able to visualize microcalcifications as small as 200 μm with a contrast-to-noise ratio of 4, 
regardless the breast glandularity (25%, 50%, and 75%). The mean glandular dose was constrained to 
2.5 mGy. The dual energy technique could also verify the breast glandular ratio for different 
glandularities (25%, 50%, and 75%) and breast thicknesses ranging from 2 to 6 cm. The proposed 
method could be used as an adjunction for standard mammography in cases where the calcification 
thickness and glandularity needs to be assessed [42]. 

Del Lama et al. modified and validated a PENELOPE code for digital mammography 
applications that evaluated several quantities such as scatter to primary ratio, scatter fraction, and 
normalized mean glandular dose [43]. The magnitude of the incident scattered radiation on the 
detector is quantified using the scatter to primary ratio or the scatter fraction. The simulated dual 
energy images were investigated for visualization of microcalcifications. In this study was adopted 
the mathematical formalism developed by Lemacks et al. (2002) [20].  The modified PENELOPE 
code was found to agree well against previous works found in literature [44–54], especially under 
mammography conditions. Based on the results, the modified code of the present study could 
distinguish between primary and secondary radiation. The simulated dual energy images enhanced 
the calcification mineral visualization over the neighboring tissues and allowed a better assessment 
of its dimensions. It was considered a 4 cm thick breast composed of 30% glandular tissue and 70% 
of adipose tissue.  The minimum microcalcification that could be visualized (contrast-to-noise ratio 
of 4), with a mean glandular dose of 2.5 mGy, was 200 μm. The proposed simulations showed that 
the dual energy technique could be a complementary tool for the conventional images, regarding the 
visualization and estimation of glandular ratio and calcification thicknesses [43]. 

Table 1 summarizes the optimum parameters of the simulation studies. The low– and high-
energy beam and low- and high-energy spectra combinations are indicated with keV and kVp, 
respectively. The anode/filter combinations used for the low energy (LE) and high energy (HE) 
images in the polyenergetic approaches are also presented. The majority of studies used calcium 
carbonate (CaCO3) crystals simulating microcalcifications [20,21,42,43]. Koukou et al. used 
Hydroxyapatite (Hap) to simulate microcalcifications [25]. According to previous studies, the 
microcalcifications that are associated with malignancy are mainly composed of Hydroxyapatite 
crystals [44,45]. Finally, the mean glandular doses of the studies are also presented. Only the study 
of Ducote and Molloi [41] resulted in mean glandular dose of μGy. However, the mean glandular 
dose of the polyenergetic approach was substantially increased, as expected, compared to the 
monoenergetic approach (approximately 53.8 times). 
  



Crystals 2020, 10, 198 5 of 21 

 

Table 1. Optimized parameters and results of the simulation studies. 

Optimized 
parameters – 

Results 

Studies 
Lemacks 
et al. [20] 

Brandan 
et al. [21] 

Ducote & 
Molloi [41] 

Koukou 
et al. [25] 

Del Lama 
et al. [42] 

Del Lama 
et al [43] 

Beam (keV) / 
Spectra (kVp) 25 / 50 kVp 

25 / 40 
kVp 

19 / 71 keV 
32 / 96 kVp 

23 / 58 
keV 

40 / 70 
kVp 

20 / 70 
keV 

20 / 70 
keV 

Anode/Filter 
Combination 

Mo/Mo1 
(LE) 

W/La2 (HE) 

Mo/Mo 
(LE) 

Rh/Rh3 
(HE) 

W/Rh4 (LE) 
W/Cu5 (HE) 

W/Cd6 
(LE) 

W/Cu 
(HE) 

- - 

Breast 
Thickness (cm) 5 5 4.2 4 2 4 

Glandular/Adi
Pose Tissue 

50% / 50% 50% / 50% - 50% / 50% 
25% / 75% 
50% / 50% 
75% / 25% 

30% / 70% 

Microcalcificati
on 

Composition 
CaCO3 CaCO3 - Hap CaCO3 CaCO3 

Visualized/Det
ected 

Microcalcificati
on (μm) 

250 300 - 150 200 200 

MGD 
(mGy) 

1000 mR 
total 

detector 
exposure 

2.20 
0.0001837  
0.0098508 3.52 2.50 2.50 

1Molybdenum anode / Molybdenum filter 
2Tungsten anode / Lanthanum filter 
3Rhodium anode / Rhodium filter 
4Tungsten anode / Rhodium filter 
5Tungsten anode / Copper filter 
6Tungsten anode / Cadmium filter 
7monoenergetic 
8polyenergetic 

5. Experimental Studies 

The Experimental Studies section present the experimental studies developed using the dual 
energy technique. Experimental evaluation of studies (see Simulation Studies section) as well as 
experimental procedures for detection of tumor like lesions, calcifications, and determination of 
breast density is the scope of the studies below. The results obtained from each study are also 
presented. 

Marziani et al. based on the tissue cancellation algorithm published by Alvarez and Macovski 
[31,55] developed a prototype dual energy radiographic system [56]. A quasi-monochromatic X-ray 
source [57] with a phosphor-coated CCD detector [58,59] were used in order to acquire the low-and 
high- energy images of a test object in the energy range 17–36 keV. The test object (Figure 1a) 
consisted of rods filled with water and Polyethylene (PE) placed in a Polymethyl Methacrylate 
(PMMA) tank. Although tissue cancellation and enhancement of tumor-like lesions were achieved 
for some of the tissue equivalent inserts of the test object, further investigation on energy optimization 
of the primary beams, delivered dose and noise propagation should be done [56]. 
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Kappadath and Shaw investigated whether inverse-mapping functions could estimate 
calcification thickness and glandular ratio [24]. The glandular ratio was defined as the ratio of the 
glandular tissue thickness to the total tissue thickness. The dual energy technique was actually used 
in this study in order to invert the low- and high-energy images from log-signal functions into 
calcification thickness and glandular ratio. Low- and high-energy images were acquired with the dual 
energy digital mammography technique under narrow beam geometry (Figure 2b) in order to obtain 
calibration data. The inverse-mapping of the measured dual energy transmission data into aluminum 
thicknesses, simulating microcalcifications, and glandular ratios was accomplished by fitting the 
calibration data with analytical functions (linear, quadratic, cubic, and conic). The linear function 
could not fit the data of both aluminum thickness and glandular ratio. The quadratic, cubic and conic 
functions proved to be more accurate compared to linear function, with more accurate the cubic or 
conic function. They concluded that the effects of scatter radiation and non-uniform log-signal values 
would be investigated in full field images. [24]. 

Taibi et al. implemented a feasibility study of the dual energy technique using a GE Senographe 
2000D digital unit (GE Medical Systems, USA) aiming to detect small and low contrast tumor-like 
lesions embedded in a cluttered background [34]. A three-component tissue equivalent breast 
phantom was constructed for this preliminary study (Figure 1b). The three-component phantom 
consisted of a PMMA box filled with water. PMMA and Polyethylene spheres of different diameters 
were placed into the 5 cm thick PMMA box. The combination of low- and high-energy images 
acquired by a Molybdenum anode at 28 kVp and a Rhodium anode at 49 kVp, respectively, resulted 
in a 2.25 mGy mean glandular dose and enhancement of an 8 mm Polyethylene sphere over the 
cancelled out background. The applied technique resulted successfully in removing the contrast 
between water and PMMA and thereby enhancing the visibility of Polyethylene details [34].  

Kappadath and Shaw presented a dual energy digital mammography technique with nonlinear 
inverse-mapping functions for calcification thickness estimation [8]. The phantoms irradiated, under 
narrow-beam geometry (Figure 2b), were constructed with breast tissue equivalent materials of 
different glandularities (25%, 50%, 75%, and 100%) and aluminum strips (0.39, 0.78, 1.17, 1.56, and 
1.95 mm) simulating calcifications. The measured aluminum thicknesses found close to the true 
aluminum thicknesses regardless the glandularity studied. The underestimation of the true 
aluminum thicknesses was attributed to the presence of scatter from the neighboring areas. Despite 
the fact that the aluminum contrast-to-noise ratio was decreased in the dual energy digital 
mammography images, the tissue structures did not reduce the visualization of the aluminum stripes 
any further. Thus, dual energy digital mammography could provide quantitative information for the 
calcification thickness [8]. 

Kappadath and Shaw carried out a dual energy digital mammography technique for the 
visualization of calcifications (Figure 2c) using a commercially available digital mammography 
system (Senographe 2000D, GE Medical Systems, Milwaukee, WI) [9]. As spatial non-uniformity was 
observed, reference images of uniform slab phantoms were acquired in order to reduce the signals in 
the background of the final dual energy images. The total entrance-skin exposure and mean-
glandular dose from the low- and high-energy images were within the mammography screening 
levels. Under these considerations, calcifications with sizes ranging from 300 μm to 355 μm were 
clearly visible in the dual energy calcification images. When the criterion turned from visible to barely 
visible and local adjustments of contrast and brightness were performed, the margins of calcifications 
with sizes ranging from 250 μm to 280 μm were detectable. However, with the proposed method, the 
visibility of calcifications was limited by quantum noise [9].  

Baldelli et al. studied the application of the dual energy K-edge subtraction mammography and 
dual energy temporal subtraction mammography techniques [22,60]. Synchrotron radiation and a 
clinical digital mammography system (Senographe 2000D, GE Medical Systems, Milwaukee, WI) 
were used for the above techniques, respectively. The three-component phantom (Figure 1c) used in 
this study enclosed cavities that were filled with different concentrations of iodine. The contrast-to-
noise ratio (CNR) and the mean glandular dose (MGD) values were also assessed. The minimum 
iodine concentration that could significantly enhance the detectability of the pathology, with 
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delivered dose within the acceptable levels of mammography, was the objective in each technique. 
The optimum contrast medium concentration for each technique was estimated based on the 
introduced figure of merit (FOM = CNR2/MGD). A CNR of 5 could be achieved in this study with 2 
mGy. The two techniques were found to be comparable when a monochromatic source is used [22,60].  

Saito worked on the approach of using the balanced filter method in dual energy technique [29]. 
A simulation study was conducted for the theoretical optimization in order to obtain the required 
dose for a signal-to-noise ratio of 5 in the dual energy subtracted iodine image. To this aim, the 
analytical model of Lemacks et al. [20] was used to calculate signal-to-noise ratio in an iodinated 
contrast agent subtraction image. The use of a 0.1 mm thick CsI:Tl scintillator [61–63] led to optimal 
Tungsten anode tube voltage of 45 kVp and use of Zirconium, Iodine, and Neodymium balanced 
filters. Preliminary phantom (Figure 2a) experiments were carried out to demonstrate the capability 
of dual energy contrast-enhanced mammography using the balanced filter method to obtain a clutter-
free subtracted image that preferentially shows the iodinated contrast agent in a breast phantom. A 
mean glandular dose of 1.0 mGy was needed to achieve a signal-to-noise ratio of 5 for the detection 
of 1.0 mg/cm2 iodine in the obtained clutter-free image of a 5 cm thick breast composed of 50% adipose 
and 50% glandular tissue. The proposed dual energy method could be used not only in conventional 
mammography but also in tomography (i.e., tomosynthesis, computed tomography) in order to 
achieve three dimensional tumor enhancement [29]. 

Kappadath and Shaw studied the effects of three different noise reduction techniques on dual 
energy calcification images acquired under full-field imaging conditions using a commercially 
available flat-panel based digital mammography system (Senographe 2000D, GE Medical Systems, 
Milwaukee, WI) [35]. A boxcar smoothing filter was applied to the dual energy image, a median filter 
to the high energy image before its use for the computation of the dual energy image, and an 
adaptation of the Kalender’s [64] correlated noise reduction (KNR) technique to the dual energy 
image. A breast tissue equivalent slab phantom of 5 cm thick, enclosing calcium carbonate crystals of 
various sizes to simulate calcifications was used for the evaluation of the study. The slab phantom 
had continuously varying glandular tissue ratio along its length in order to evaluate the study for 
different glandularities. The noise reducing techniques were compared in the means of the root-
mean-square signal in background regions, when no calcifications present, of the dual energy 
calcification images and the contrast-to-noise ratio values of the calcifications in the dual energy 
calcification images. The results showed that the KNR method provided the most effective reduction 
of image noise with simultaneous increase of the contrast-to-noise ratio value. In order for a 
calcification to be visible, the contrast-to-noise ratio value should be equal or exceed the value of 4. 
The minimum visible calcification size that ranged from 300 μm to 355 μm for standard dual energy 
calcification images was decreased to about 250 μm when both KNR and high energy median filter 
were applied. The noise reduction techniques were also verified with dual energy images of an 
animal tissue phantom consisting calcifications and concluded that noise reduction techniques 
improved significantly the calcification dual energy images [35]. 

Ducote and Molloi carried out a quantitative method to characterize the accuracy of measuring 
the breast density with dual energy mammography [65]. A Tungsten anode X-ray tube with a 50 μm 
Rhodium and 300 μm Copper beam filters were used for the acquisition of the low- and high-energy 
images, respectively. Several phantom thicknesses, densities, sizes, and shapes were measured. The 
four constructed phantoms were also used for breast density measurement error calculations. The 
effect of dose on measuring breast density was also examined. All the acquired images were 
undergone scatter correction. The root-mean-square error in breast density measurements were: (i) 
0.44% for the examined variable thickness phantoms, (ii) 0.64% for the variable density phantoms, 
(iii) 2.87% for the phantoms of different areal sizes, and (iv) 4.63% for step phantoms designed to 
mimic the shape of a breast. Thus, the results indicated that dual energy mammography could be 
used for breast density measurement with an overall root-mean-square error of approximately 5% 
and can be implemented with only few changes compared to conventional mammography [65]. 

Koukou et al. presented an experimental dual energy method in order to visualize 
microcalcifications [26]. A modified Tungsten anode radiographic X-ray tube operating at 40 kV with 
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100 μm Cadmium and 70 kV with 1000 μm Copper for the low- and high-energy, respectively. The 
X-ray tube was combined with a high-resolution CMOS active pixel sensor (pixel pitch of 22.5 μm), 
coupled with a 33.91 mg/cm2 terbium-doped gadolinium oxysulfide (Gd2O2S:Tb) [66,67] scintillator 
screen. Custom-made homogenous and inhomogeneous breast phantoms and two different 
calcification phantoms (Figure 3a) were constructed with various calcification thicknesses ranging 
from 16 μm to 152 μm. The American College of Radiology (ACR) mammography accreditation 
phantom [68] was also examined in this study (Figure 4). The mean glandular dose and the contrast-
to-noise ratio were calculated from the dual energy subtracted images for various entrance surface 
doses. A calcification thickness of 152 μm was visible in the standard dual energy image, with mean 
glandular doses within the acceptable levels (below 3 mGy). The minimum visible calcification 
thickness was reduced to 93 μm with a mean glandular dose of 1.62 mGy after post-processing on 
the dual energy images obtained from the inhomogeneous phantom. Due to the small pixel pitch of 
the sensor used the pixel binning method was allowed to be applied in the final dual energy images 
increasing the contrast-to-noise ratio. With pixel binning method the signal is averaged after it was 
read-out in squares of neighboring pixels. They concluded that the proposed dual energy method 
could potentially improve the visibility of calcifications in dual energy image [26]. 

Koukou et al. evaluated a dual energy method, previously developed by that group [26], on a 
breast cancer specimen [27]. A modified Tungsten anode radiographic X-ray tube combined with a 
high-resolution complementary metal-oxide semiconductor active pixel sensor [61–63,67] X-ray 
detector was used. The spectral combination used was 40 kV with 100 μm Cadmium and 70 kV with 
1000 μm Copper for the low- and high-energy, respectively. The dual energy images obtained from 
a formalin-fixed breast cancer specimen for various entrance surface doses were compared to 
standard mammographic image of the specimen. The mean glandular dose values calculated in this 
study (1.62 to 2.39 mGy) were within the acceptable levels for mammography. Initial results 
demonstrated that the dual energy images were directly comparable with the mammographic image. 
Additionally, it was identified similar or even increased calcification information by experienced 
radiologists [27]. 

Martini et al. presented a dual energy X-ray method for the characterization of minerals 
associated with pathogenesis [28]. According to the literature, calcifications are divided into Type I 
and Type II [69–75]. The calcifications of Type I are composed calcium oxalate (CaC2O4) crystals [76] 
and are found to be associated with benign lesions or mostly non-invasive lobular carcinoma in situ 
[77,78].  The calcifications of Type II are composed of calcium phosphate, mainly hydroxyapatite 
(Hap) crystals [76,79–81] and in some cases of calcium carbonate (CaCO3). Hydroxyapatite is 
associated with malignancy including carcinomas, while calcium carbonate crystals [82–86] with 
benignancy [44,45,70,87]. An analytical model using monoenergetic and polyenergetic X-ray beams 
was developed to determine the Calcium/Phosphorus mass ratio (mCa/mP). The effective mCa/mP was 
calculated for various calcification thicknesses (100–1000 μm) and types (CaC2O4, CaCO3, HAp) in 
the simulation study carried out. The optimized irradiation conditions obtained from the simulation 
were used in the experimental evaluation of the study. The X-ray systems that were used for the 
experimental verification were Tungsten anode X-ray tubes combined with energy dispersive and 
energy integrating (imaging) detectors. For the single exposure technique was used a Tungsten anode 
Norland XR-46 (Norland Medical Systems Inc., Fort Atkinson, WI) combined with a Cadmium-
Telluride (CdTe) X-ray energy discriminating and counting system (AMPTEK XR-100T). As for the 
double exposure technique, the Del Medical Eureka Tungsten anode system was used, combined 
with a high-resolution CMOS active pixel sensor (pixel pitch of 22.5 μm), coupled with a 33.91 mg/cm2 
terbium-doped gadolinium oxysulfide (Gd2O2S:Tb) [61–63,67] scintillator screen. The effective mCa/mP 
was determined in custom-made phantoms containing calcifications of all three aforementioned 
mineral types (Figure 3b) and thicknesses ranging from 300 to 900 μm at 200 μm increments. The 
proposed method is capable of discriminating HAp and CaCO3 or Hap and CaC2O4 (i.e., malignancy 
(HAp), and benignancy (CaCO3 and CaC2O4)) for calcification thicknesses of 300 μm or higher, with 
MGD of 3.29 and 3.25 mGy for the single and double exposure technique respectively, since there 
was found statistically significant difference (p < 0.05) between the different types of minerals [28]. 
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The Code of Federal Regulations suggests that the average glandular dose that should be 
delivered during a single craniocaudal view, when irradiating an FDA-accepted phantom simulating 
a standard breast, shall not exceed 3 mGy per exposure [88]. Table 2 summarizes the European 
Guidelines for the maximum average glandular doses to equivalent breast thicknesses. As for the 
mean glandular dose for standard breast, its value should not exceed 2.5 mGy [89].  

Table 2. European Guidelines for maximum average glandular doses. 

Thickness of 
PMMA (cm) 

Equivalent Breast 
Thickness (cm) 

Maximum Average Glandular Dose to 
Equivalent Breasts 

Acceptable Level 
(mGy) 

Achievable Level 
(mGy) 

2.0 2.1 < 1.0 < 0.6 
3.0 3.2 < 1.5 < 1.0 
4.0 4.5 < 2.0 < 1.6 
4.5 5.3 < 2.5 < 2.0 
5.0 6.0 < 3.0 < 2.4 
6.0 7.5 < 4.5 < 3.6 
7.0 9.0 < 6.5 < 5.1 

Figure 1 illustrates schematic representations phantoms used in the experimental studies 
phantoms. The phantoms represent tumor-like lesions Figure 1a,b [34,56], iodine concentration for 
dual energy contrast enhanced mammography technique Figure 1c and Figure 2a [22,29,60], and 
calcification for dual energy mammography technique Figure 2b,c and Figure 3a,b [8,9,24,26,28]. 

 

Figure 1. Schematic representation of phantoms used in the experimental studies [22,34,56,60]; (a,b). 
The phantoms represent tumor-like lesions; (c) iodine concentration for dual energy contrast 
enhanced mammography technique. 

 

Figure 2. Schematic representation of the experimental studies’ phantoms [8,9,24,29]; (a) iodine 
concentration for dual energy contrast enhanced mammography technique; (b,c) calcification for dual 
energy mammography technique. 
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Figure 3. Schematic representation of the used phantoms in the experimental studies [26,28]; 
(a,b)calcification for dual energy mammography technique 

 
Figure 4. American College of Radiology (ACR) accreditation phantom: fibers 1–6, calcification 
clusters 7–11, and masses 12–16. 

5.1. Noise Reduction Techniques 

Several studies presented above [25,35,42] used noise reduction techniques in order to enhance 
their findings in the final dual energy image. The noise reduction techniques that were used are the 
following. 

5.2. Boxcar Filter 

The Boxcar filter is an elementary technique for noise reduction resulting in a smoothed 2D 
image. The result of boxcar filtering is a smoothed dual energy image. A two-dimensional boxcar 
average filter with defined kernel size was applied as follows [35]:  𝑡′ , 1𝑤 𝑡 𝐷 , , 𝐷 , ,⁄ ⁄⁄ ⁄  (1) 

where w is the size of the kernel used, DL and DH are the optical densities of the low- and high-energy 
images, and tc’ is the boxcar filtered image. 

5.3. Kalender’s Noise Reduction Technique (KNR) 

Kalender et al. [64] working on dual energy computed tomography established a noise reduction 
algorithm. This noise reduction algorithm used the (anti)correlation for the components of the noise 
[20,35,55,90]. The dual energy glandular ratio image was filtered with a highpass filter in order to 
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measure the correlated noise. The final KNR-filtered image was obtained after the summation of the 
highpass filtered dual energy glandular ratio image and the unprocessed dual energy image. The 
final KNR-filtered image was obtained using the following formula: [𝑡′ ] , = [𝑡 [(𝐷 ) , , (𝐷 ) , ]] + 𝑠 ∗ [𝑔𝑟[(𝐷 ) , , (𝐷 ) , ]− 1𝑤 𝑔𝑟[(𝐷 ) , , (𝐷 ) , ]( )⁄( )⁄( )⁄( )⁄ ] (2) 

where s is the weighting factor, and gr is the dual energy glandular ratio image. 

5.4. High Energy Median Filter 

The application of a median filter [91] on the high energy image only was an option for 
smoothing the final dual energy image in some cases [35]. The formula used was the following.  [𝐷′ ] , = [𝑚𝑒𝑑𝑖𝑎𝑛(𝐷 , 𝑘𝑒𝑟𝑛𝑒𝑙 = 𝑤)] ,  (3) 

where w is the size of the kernel used, and D’H is the median filtered high energy image. 

6. Clinical Practice 

Lewin et al. studied the potential of dual energy contrast enhanced technique in indicating breast 
cancers [92]. The mediolateral oblique (MLO) low- and high- energy images were acquired with a 
full-field digital mammography system (Senographe 2000D; GE Medical Systems, Milwaukee, Wis). 
The technique was implemented in 26 women requiring biopsy according to mammographic or 
clinical findings, where 13 of them had invasive cancers.  The women were injected with 100 mL 
iohexol with 350 mg of iodine per milliliter. After administrating the iodinated contrast agent and 
applying the dual energy contrast enhanced technique, 11 tumors were strongly enhanced, 1 was 
enhanced to some extent, and 1 was poorly enhanced. The duct of a ductal carcinoma in situ tested 
was also poorly enhanced [92].  

Dromain et al. worked on the estimation the accuracy of dual energy contrast enhanced digital 
mammography in addition to mammography versus mammography alone and versus 
mammography plus ultrasound [37]. In their study, 120 women with 142 suspect findings on 
mammography and/or ultrasound underwent dual energy contrast enhanced digital mammography. 
A pair of low- and high-energy images was acquired using a modified full-field digital 
mammography system (GE Healthcare Senographe DS (Chalfont St. Giles, UK)) (Figure 5(a)). The 
MLO and craniocaudal (CC) images were acquired at 2 minutes and 4 minutes, respectively, after the 
injection of 1.5 ml/kg of an iodinated contrast agent. The mammography, ultrasound and dual energy 
contrast enhanced digital mammography images were evaluated by one reader during 2 sessions 1 
month apart. Sensitivity, specificity, and area under the receiver operating characteristic (ROC) curve 
were estimated. The results according to pathology and follow-up indicated 62 benign and 80 
malignant lesions. The areas under the ROC curves were significantly superior for mammography 
plus dual energy contrast enhanced digital mammography than it was for mammography alone and 
for mammography plus ultrasound using Breast Imaging Reporting and Data System (BI-RADS). 
The sensitivity was higher for mammography plus contrast enhanced digital mammography than it 
was for mammography (93% versus 78%; p < 0.001) with no loss in specificity. Mammography plus 
contrast enhanced digital mammography detected all the 23 multifocal lesions correctly, while 
mammography and ultrasound detected 16 and 15 lesions, respectively [37]. 

Dromain et al. compared the dual energy contrast enhanced digital mammography as an adjunct 
to mammography plus ultrasonography with mammography plus ultrasonography alone in terms 
of diagnostic accuracy [23]. For the implementation of the study 110 women with 148 breast lesions 
went through two-view dual energy contrast enhance digital mammography, additionally to 
mammography and ultrasonography, using a specially modified digital mammography system 
(Senographe DS, GE Healthcare) (Figure 5a). Among the 148 breast lesions, 84 were malignant and 
64 benign. For 138 lesions the reference standard was histology and for 12 lesions follow-up. 
Confidence of presence, probability of cancer, as well as BI-RADS scores were assessed for each 
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finding. Sensitivity, specificity and ROC curve areas were estimated for each of the four reader and 
overall. The per lesion sensitivity to malignant breast lesions of all readers was improved for the dual 
energy contrast enhanced digital mammography as an adjunct to mammography plus 
ultrasonography compared to mammography plus ultrasonography alone (0.78 versus 0.71 using BI-
RADS, p = 0.006). For all readers the clinical performance was improved and the average area under 
the ROC curve was significantly superior for contrast enhanced digital mammography as an adjunct 
to mammography plus ultrasonography than for mammography plus ultrasonography alone (0.87 
versus 0.83, p = 0.045). In 80% of the cases, similar or improved visibility of breast lesions was 
indicated on contrast enhanced digital mammography as an adjunct to mammography compared to 
mammography plus ultrasonography [23]. 

Jochelson et al. explored the potential of bilateral dual energy contrast enhanced digital 
mammography in tumor identification and compared dual energy contrast enhanced digital 
mammography with conventional digital mammography and breast magnetic resonance imaging in 
women with newly diagnosed breast cancer [93]. Ten (10) women were injected with 1.5 mL per 
kilogram of body weight of iohexol in order to evaluate the feasibility of their study. The images were 
acquired between 2.5 and 10 min after injection. After the feasibility confirmation, 52 women with 
newly diagnosed cancer that had undergone breast magnetic resonance imaging, underwent dual 
energy contrast enhanced digital mammography. The two images in each view for dual energy 
contrast enhanced digital mammography were acquired with a digital mammography unit 
(Senographe DS; GE, Buc, France) (Figure 5a). The results showed that the tumors were enhanced 
regardless the timing of agent injection, which was up to 10 minutes. Magnetic resonance imaging 
and dual energy contrast enhanced digital mammography both depicted 50 (96%) of 52 index 
malignant tumors, while conventional mammography depicted 42 (81%). Dual energy contrast 
enhanced digital mammography visualized lesions raging from 4 mm to 67 mm in size (median: 17 
mm).  Magnetic resonance imaging depicted 22 out of 25 (88%) additional ipsilateral cancers and 
contrast enhanced digital mammography 14 of out 25 (56%). Although the sensitivity of dual energy 
contrast enhanced digital mammography was lower than the one of magnetic resonance imaging in 
detecting additional ipsilateral cancers, revealed higher specificity [93]. 

Cheung et al. analyzed the efficiency of dual energy contrast enhanced spectral mammography 
in dense breasts compared to contrast enhanced subtracted mammography and conventional 
mammography [94]. The dual energy contrast enhanced spectral mammography used in this work 
was a commercial unit developed by GE Healthcare (Senographe Essential CESM, Buc, France) 
(Figure 5b). Contrast enhanced spectral mammography cases of dense breasts, with histological 
proof, were assessed in their study. Four experienced radiologists in mammography interpretation 
blindly read mammography first, and then dual energy contrast enhanced spectral mammography. 
The diagnostic profiles, consistency and learning curve were analyzed statistically. The 100 lesions 
(28 benign and 72 breast malignancies) of 89 women were analyzed in this work. With the use of dual 
energy contrast enhanced spectral mammography cancer diagnosis was improved by 21.2% in 
sensitivity (71.5% to 92.7%), by 16.1% in specificity (51.8% to 67.9%) and by 19.8% in accuracy (65.9% 
to 85.8%) compared with conventional mammography. The interobserver diagnostic consistency was 
markedly higher using dual energy contrast enhanced spectral mammography than using 
mammography alone (0.6235 versus 0.3869 using the kappa ratio). After 75 consecutive case readings 
the probability of a correct prediction raised from 80% to 90% [94].   

Cheung et al. assessed the potential of dual energy contrast enhanced spectral mammography 
to evaluate malignant microcalcifications [95]. The dual energy contrast enhanced spectral 
mammography used in this work was a commercial unit developed by GE Healthcare (Senographe 
Essential CESM, Buc, France) (Figure 5b). From 2056 dual energy contrast enhanced spectral 
mammography cases reviewed, 59 cases fulfilled the following criteria and analyzed: (i) suspicious 
malignant microcalcifications (BI-RADS 4) on mammogram, (ii) no related mass, (iii) with 
pathological diagnoses. The microcalcification morphology and associated enhancement were taken 
into consideration in order to analyze the accuracy of the diagnosis and the cancer size measurements 
compared to the results of pathology. Out of the 59 microcalcifications, 22 were diagnosed as cancers, 
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19 were atypical lesions and 18 were benign lesions. 20 cancers (76.9%), 3 atypia (11.55%) and 3 benign 
lesions (11.55%) revealed enhancement. The true-positive rate of intermediate- and high- concern 
microcalcifications was 93.75%, while of low-concern lesions it was 50%. In general, the diagnostic 
sensitivity of enhancement was 90.9%, with 83.78% specificity, 76.92% positive predictive value, 
93.94% negative predictive value and 86.4% accuracy [95].  

Knogler et al. studied the feasibility of contrast enhanced dual energy mammography by 
introducing Titanium filtering at 49 kVp for high energy images and using an artefact reducing image 
subtraction post-processing algorithm [96]. In this study, 15 patients with suspicious findings (ACR 
BIRADS 4 and 5) detected on digital mammograms were undergone contrast enhanced dual energy 
mammography with a modified prototype Siemens Mammomat Inspiration full-field digital 
mammography (FFDM) unit (Siemens Healthcare) (Figure 5c). Subtracted contrast enhanced dual 
energy mammography images were obtained from a fully automatic, locally adjusted tissue 
thickness-dependent subtraction factor in order to prevent the subtracted images from over-
subtraction at the breast border. The mammography and contrast enhanced dual energy 
mammography images were evaluated by two observers according to ACR BI-RADS in two reading 
sessions. The results were compared with those of histopathology. From the 15 patients included in 
the study, 7 were found with benign findings and 8 with malignant. Strong contrast enhancement 
was identified by all malignant lesions. With the addition of contrast enhanced dual energy 
mammography the BI-RADS assessment was altered in 66.6%, leading to a general increase in the 
accuracy. Contrast enhanced dual energy mammography also revealed additional lesions and 
reduced the false-positive rate compared to mammography [96]. 

Knogler et al. used BI-RADS descriptors of contrast enhanced magnetic resonance imaging for 
the assessment of contrast enhanced dual energy mammography mass lesion images. 11 women with 
suspicious mass lesions on their mammograms (BI-RADS 4 or 5) were included [97]. The contrast 
enhanced dual energy mammography images were obtained from a modified Siemens Mammomat 
Inspiration unit (Siemens Healthcare) (Figure 5c). All images were blindly assessed by 2 breast 
radiologists in 2 sessions. The criteria used were related to morphology and contrast enhancement 
intensity according to the BI-RADS lexicon. Histopathology was used as the standard of reference. 5 
women with benign lesions and 6 malignant were included in the study. In all malignant cases, the 
enhancement of both contrast enhanced magnetic resonance imaging and contrast enhanced dual 
energy mammography were similar. In the cases were benign lesions were examined, contrast 
enhanced magnetic resonance imaging revealed stronger enhancement compared to contrast 
enhanced dual energy mammography. Discrepancies in the BI-RADS descriptors did not influence 
the final BI-RADS score, which was almost equal in all cases. 1 malignant lesion was rated BI-RADS 
4 with contrast enhanced dual energy mammography and BI-RADS 5 with contrast enhanced 
magnetic resonance imaging, and 1 benign was rated BI-RADS 2 and BIRADS 1, respectively [97]. 

Sung et al. evaluated the performance of contrast enhanced digital mammography for breast 
cancer screening [98]. In this study, 904 women undergone contrast enhanced digital mammography 
with a commercially available digital mammography unit (Senographe Essential; GE Medical 
Systems, Milwaukee, Wis) (Figure 5b) after their medical records’ review for age, risk factors, short-
interval follow-up and biopsies recommended, and cancers detected. For all cases were determined 
the sensitivity, specificity, positive predictive value of abnormal findings at screening, positive 
predictive value of biopsy performed, and negative predictive value. From the 904 women, 700 
(77.4%) had dense breasts, 247 (27.3%) had a family history of breast cancer in a first-degree relative 
age 50 years or younger, and 363 (40.2%) a personal history of breast cancer. BI-RADS 1 or 2 was 
scored in 832 of 904 (92.0%) women, BI-RADS 3 in 25 of 904 (2.8%) women, and BI-RADS 4 or 5 in 47 
of 904 (5.2%) women. The use of contrast enhanced digital mammography resulted in the diagnosis 
of 15 cancers in 14 of 904 women (cancer detection rate, 15.5 of 1000). The positive predictive value 
of biopsy performed was 29.4% (15 of 51). At least 1-year follow up was available in 858 women. The 
sensitivity was 50.0% (eight of 16; 95% confidence interval: 24.7%, 75.3%) on the low energy images 
compared with 87.5% (14 of 16; 95% confidence interval: 61.7%, 98.4%) for the entire study (low 
energy and iodine images; P = 0.03). The specificity was 93.7% (789 of 842; 95% confidence interval: 
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91.8%, 95.2%); positive predictive value of abnormal findings at screening was 20.9% (14 of 67; 95% 
confidence interval: 11.9%, 32.6%), and negative predictive value was 99.7% (789 of 791; 95% 
confidence interval: 99.09%, 99.97%) [98]. 

 
Figure 5. Commercial digital mammography systems employed for dual energy techniques in clinical 
practice studies: (a) Senographe DS, (b) Senographe Essential, and (c) Mammomat Inspiration [99–
102]. 

7. Conclusions 

Breast cancer is one of the leading causes of death worldwide [1,2]. The potential of diagnosing 
breast cancer in early stages through screening and adequate follow-up of women with positive 
findings could significantly reduce breast cancer mortality (by 15–25%) [6]. Furthermore, early 
detection could lead to more effective treatment planning and medication [3–5] based on the stage 
for each patient individually [3–5]. Even though X-ray mammography is the gold standard method 
for early detection of breast carcinomas, ultrasound and digital tomosynthesis have also been used 
in diagnosing breast cancer [11–14]. Suspicious findings (such as masses, areas of distortion, 
calcification minerals) that cannot be detected by physical examination and they can be visible on 
mammograms [15], are often obscured by overlapping tissue. Dual energy technique suppresses the 
contrast between adipose and glandular tissues leading to enhancement of pathogenesis that is not 
present in screening mammography [16]. Regardless the method (i.e., subtraction, contrast enhanced 
with iodine) used to obtain the dual energy image, the results of the studies (simulation and 
experimental) adopting the dual energy technique are very promising.  

According to several studies, the type of calcification crystals present in a mammogram may 
indicate malignancy and disease state [85–87]. Simulation studies were conducted by following the 
analytical modeling developed by Lemacks et al. [20]. Both minimum microcalcification size [20,21] 
or thickness [25] detection [20,21,25] and visualization were explored [42,43]. To this aim, a modified 
Monte Carlo code was also used. Based on extensive research for the X-ray tube high voltage, filter 
material/thickness and entrance dose, they concluded to the optimum irradiation conditions. 
Lemacks et al. was able to detect calcification sizes of 250 μm [20]. Although Brandan and Ramirez 
used the analytical model employed by Lemacks et al. [20], they resulted in a difference in the 
contrast-to-noise ratio values of 40% up to 70% [21]. These differences are attributed to different 
considerations between the two studies. Del Lama et al. [42,43] with the use of the modified Monte 
Carlo code were able to visualize microcalcifications of 200 μm. Koukou et al. [25] used the analytical 
model of Lemacks et al. [20] investigating the possibility of detecting microcalcifications by using 
radiographic X-ray spectra. The results showed that a microcalcification thickness of 150 μm could 
be achieved [25]. Since the glandularity of breast is also a risk factor for breast cancer, Ducote and 
Molloi explored the potential of glandularity measurements with the use of dual energy 
mammography [41]. According to the results of this study, the dual energy technique is capable of 
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measuring breast density [41]. Based on such promising results, some of the aforementioned teams 
evaluated their methods in future studies [25,41]. 

Kappadath and Shaw used the formalism of Lemacks et al. [20] in order to investigate whether 
the calcification thickness and glandular ratio could be estimated through analytical functions [24]. 
This study was extended for different calcification thicknesses and glandular ratios [8,9] and the use 
of different noise reduction techniques [35]. After noise reduction techniques were applied, the 
visibility of calcification size decreased from 300 to 355 μm to 250 μm [35]. Koukou et al. [26] were 
able to visualize calcifications with thickness of 152 μm. Post-processing led Koukou et al. [26] to 
decrease the calcification thickness that can be visualized at 93 μm. A step forward of this method 
was the comparison of the dual energy image to standard mammography image of a breast cancer 
specimen [27]. The results indicated that the dual energy images of the method were directly 
comparable with the mammographic image and revealed similar or even increased calcification 
information according to experienced radiologists [27]. The use of balanced filtering in dual energy 
technique was applied by Saito [29] in order to achieve a signal-to-noise ratio of 5 in the final dual 
energy subtracted iodine image. Although the appearance of calcifications may indicate breast 
cancer, the consistency of calcifications will indicate whether they are associated with malignancy or 
benignancy [69–81,87]. Martini et al. [28] worked on the differentiation of calcifications consisting of 
minerals found to indicate malignancy and benignancy according to literature [103–105]. The 
proposed method of Martini et al. [28] led to the differentiation of 300 μm thick calcifications or 
higher. The different types of minerals were found to have statistically significant difference (p < 
0.05). The cancellation of the cluttered background was also investigated by Marziani et al. [56] and 
Taibi et al. [34], since the capability of cancelling out the background will reveal the lesions, 
calcifications and distortions in general. Taibi et al. [34] were able to detect tumor-like lesions 
embedded in clutter background. The contrast enhanced dual energy mammography was applied 
for the investigation of the minimum iodine concentration able to significantly enhance the 
detectability of the pathology [22,60]. Ducote and Molloi [65] measured the breast density with the 
use of dual energy mammography with an overall root-mean-square error of approximately 5%. All 
these studies achieved to visualize calcifications of small sizes or thicknesses discriminate whether 
their minerals are associated with malignancy or benignancy and measured the breast density. These 
studies proved that dual energy technique is capable of providing information that may help to find 
breast cancer in early stages or even give a hint of breast cancer. 

The dual energy contrast enhanced technique was used in clinical practice. Women with breast 
lesions undergone dual energy contrast enhanced mammography [23,37,92–98]. The results of all 
studies indicated that dual energy contrast enhanced technique could improve the visibility of breast 
lesions. When the dual energy contrast enhanced technique was combined with mammography, both 
sensitivity and specificity were higher compared to the results obtained from standard 
mammography. Additionally, the false positive findings were decreased indicating that dual energy 
contrast enhanced mammography can lead to less recall rates.  

Dual energy methods are not established in clinical practice yet. The absorbed dose in dual 
energy, in terms of MGD, is ranging from 2 to 3.52 mGy, where MGD must not exceed 2.5 mGy [89]. 
These results are higher comparing to conventional mammography. However, application of the dual 
energy method in clinical practice will reveal the benefits in diagnosis against the increased dose. In 
this approach the ability of the dual energy methods to require longer time intervals between 
necessary dual energy mammographs must be taken into account. Additionally, in the calcification 
minerals characterization method proposed by Martini et al. [28], the second irradiation, as proposed 
by the authors can be restricted in a small area surrounding the suspected calcification. In this 
approach the MGD and entrance skin dose are comparable to conventional mammography. 

The dual energy technique has the advantage to reveal pathogenesis that was obscured by 
overlapping tissue since it cancels out tissue structures. The potential of visualizing masses, areas of 
distortion, calcifications and studying the impact of breast density was the aim for the studies 
presented in this review paper. Since breast cancer is one of the most important health problems, a 
technique that could assist physicians to identify suspicious findings in early stages would be of great 
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importance. Mammography is the gold standard; however dual energy technique could be an adjunct 
for more accurate diagnose. The results of the studies presented in this paper show the impact of dual 
energy technique not only on early diagnose but also on elimination of unneeded biopsies women 
undergo. 
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