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Abstract

The objective of this study was to demonstrate the potential benefits of using high energy x-rays in 

comparison with the conventional mammography imaging systems for phase sensitive imaging of 

breast tissues with varying glandular-adipose ratios.

This study employed two modular phantoms simulating the glandular (G) and adipose (A) breast 

tissue composition in 50G-50A and 70G-30A percentage densities. Each phantom had a thickness 

of 5 cm with a contrast detail (CD) test pattern embedded in the middle. For both phantoms, the 

phase contrast images were acquired using a micro-focus x-ray source operated at 120 kVp and 

4.5 mAs, with a magnification factor (M) of 2.5 and a detector with a 50 μm pixel pitch. The mean 

glandular dose delivered to the 50G-50A and 70G-30A phantom sets were 1.33 and 1.3 mGy, 

respectively. A phase retrieval algorithm based on the phase attenuation duality (PAD) that 

required only a single phase contrast image was applied. Conventional low energy mammography 

images were acquired using GE Senographe DS and Hologic Selenia systems utilizing their 

automatic exposure control (AEC) settings. In addition, the automatic contrast mode (CNT) was 

also used for the acquisition with the GE system. The AEC mode applied higher dose settings for 

the 70G-30A phantom set. As compared to the phase contrast images, the dose levels for the AEC 

mode acquired images were similar while the dose levels for the CNT mode were almost double.

The observer study, contrast-to-noise ratio (CNR) and figure of merit (FOM) comparisons 

indicated a large improvement with the phase retrieved images in comparison to the AEC mode 

images acquired with the clinical systems for both density levels. As the glandular composition 

increased, the detectability of smaller discs decreased with the clinical systems, particularly with 

the GE system, even at higher dose settings. As compared to the CNT mode (double dose) images, 

the observer study also indicated that the phase retrieved images provided similar or improved 

detection for all disc sizes except for the disk diameters of 2 mm and 1 mm for the 50G-50A 

phantom and 3 mm and 0.5 mm for the 70G-30A phantom.
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This study demonstrated the potential of utilizing a high energy phase sensitive x-ray imaging 

system to improve lesion detection and reduce radiation dose when imaging breast tissues with 

varying glandular compositions.
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1. Introduction

Breast cancer is the second leading cause of cancer death in women after lung cancer. 

Approximately 1 in 8 (12%) women in the US will develop invasive breast cancer during 

their lifetime [1]. A number of risk factors for breast cancer have been established, including 

personal and family history. High mammographic breast density has been identified as an 

independent risk factor for developing breast cancer, with estimates of relative lifetime risk 

ranging from two to six-fold as compared to non-dense breasts [2–8]. The BI-RADS 

classification system identifies four classes of breast densities, in order of increasing risk [9, 

10]: Class 1, predominantly fatty with less than 25% fibro-glandular tissue; Class 2, 

scattered fibro-glandular tissues ranging from 25–50% of the breast; Class 3, 

heterogeneously dense with 50–75% of fibro-glandular tissues; and Class 4, extremely dense 

with greater than 75% fibro-glandular and fibrous tissue.

The sensitivity of mammography for the detection of breast cancer in non-dense breasts has 

been reported to be 85% [11]. On the other hand, the sensitivity drops as low as 48% in 

women with extremely dense breasts, i.e. Class 4 (greater than 75% fibro-glandular tissue) 

[12, 13]. Screening modalities that are effective for this population of women are crucial for 

optimal early diagnosis of breast cancers. Additional screening with magnetic resonance 

(MR) imaging or automated breast ultrasonography (AB US) after screening mammography 

increases the rate of early detection of breast cancer in women with dense breasts [13,14, 

15–18]. Thus, there is room for improvement in screening mammography for the diagnosis 

of cancer, particularly in dense breast imaging.

Conventional mammography is sensitive to the attenuation coefficients of tissues. 

Unfortunately, dense breast tissue makes mammograms more difficult to interpret by 

masking potential tumors, since tumor and dense breast tissue both appear white on a 

mammogram. Phase sensitive mammography is an innovative and emerging x-ray imaging 

technique. The in-line phase sensitive approach involves the simplest implementation — 

provided that the imaging system is spatially coherent — as it does not involve the 

introduction of any optical element between the sample and detector [19–21]. A micro focus 

source generates a partially coherent x-ray beam which traverses a sample, and a sample-to-

detector distance is introduced for the development of interference patterns on the imaging 

plane. The phase modulation of the emerging beam is transformed into amplitude 

modulation, due to the free-space propagation of the x-rays after passing through the object. 

Contrast is generated from the interference among parts of the emerging wave fronts [21–23] 

that have experienced different phase shifts (φ). This contrast is superimposed onto the 
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attenuation contrast on the image and helps to improve the visibility of the borders of 

structures and other fine details. As reported previously [24], in-line phase contrast imaging 

faces two key challenges in clinical implementation. The first challenge is to achieve 

adequate x-ray transverse coherence while providing sufficient photon flux at short exposure 

times. Micro-focus x-ray sources operating with large source-to-object distances can provide 

large transverse coherent lengths [20, 21]; however, a very long exposure time is required for 

imaging due to the limited current of the micro-focus tubes. To address this challenge, a high 

energy beam of approximately 100–120 kV has been utilized recently to acquire phase 

sensitive images of soft tissue-equivalent phantoms with shorter exposure time [24, 25]. 

Secondly, although the interfaces of different tissue areas are greatly accentuated in a phase 

contrast image, the bulk of the phase contrast in a given tissue area may be lost if the phase 

shifts vary slowly. In order to fully exhibit tissue phase contrast, one needs to disentangle 

tissue phase shifts from the combined attenuation/phase contrast in a phase sensitive 

projection. To address the second challenge, we implemented an effective and radiation dose 

efficient phase retrieval approach [26–29]. In this study, we compared the detectability of a 

contrast detail (CD) test pattern embedded in modular breast-simulating phantoms of 

varying glandular and adipose tissue compositions using the low energy clinical 

mammography and high energy in-line phase sensitive technique. To the best of our 

knowledge, a comparison of relative detectability of these two modalities in imaging 

phantoms with varying glandular compositions has not been previously presented.

2. Methods and Materials

2.1 Phantoms

Two modular phantoms (CIRS Inc, Norfolk, VA, USA) were utilized comprising of multiple 

homogenous slabs that simulated the glandular (G) and adipose (A) tissue composition of a 

human breast. The slabs were made of epoxy resins with x-ray attenuation properties similar 

to various density levels of adipose and glandular densities. The slabs were composed of 

50G-50A and 70G-30A percentage densities of the glandular and adipose tissue. Three slabs 

of similar densities were sandwiched together to create a 5 cm thick phantom with the 

middle slab having a thickness of 1 cm and the outer slabs each having a thickness of 2 cm, 

respectively. The middle slab of each phantom was machined to include a contrast detail 

(CD) test pattern as shown in Figure 1 (a). This pattern consisted of a 6×6 matrix of 

cylindrical holes with diameters of 0.25, 0.5, 1, 2, 3 and 4.25 mm and depths of 0.1, 0.2, 0.4, 

0.6, 0.8 and 1 mm.

2.2 Phase Sensitive X-ray Imaging Prototype

The benchtop inline phase sensitive x-ray imaging prototype has imaging and measurement 

components mounted on an optical rail, which allows the ability to adjust the source-to-

object distance (SOD) and source to image-detector distance (SID) for the desired geometric 

magnification: M= SID/SOD. The schematic diagram of the inline phase sensitive prototype 

is shown Figure 1 (b). The prototype has a micro focus x-ray source (Model L8121-03, 

Hamamatsu Photonics, Japan) that consists of a tungsten (W) target and a 200 μm thick 

Beryllium (Be) output window with tube voltage and tube current ranging from 40–150 kV 

and 10–500 μA, respectively. The source focal spot size varies from 7–50 μm as the output 
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power varies from 10–75 W. The focal spot to output window distance (FOD) is 17 mm 

while the x-ray beam angle is approximately 43 degrees. The prototype incorporates a 

CMOS flat panel detector (C7942SK-25, Hamamatsu Photonics, Japan) with a pixel pitch of 

50 μm, an active area of 120 mm × 120 mm and 12-bit digital output. The geometric 

magnification used in this study was 2.5, with a SOD = 68 cm and SID = 170 cm. The phase 

sensitive images were acquired using a tube voltage of 120 kVp, a tube current of 500 μA, 

and an exposure time of 9 sec (4.5 mAs). A 2.5 mm thick aluminum (Al) filter was utilized 

to harden the beam and block the low energy photons. These specific acquisition parameters 

are considered optimal when utilizing high energy x-rays for phase contrast and phase 

retrieval imaging of soft tissues [30]. The half value layer (HVL) corresponding to these 

acquisition settings was 4.3 mm Al. The corresponding mean glandular dose (Dg) values 

utilizing the specified acquisition parameters for the 50G-50A and 70G-30A phantoms were 

1.33 and 1.3 mGy, respectively.

2.3 Clinical x-ray imaging system configuration

The conventional mammography systems utilized in this study were a Senographe DS (GE 

Medical System, USA) and a Selenia (Hologic, Bedford, MA, USA). The Senographe DS 

utilizes an x-ray tube with dual anode targets of molybdenum (Mo) and rhodium (Rh), and a 

choice of Mo, Rh and Al filtration. It has an indirect conversion flat panel detector that is 

coupled with a scintillator of cesium iodide (CsI) doped with thallium (CSI: TI). The 

detector has a pixel pitch of 100 μm with a pixel array of 2294×1914 that provides a field of 

view of 22.9 cm×19.1 cm. The Selenia system utilizes a tungsten (W) anode target and a 

choice of rhodium (Rh) or silver (Ag) filtration. It has an amorphous-selenium (a-Se) flat-

panel detector that performs a direct conversion of the incident x-ray photons into electric 

charge. The detector has a pixel pitch of 70 μm with a pixel array of 4096×3328 that 

provides a field of view of 28.6 cm×23.3 cm. The source to image-detector distance (SID) 

for the Senographe is 66 cm, while the Selenia has an SID of 70 cm. Both the systems 

utilized an anti-scatter grid for scatter rejection.

For both systems, the phantom images were acquired using an automatic exposure control 

(AEC) setting that automatically selects suitable tube voltage (kV), anode/filter combination, 

and mAs value (the product of tube current and exposure time) depending on the 

compressed thickness of the breast and its attenuation to x-ray, as determined by the pre-

pulse x-ray exposure. In addition to the AEC mode, an automatic contrast mode (CNT) was 

also used for the acquisition with the GE system. The CNT mode applied a lower kV and 

higher mAs values which resulted in dose values that are more than double as compared to 

the standard AEC mode images. The acquisition parameters used for the imaging are 

summarized in in Table 1 below.

2.4 Mean Glandular Dose

The formation of cancer (carcinogenesis) occurs in glandular breast tissue and therefore it is 

the dose within this tissue type that needs to be monitored. The Dg values were calculated as 

[31–34],
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(1)

where DgN is the normalized average glandular dose coefficient and XESE is the object 

entrance exposure. The entrance exposure measurements were obtained with a calibrated 

ionization chamber and dosimeter. DgN values were determined by experimental and 

computer simulation methods based on the following factors: radiation beam quality (x-ray 

energy or HVL), x-ray tube target material, filter material, breast thickness and breast tissue 

composition. For the 120 kVp beam utilized in this study, the DgN values were computed 

from the x-ray spectral average of the Monte Carlo simulation-derived values for various 

photon energies. The x-ray spectrum was measured with an x-ray spectrometer having a 3 × 

3 × 1 mm3 CdTe detector (Amptek Incorporated, Bedford, Massachusetts). The complete 

detail for calculating DgN can be found elsewhere [24, 33].

2.5 Phase Retrieval Method

In order to fully exhibit the phase-contrast of the disks in the phantom, the phase map of the 

phantom must be retrieved from its phase sensitive projection. A recently developed phase 

retrieval method known as phase-attenuation duality (PAD) was used to retrieve the phase 

map from a single phase sensitive projection of the phantom [26–29]. This method has been 

applied recently for biomedical applications [24, 25, 35–38].

When the x-ray energy falls within the 60–500 keV range, both soft-tissue (Z<10) 

attenuation and soft-tissue phase are related to the projected electron density, ρe,. This 

relationship is referred to as the phase-attenuation duality (PAD). This is because Compton 

scattering dominates the interaction between the x-rays and the low-Z elements within this 

photon energy range. When PAD holds, phase shift of the object and x-ray attenuation are 

related to ρe, as follows:

(2)

With this method, the phase map can be retrieved from just a single phase-sensitive 

projection,

(3)

where ϕ(r) represents the phase map of the object, λ is the average wavelength of x-ray, σKN 

is the Klein-Nishina total cross-section of Compton scattering, and re = 2.818 x10−15 m is 

the classical electron radius. In addition, I (r ⃗d) is the acquired phantom’s phase-sensitive 

intensity at the rD on the detector, Iin is the entrance x-ray intensity, and R2 and M are the 

object-to-detector distance and the geometric magnification of the system respectively. 

Derived from x-ray propagation equations, the operator ∇2 denotes the two dimensional 
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transverse Laplacian differential operator, and  represents the inverse 

pseudo-differential operator of the forward differential operator.

The composition of the phantoms that were used in this study are also dominated by low-Z 

elements, thus the PAD relationship holds when using x-rays with energies ≥ 60 keV. In 

utilizing a polychromatic micro focus x-ray tube, it was necessary to approximate the values 

utilized in Equation (3) for the average wavelength λ and the Klein–Nishina total cross-

section σKN as those corresponding to a 60 keV x-ray beam, which is the approximate 

average output x-ray energy from a tungsten target tube operating at 120 kVp.

2.6 Analyses and Comparison of the Images

2.6.1 Observer Study—Conducting an observer study using contrast-detail (C-D) 

analysis is widely accepted as a simple and effective method for comparison of medical 

imaging systems and techniques including mammography applications [39–43]. All the 

images were randomly presented to 10 independent highly trained observers for the 

analyses, which involved each observer identifying the minimum perceptible hole for each 

diameter in the image. The images were displayed on a high resolution monitor in a dark 

room. The monitor was calibrated using the DICOM grayscale standard display function. 

The reading time was unlimited for each observer. C-D curves were generated for each 

image according to the averaged observers’ scores to compare the relative performance of 

the phase retrieved and conventional clinical images. The C-D curve relates the threshold 

contrast necessary to perceive an object as a function of the object’s diameter. Curves for 

different systems or techniques can easily be compared, as a system exhibiting higher 

performance produces a C-D curve located closer to the x-y axis. A student t confidence 

interval was constructed around each data point for determining the variance among the 

observers for that point. This study utilized a 95% confidence interval with n − 1 degrees of 

freedom, where n represents the number of observers.

2.6.2 Contrast-to-noise ratio (CNR) and figure of merit (FOM) evaluations—The 

use of C-D analyses unites the concepts of spatial resolution and contrast resolution on the 

same graph. It is excellent in providing the relationships visually but it is not quantitative. 

For the quantitative comparison of the three different imaging systems, the contrast-to-noise 

ratios (CNRs) of the disk targets in each phantom were calculated. The CNR of a disk target 

is defined according to the Rose model as follows [44–46]

(4)

where SA denotes the mean pixel value of the disc target averaged over a region of interest 

(ROI), SB is the mean pixel value of the background averaged over an ROI of the same size, 

 and  are the corresponding pixel value variances, and aD and ap are the areas of a disk 

target and a pixel, respectively. The ROI size for the target disks varied with its diameter. 
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Four ROIs all of equal size, as of ROI of the target disks, were positioned in the background 

regions around each disk.

The achieved CNR for any given disk also depends on the radiation dose. Since, the three 

imaging systems utilized different radiation dose levels, hence, we define a figure of merit 

(FOM) for target disk imaging performances. FOM is a quantity that is used to characterize 

the performance of a device, system or method, relative to its alternatives and it is given as

(5)

The CNR for x-ray quantum limited detectors is related to N1/2, and since the dose is 

proportional to N, by squaring CNR the influence of N is eliminated in the above FOM 

((N1/2)2 / N = 1). This conveniently eliminates the parameter of exposure level from the 

comparative analyses [47]. Hence, the defined FOM reflects the influence that photon 

energy has in terms of dose efficiency. We measured the CNR and the FOM values for four 

target discs in the phantom which were 4.25 and 3 mm in diameter with drilled depths of 1 

and 0.8 mm. The phase retrieved and clinical images acquired under the AEC modes with 

the two clinical units were utilized in the computation of CNR and FOM.

3. Results

3.1 Observer Study

Figure 2 provides the contrast detail images of the phantoms simulating the 50% glandular/ 

50% adipose density acquired with the GE, Hologic and prototype phase sensitive imaging 

systems. Figure 2 (a) is the AEC mode acquired image with the GE system, 2(b) is the AEC 

mode acquired image with Hologic system, 2(c) is the CNT (double dose) mode image 

acquired with the GE system, and 2(d) is the phase retrieved image of the phantom. The 

images acquired with the clinical units were cropped to only include the rectangular regions 

of identical size surrounding the CD test pattern. Due to the limited size of the CMOS 

detector and the magnification factor utilized, only the CD pattern of the phantom was 

captured on the image. With the exception of window/leveling, flat field correction and dark 

current correction, no image processing methods were applied to the images. Similarly, 

Figure 3 provides the CD images of the phantoms simulating the 70% glandular/ 30% 

adipose density acquired with a same sequence of (a)–(d) as of Figure 2. From visual 

inspection, one can see that the most difficult disks to perceive are in the lower left (smaller 

with lower contrast), and the easiest disks to perceive are the in upper right (larger with 

higher contrast) on these phantom images. Furthermore, the phase retrieved image is 

offering a noticeable improvement in disc detection as compared to the images acquired 

under similar dose levels with the clinical mammography systems. Hologic acquired AEC 

images have improved disc detection capability as compared to the GE acquired AEC 

images.

Figure 4 compares the contrast threshold detection performance of the phase retrieved image 

with the conventional clinical mode images for the phantoms simulating the 50% glandular/ 
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50% adipose breast tissue. At similar dose levels, the phase retrieved image is superior to the 

images acquired with the two mammography systems under their AEC modes. One can see 

clearly on the C-D curve that for all the disc sizes, observers perceived more discs. It is also 

interesting to note that the AEC image of the Hologic system yields improved detection as 

compared to the AEC mode of the GE system. When the radiation dose was increased more 

than twice, the contrast resolution of the image acquired with GE system improved and it 

outperformed the Hologic AEC mode image for all the discs diameters and the phase 

retrieved image for the discs with 2 mm and 1 mm diameters. As CNT mode applies higher 

dose settings—the relative noise in the image is less, and the C-D curve shows that it has 

better contrast resolution.

Figure 5 provides the contrast threshold detection performance of the phase retrieved image 

with the conventional clinical mode images for the phantom simulating the 70% glandular/ 

30% adipose breast tissue. With the clinical systems, the exposure and dose values both 

increased for this phantom, as the pre-pulse x-ray beam sensed a different attenuation due to 

the higher density while traversing the phantom. When acquiring the phase sensitive images 

of this phantom, the exposure values were maintained at 4.5 mAs to be consistent with the 

first set of images. Contrary to the clinical systems, the radiation dose for imaging the 70–30 

set phantom was less as compared to the 50-50 set. One can see from the C-D curves that the 

phase retrieved image is superior in detection of all the discs as compared to the clinical 

images acquired under the AEC mode with similar dose levels. The detection of the large 

discs is almost the same for the phase retrieved and Hologic acquired images. As the disc 

diameter decreases, the Hologic acquired image contrast reduces, which results in reduced 

detection of those discs. The Hologic acquired image outperforms the GE image under the 

AEC mode. With double dose, the CNT mode of the GE system exhibits improved detection 

of discs, as it outperforms the phase retrieved image in providing better contrast resolution 

for the 3 mm and 0.5 mm disks. The noise reduction provided at double dose levels with the 

CNT mode was not enough to completely offset the phase retrieved image acquired at a low 

dose.

3.2 CNR and FOM

The superiority of the phase sensitive imaging system as seen in the observer study is further 

endorsed by its CNR and FOM values. The results provided in Table 2 for the 50G-50A 

phantom set demonstrate that the ratios of CNR with the phase image to that of the Hologic 

acquired image ranges from 4.62–5.16. The FOM values calculated for the phase images 

range from a factor of 22.9–28.53 greater than the FOM values for the Hologic acquired 

image. Similarly, the ratios of CNR with phase image to that of the GE acquired image 

ranges from 4.53–5.28 while the ratio of FOM values ranges from 15.9–21.6.

The phase retrieved image has approximately five times the CNR of both the clinical 

systems images which validates the image quality improvements offered by the phase 

sensitive imaging system. For example, the disk with 3 mm diameter and 1 mm drilled depth 

provided the CNR values of 8.37, 1.81 and 1.67 with the phase retrieved, Hologic and GE 

images. The improvement of CNR with the phase sensitive imaging system directly impacts 

the FOM ratios with the two clinical systems. As compared to the Hologic system, the dose 
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with the GE system was less which resulted in higher FOM values which in return yielded a 

smaller of FOM ratios. For the same disk, the FOM for the Hologic and GE image was 2.30 

and 2.70 which resulted in FOM ratios of 22.9 and 19.5 respectively.

Both the clinical systems applied higher dose for adequate image quality for the denser 

phantom, but we were able to maintain the image quality enhancement without increasing 

the exposure and dose to the denser phantom. Table 3 provides the CNR and FOM values for 

the 70G-30A phantom set. The ratios of CNR with the phase image to that of the Hologic 

acquired image ranges from 4–4.95. The FOM values calculated for the phase images range 

from a factor of 19.32–29.64 greater than the FOM values for the Hologic acquired image. 

Similarly, the ratios of CNR with phase image to that of the GE acquired image ranges from 

4.41–5.12 while the ratio of FOM values ranges from 17.1–23.06. This comparison has 

significance since the phase images were acquired at a reduced dose as opposed to the 

clinical images, yet still provide a noticeable image quality enhancement in terms of CNR 

and FOM values. Taking the same disc of 3 mm diameter and 1 mm depth, the FOM ratios 

of phase retrieved to Hologic and GE images are 29.64 and 23.06 which are slightly higher 

to the FOM values of the 50G-50A phantom set due to an acquisition with less dose. Higher 

CNR values warrant a good contrast resolution, less relative noise and thus better image 

quality. Increasing the mean number of photons (N) incident upon a detector and reducing 

the scatter by employing an anti-scatter grid reduces the relative noise and improves the 

contrast resolution. One can see from figure 2 and 3 that the disks offer a much stronger 

signal with the phase retrieved image as compared to the two opposing images. It is worth to 

mention that the boundaries of the disks are sharper with the phase retrieved image. It is a 

well-known fact that with the employment of geometric magnification in clinical radiology, 

the boundaries of tissues are obscured due to the blurring caused by the finite focal spot size 

of the x-ray tubes. Phase contrast imaging technique demonstrate the edge enhancement 

effect at the interfaces of different tissues or materials while providing additional CNR for 

the diagnostic purposes.

4. Discussion

This study demonstrates the potential benefits of using high energy x-rays for phase 

sensitive breast imaging. The clinical systems both have different x-ray tube targets and filter 

settings; hence we cannot apply the same tube current (mA) and exposure time (s) settings. 

For a fair comparison, we allowed both systems to apply their own optimized techniques, 

determined by their automatic exposure control (AEC) settings. With increasing breast 

density, the AEC modes of the two mammography systems selected higher mAs values, 

based on the attenuation to x-ray determined by the pre-pulse x-ray exposure. This increase 

in mAs resulted in higher dose levels, which in response ensures adequate image quality to 

facilitate diagnosis and interpretation. Furthermore, the detector quantum efficiency (DQE) 

decreases with an increase in the x-ray energy, as do the attenuation and phase coefficients 

of tissue. Consequently, the use of a high energy x-ray beam is inherently disadvantageous 

for phase imaging in a comparison study with low energy attenuation-based clinical images. 

However, due to the limited output power of the micro focus x-ray tubes, a high energy x-ray 

beam is required for phase imaging in order to reduce the exposure times to clinically 

acceptable values. While we assessed the glandular dose levels for the absorbed dose to 
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breast tissue, the stochastic health risk such as cancer of high energy x-ray photons can be 

further assessed by using the equivalent dose (HT). It is defined by the International 

Commission on Radiological Protection (ICRP) as the product of the absorbed tissue dose 

(DT) and a weighting factor (WR) which is related to the radiation quality. For the photon 

radiation like x-rays and gamma rays, the weighting factor has the value 1 independent of 

the energy of the radiation. Hence, the high-energy phase contrast technique does not 

present any higher stochastic health risk than conventional low-energy mammography 

technique, as compared on equal glandular dose basis.

For the 50G-50A density phantom, the observer study, contrast-to-noise ratio (CNR) and 

figure of merit (FOM) comparisons all indicated a large CNR improvement by the phase 

retrieved image as compared to both clinical systems acquired under their AEC modes at 

similar dose levels. The CNR improvement in the phase retrieved image was sufficient to 

detect the smallest discs that were undetectable by both clinical systems. With a double 

dose, the detectability of the discs improved due to the noise reduction provided by the 

system under its CNT mode. As compared to the phase sensitive image, double dose 

provided improved contrast resolution for the 2 mm and 1 mm disks. The clinical systems 

had to increase the dose to provide adequate image quality for the denser phantom. With our 

system, we were able to maintain the image quality enhancement without increasing the 

dose to the denser phantom. Thus, the comparison of 70G-30A phantom is more significant, 

since the phase images were acquired at a reduced relative dose as compared to the AEC 

mode clinical images, yet still provide a noticeable image quality enhancements in terms of 

the disks perception, CNR and FOM values. At double dose, the contrast resolution of the 

GE system for the 3 mm and 0.5 mm disks improved as compared to the phase sensitive 

image. For detectors with small components of additive noise, where the majority of noise is 

a result of x-ray quantum fluctuations, the ratio of squared CNR to exposure is essentially 

independent of the exposure level; thus, FOM would be expected to be a measure of 

performance that would not change with incident exposure.

Under the AEC acquisition mode of the GE system, the small disc diameters (0.5 and 0.25 

mm) for the 50G-50A image were slightly better perceived by the observers than that of the 

70G-30A image. With the CNT, the observer study indicated that the discs with diameter of 

2, 1, 0.5 and 0.25 mm of the 50G-50A image were more distinguishable as compared to the 

70G-30A image. For example, the 2 mm diameter disks produced an average scores of 0.233 

and 0.344 with the 50G-50A and 70G-30A images. With the phase sensitive system, the 

50G-50A images produced slightly higher scores for all the discs as compared to the 

70G-30A image. Furthermore, the observer study indicate that the AEC mode images 

acquired with the Hologic system had higher disk perceptibility and detection as compared 

to AEC mode images of the GE system. The pixel pitch of the GE system is larger that 

results in reduced noise levels and less standard deviation among the pixel values of an ROI 

since it can capture more incident number of photons. Thus, the GE system produced similar 

CNR values and thus high FOM as that of the Hologic system at low radiation dose levels.

Due to technical difficulty and high cost of inserting dense CD objects in the breast phantom 

slabs, the CD array of holes were used. As opposed to real masses in a breast, the holes in 

our phantom are less attenuating than the background. Nevertheless, the CD objects like 
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these still provide useful differential contrast for reader preference and perception studies 

and CNR analyses. In the near future, we intend to a use high power micro focus x-ray 

source to potentially reduce the exposure time to a fraction of a second for diagnostic 

applications. The potential demonstrated by this study for high energy phase sensitive x-ray 

imaging to improve lesion detection and reduce radiation dose in mammography warrants 

further investigation of this technique. Future studies will utilize several phantoms, including 

those representing more complex anatomical tissue structures of the breast.
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Figure 1. 

(a) A 5 cm thick modular phantom mimicking the 70% glandular and 30% adipose breast 

tissue with the middle slab showing the CD test pattern; (b) Schematics of the inline phase 

sensitive x-ray imaging prototype illustrating a micro-focus x-ray source, a flat panel 

detector and a phantom placed in a magnification geometry.
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Figure 2. 

CD images of 50G-50A phantom set acquired by (a) GE system at 29 kV, 46 mAs, 1.03 

mGy; (b) Hologic system at 29 kV, 116 mAs, 1.42 mGy; (c) GE system at 27 kV, 146 mAs, 

2.46 mGy; (d) Phase retrieved imaged acquired at 120 kV, 500 μA, 9s (4.5 mAs), 1.33 mGy.
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Figure 3. 

CD images of the 70G-30A phantom set acquired by (a) GE system at 29 kV, 55 mAs, 1.14 

mGy; (b) Hologic system at 29 kV, 142 mAs, 1.57 mGy; (c) GE system at 28 kV, 129 mAs, 

2.3 mGy; (d) Phase retrieved image acquired at 120 kV, 500 μA, 9s (4.5 mAs), 1.3 mGy.
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Figure 4. 

Contrast detail curve comparison of the phase retrieved image with the clinical 

mammography systems under various imaging protocols for the 50% glandular- 50% 

adipose phantom.
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Figure 5. 

Contrast detail curve comparison of the phase retrieved image with the clinical 

mammography systems under various imaging protocols for the 70% glandular- 30% 

adipose phantom.
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Table 1

Parameters used for the acquisition of the phantoms with Senographe and Selenia.

Density GE Senographe (G) Hologic Selenia (H) GE Senographe (CNT) Phase Sensitive System

50G-50A 29kV,46mAs,1.03mGy 29kV,116mAs,1.42mGy 27kV,146mAs,2.46mGy 120kV,4.5mAs, 1.33mGy

70G-30A 29kV,55mAs,1.14mGy 29kV,142mAs,1.57mGy 28kV,129mAs,2.3mGy 120kV,4.5mAs, 1.3mGy
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