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Abstract. We present the outcomes of combined feasibility studies carried out
at Elettra and Australian Synchrotron to evaluate novel protocols for three-
dimensional (3D) mammographic phase contrast imaging. A custom designed
plastic phantom and some tissue samples have been studied at diverse resolution
scales and experimental conditions. Several computed tomography (CT) recon‐
struction algorithms with different pre-processing and post-processing steps have
been considered. Special attention was paid to the effect of phase retrieval on the
diagnostic value of the reconstructed images. The images were quantitatively
evaluated using objective quality indices in comparison with subjective assess‐
ments performed by three experienced radiologists and one pathologist.

We show that the propagation-based phase-contrast imaging (PBI) leads to
substantial improvement to the contrast-to-noise and to the intrinsic quality of the
reconstructed CT images compared with conventional techniques as well as to an
important reduction of the delivered doses, thus opening the way to clinical
implementations.
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1 Introduction

In the current medical practice, two-dimensional (2D) X-ray mammography is the main
examination for the diagnosis of breast cancer. Despite the great advances due to the
introduction of more sensitive detectors and novel X-ray generators, the technique still
produces a relatively high percentage of both false-positive and false-negative
results [1].

The recently implemented digital tomosynthesis opened new perspectives for its
ability to produce multiple 2D slices through the breast and reduces the camouflaging
effect due to overlap of different tissue layers that takes place in projection X-ray imaging
[2, 3]. However, the most attractive 3D approach remains computed tomography (CT).
Breast CT has the important advantage to reduce the physical discomfort experienced
by patients due to the painful compression of the breast in conventional mammography
[4, 5] and to give a real 3D representation of the breast characteristics.

A few dedicated breast CT prototypes are in clinical use worldwide [6, 7] with very
promising results. Similarly to conventional radiology, the main limit in this approach
is the low absorption contrast between normal (fibrous) and abnormal tissue.

Phase-contrast techniques can have an important role in this framework. Feasibility
studies [8] already showed the effectiveness of analyser-based CT (AB-CT) in the
improved detection of tumours with a smaller radiation dose, compared to current clin‐
ical mammography. At the same time, recent studies [9–15] have shown that, alternative
X-ray phase-contrast imaging methods, such as the propagation-based phase-contrast
tomography (PB-CT), can deliver outcomes comparable to AB-CT in regards to image
quality and dose, while being potentially simpler and cheaper to implement.

The aim of this work is to provide a path to clinical implementation of low-dose
high-quality 3D mammographic imaging, which will result in improved breast cancer
diagnosis, substantial reductions in radiation dose and removal of patient pain.

2 Materials and Methods

2.1 Experiments at the Australian Synchrotron

We have conducted in-line (propagation-based) phase-contrast CT imaging experiments
[14] at the Imaging and Medical beamline (IMBL) of the Australian Synchrotron [16].
The detector used was a Hamamatsu CMOS Flat Panel Sensor C9252DK-14, utilised
in partial scan mode, with the pixel size 100 μm × 100 μm, 1174 × 99 pixels (H × V)
field of view and 12-bit output. The detector has a CsI scintillator directly deposited on
a 2D photodiode array.

A specially designed and fabricated phantom was used in this experiment. The
phantom consisted of a cylindrical block made of polycarbonate, with the diameter of
10 cm and the height of 2 cm, having eight irregularly located cylindrical holes of 1 cm
diameter, each filled with different substances: glycerol, CaCl2 1 M, ethanol 35 v%,
paraffin oil, water, fatty ham, meaty ham and fibrous ham. The sample was imaged with
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monochromatic X-rays at three energies: 38 keV, 45 keV and 50 keV. The sample rota‐
tion-axis to detector distance (sample-to-detector distance, for short), R2, was set to one
of four values including 27 cm, 1 m, 2 m and 5 m.

CT data analysis (including pre-processing of data, CT reconstruction and optional
post-processing) was carried out using X-TRACT software [17]. It is well acknowledged
[11] that phase retrieval using an algorithm based on the homogeneous transport of
intensity equation (TIE-HOM) [18] results, in general, in reduced noise in reconstructed
CT slices while preserving the sharpness of the edges when used with a proper regula‐
rization (δ/β) parameter. We applied the TIE-HOM algorithm to projection data sets and
subsequently carried out FBP CT reconstruction. In order to restrict the absorbed dose
to values currently accepted for standard mammographic screening, we restricted the
number of projections to 361 over 180°. The mean glandular doses (MGDs), D, per
complete CT scans, were between 4.7 mGy and 10.8 mGy, depending on the imaging
parameters.

2.2 Experiments at Elettra

In-line phase-contrast CT imaging experiments [13] have been carried out also at the
SYRMEP imaging beamline of the Elettra synchrotron light source [19]. The detector
used for low dose scans was a Dalsa Argus CCD TDI sensor with a pixel size of 27 μm
and a maximum X-ray resolution up to 15 lp/mm. The detector used for the high reso‐
lution scans was a water-cooled CCD camera by Photonic Science, model VHR,
4008 × 2672 full frame, used in 2 × 2 binning mode (resulting in pixel size of 9 μm),
coupled to a gadolinium oxysulfide scintillator placed on a fiber optic taper.

A large tissue specimen excised during a surgical mastectomy was scanned at high
and low statistics using the Dalsa detector at 32 keV with a sample-to detector distance
of 18 cm and 2 m. A centimeter size tissue sample containing a small lesion was scanned
at higher resolution (using the Photonic Science detector) at 20 keV with sample-to-
detector distances of 4 cm (simulating absorption), 30, 100 and 166 cm.

Datasets have been reconstructed using the SYRMEP Tomo Project (STP) in-house
developed software [20] using several different reconstruction algorithms such as:
Filtered Back Projection (FBP) [21], Simultaneous Iterative Reconstruction Technique
(SIRT) [22], Simultaneous Algebraic Reconstruction Technique (SART) [23], Conju‐
gate Gradient Least Squares (CGLS) [22], Equally Sloped Tomography (EST) [24],
Total Variation (TV) minimization [25] and an iterative FBP algorithm [26]. Like for
the Australian experiment a phase retrieval (phr) algorithm was applied prior to the
actual reconstruction by processing each projection independently, in accordance with
the TIE-HOM algorithm [18]. For each of the above approaches images were recon‐
structed with and without application of phase retrieval pre-processing.

2.3 Quantitative Evaluation of the Images: Objectives Quality Indexes and
Radiological Assessment

Reconstructed images for the mastectomy sample were quantitatively evaluated using
several full-reference and no-reference image quality assessment indexes [27]. Full

Phase-Contrast Clinical Breast CT 627



references indexes require the definition of a certain ‘reference image’ that in our case
is the one obtained by applying the FBP reconstruction algorithm to the high statistics
scan using all available projections. The considered full reference indexes were: Mean
Squared Error (MSE), Signal-to-Noise Ratio (SNR), Universal Quality Index (UQI)
[28], Noise Quality Measure (NQM) [29] and Structural Similarity Index (SSIM) [27].
Apart from the MSE index, higher values of SNR, UQI, NQM and SSIM correspond to
higher image quality.

The no-references indexes used were: the Contrast-to-Noise ratio (CNR), the Full
Width Half Maximum (FWHM) and the dimensionless no-reference intrinsic quality
characteristic Qs which incorporates both the noise propagation and the spatial resolu‐
tion properties of a linear system [12, 30]. Since the evaluation of FWHM requires a
well-defined image edge, this index was evaluated by considering the images of the
polycarbonate phantom sample and analyzing the line profiles at the interface between
the background and one of the details [13].

CT scans of the mastectomy sample, carried out at clinical dose, were also assigned
with subjective radiological scores provided by three experienced radiologists and one
pathologist who expressed a blind opinion about the recognition of the lesion borders
and their spiculations, the visibility of small connective residues included in the adipose
tissue, the perceived contrast and spatial resolution. A global score was given from 0,
for the worst case to 4, for the best image, i.e. the above defined ‘reference image’. On
the basis of these scores, the images were then classified into three categories: no-diag‐
nostic power (radiological score from 0 to 2), where the lesion characterization is difficult
to be done; poor diagnostic power (radiological score higher than 2 to 3), i.e. it would
be possible to diagnose the tumour but without an accurate evaluation of spiculations
and/or connective residues existing in the tissue; and full diagnostic power (radiological
score higher than 3), where all the relevant features are detectable and quantifiable.

3 Results

3.1 Outcomes from the IMBL Experiment

CT scans at the Australian Synchrotron were conducted at clinical doses and were
focused to reveal the presence of phase effects, despite the large pixel size of the Hama‐
matsu detector widely used for conventional clinical imaging, and to evaluate the
improvements of the image quality with respect to absorption images.

One reconstructed (using TIE-HOM phase retrieval with γ = 1000) CT slice from
low photon statistics data (361 projections over 180°), corresponding to the X-ray energy
of 38 keV, for four values of the sample-to-detector distance (0.27 m, 1 m, 2 m and 5 m)
is shown in Fig. 1 together with its magnified fragments. Some quantitative image quality
parameters, including the SNR per unit dose, SNR/D1/2, and the intrinsic quality char‐
acteristic, Qs = SNR/D1/2/(Spatial resolution) [30], for four values of the propagation
distance and using phase retrieval, are summarized in Table 1.
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Table 1. Quality characteristics of CT slices reconstructed (using FBP) from phase-retrieved
(using TIE-HOM).

Fig. 1. Effect of phase retrieval on FBP CT reconstruction. The sample-to-detector distance, from
left to right: 0.27 m, 1 m, 2 m and 5 m. Estimated Mean Glandular Doses (MGD) were 8.2 mGy,
8.2 mGy, 9.3 mGy and 10.8 mGy, respectively.

3.2 Outcomes from the Elettra Experiment

The first experiment conducted at Elettra was aimed at evaluating and optimizing the effects
of phase contrast and phase retrieval in the detection of small malignant lesions in breast
tissue specimens. For these purposes, high resolution scans (using the Photonic Science
detector) have been performed at different propagation distances and the benefits of applying
phase retrieval algorithm for the image quality have been evaluated in comparison with the
absorption images. An example is shown in Fig. 2, where a representative slice of the tissue
specimen obtained from the scan in absorption modality (a) is compared with the corre‐
sponding slice resulting from the phase-contrast scan obtained from phase-retrieved data;
delivered doses were 4.8 and 5.8 Gy respectively.

In a quantitative images evaluation, a 20-fold improvement of the image quality‐
characteristic Qs was found in the phase-retrieved image, which is equivalent to 400-
fold reduction of X-ray dose at the same image quality. The second experiment carried
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out at Elettra was focused on low-dose CT scans using the Dalsa detector. The purpose
of this experiment was to optimize the reconstruction workflow and perform a quanti‐
tative comparison of images obtained with different approaches, taking into account,
with particular attention, the radiologist’s point of view. The considered reference image
for the mastectomy sample, including a malignant lesion of about 3 cm with irregular
edges, blurred margins and spicules, is shown in Fig. 3a.

This image was obtained at high dose, so that all the features are very well outlined.
The red square indicates the region-of-interest (ROI) used for the image quality assess‐
ment. The low-dose CT scan, acquired at a MGD of about 1.5 mGy, was then considered,

Fig. 2. Representative slice of the tissue specimen from absorption CT scan reconstructed
with FBP (a) and phase contrast scan reconstructed with FBP after application of phase
retrieval (b). The yellow box highlights a region with a suspect satellite lesion. (Color figure
online)

FBP FBP iter

Phr FBP Phr EST

b c

d e

a

Fig. 3. Reference image for the mastectomy sample (a) and reconstructed images obtained with
conventional FBP (b), Iterative FBP (c), Phr + Iterative FBP (d), Phr + EST algorithm (e).
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several reconstruction approaches were applied and the respective ROIs were compared.
Figure 3b, c show the slices obtained with conventional FBP and Iterative FBP algo‐
rithms, respectively, and were assigned by the radiologists to the ‘No diagnostic power’
class. Slices in Fig. 3d, e were obtained by applying the phase-retrieval pre-processing
prior to the Iterative FBP and EST reconstruction respectively: both of them were eval‐
uated in the ‘full diagnostic power’ class.

The correlation between the objective indexes and the radiological scores obtained
for the same sample slice using different reconstruction workflows is shown in Fig. 4.
In general, most of the image quality scores are in a good agreement with the radiological
assessment, in particular the SSIM trend is the closest one.

Fig. 4. Correlation between the radiological scores and various image quality indexes (Color
figure online)

4 Discussion

Propagation-based phase-contrast CT with the application of phase retrieval using the
TIE-HOM method with proper regularization (δ/β) parameter allows one to convert
phase-contrast CT images into direct analogues of absorption CT images, while substan‐
tially increasing contrast-to-noise ratio without excessive image blurring. In fact, while
a slight blurring effect induced by the application of phase retrieval can be perceived,
the adoption of high resolution detectors (finer than the ones adopted in the nowadays
clinical practice) and the significant benefits in terms of contrast and noise still supports
the propagation-based CT approach. This conclusion is also validated by the qualitative
evaluation performed by the radiologists. It was observed that the radiological assess‐
ment prefers, in all the cases, phase-retrieved images.
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When comparing the performance of the same reconstruction algorithm with and
without the application of phase retrieval (e.g. SIRT vs. phr SIRT), bigger values (indi‐
cating better quality) for the quality indexes like MSE, NQM and SNR were obtained,
and similar trend was also found for the considered no-reference indexes CNR and Qs.

Strong improvement of CNR with phase retrieval was found particularly in the high
resolution scans: for the small breast tissue specimen, a CNR value of up to 20 times
bigger than in conventional CT was obtained at the same radiation dose.

At low dose, the application of phase retrieval makes the CT reconstruction much
more effective. An example is shown in Fig. 3, where images reconstructed using FBP
iterative algorithm without phase retrieval (Fig. 3c) are considered as having ‘no diag‐
nostic power’, while the one obtained with the application of phase-retrieval pre-
processing (Fig. 3d) has a high clinical quality (‘full diagnostic power’). By increasing
the propagation distances to several meters, phase effects can be revealed even by a
detector with relatively large pixel sizes (of the order of 100 μm), like in the case of
Hamamatsu detector. As detectors with larger pixel sizes typically have higher detective
quantum efficiency (DQE), compared to high-resolution X-ray detectors, the use of long
propagation distances can become a valid possibility to reduce the radiation dose. It has
to be pointed out that for this assumption an adequate spatial coherence of the source is
required to avoid penumbral blurring: this is the case of synchrotron beamlines as well
as last generation microfocus X-ray sources or compact sources.

5 Conclusions

The use of phase contrast and phase retrieval results in significant improvement in the
quality of X-ray images of breast tissue. This has been demonstrated in the low-dose
scans by evaluating several different quality indexes and considering the radiological
assessment.

Low-dose phase-contrast CT images can be obtained with a conventional flat-panel
detector having relatively large pixels if large propagation distances are implemented.

The outcomes of this study provide practical guidelines for the optimization of image
processing workflows not only for synchrotron-based phase-contrast tomography but
can be extended to new generator-based phase-contrast setups (gratings, coded aperture)
or compact sources.
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