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Abstract. X-ray phase imaging has the potential to dramatically improve soft tissue30

contrast sensitivity, which is a crucial requirement in many diagnostic applications31

such as breast imaging. In this context, a program devoted to perform in-vivo32

phase-contrast synchrotron radiation breast computed tomography is ongoing at the33

Elettra facility (Trieste, Italy). The used phase-contrast technique is the propagation-34

based configuration, which requires a spatially coherent source and a sufficient object-35

to-detector distance. In this work the effect of this distance on image quality is36

quantitatively investigated scanning a large breast surgical specimen at 3 object-to-37

detector distances (1.6, 3, 9 m) and comparing the images both before and after38

applying the phase-retrieval procedure. The sample is imaged at 30 keV with a 60 µm39

pixel pitch CdTe single-photon-counting detector, positioned at a fixed distance of40

31.6 m from the source. The detector fluence is kept constant for all acquisitions. The41

study shows that, at the largest distance, a 20-fold SNR increase can be obtained by42
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2

applying the phase-retrieval procedure. Moreover, it is shown that, for phase-retrieved43

images, changing the object-to-detector distance does not affect spatial resolution while44

boosting SNR (4-fold increase going from the shortest to the largest distance). The45

experimental results are supported by a theoretical model proposed by other authors,46

whose salient results are presented in this paper.47

Submitted to: Phys. Med. Biol.48

1. Introduction49

X-ray breast imaging is an extremely demanding task since high contrast sensitivity,50

high spatial resolution and low delivered dose are required. In this context, x-51

ray phase-contrast-imaging is a powerful tool to dramatically enhance soft tissues52

contrast sensitivity without increasing dose. The advantage of phase-contrast imaging53

over the conventional absorption imaging is based on the fact that, considering soft54

tissues and energies in the range 10− 100 keV, the decrement from unity (δ) of the55

refraction index (n), responsible for phase effects, is about 3 orders of magnitude56

higher than the absorption term (β), used in the conventional radiology (Rigon 2014).57

Several approaches exist to transform the object-induced phase shift into intensity58

modulations on the detector: interferometric (e.g., gratings), analyzer-based, edge-59

illumination and free-space-propagarion techniques are in use with synchrotron and,60

in some cases, conventional sources (Bravin et al. 2012, Rigon 2014). From the61

experimental point of view, the single-shot free-space propagation-based technique62

is the easiest to implement since it only requires to increase the object-to-detector63

distance without using optical elements or multi-exposure acquisition. On the contrary,64

propagation-based imaging has more stringent requirements on the x-ray source spatial65

coherence and detector spatial resolution with respect to other techniques (e.g., gratings,66

edge illumination) (Pfeiffer et al. 2006, Olivo & Speller 2007). Images acquired with67

the propagation-based technique show an enhanced contrast in the tissue interfaces68

(i.e., edge-enhancement), which in the ray-optical approximation is proportional to the69

Laplacian of the object-induced phase-sihft (Peterzol et al. 2005). The edge-enhanced70

images can be processed by applying a phase-retrieval (PhR) algorithm which allows,71

under certain approximations, to recover the induced phase-shift (Burvall et al. 2011). In72

this work the PhR algorithm based on the homogeneous transport of intensity equation73

proposed by Paganin and co-workers in 2002 is used (Paganin et al. 2002). In fact,74

the combined effect of free-space propagation and PhR is to increase the image signal-75

to-noise ratio (SNR) preserving spatial resolution and, far from sharp interfaces where76

edge-enhancement is present, contrast (Gureyev et al. 2017).77

Along with phase effects, breast imaging can also take advantage of 3D techniques,78

such as breast tomosynthesis and breast CT (BCT), which overcome the superposition of79

the structures inherent in planar imaging potentially hindering the detection of massive80
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lesions. At present, the development of BCT systems is a hot topic for several research81

groups and companies, the main challenge being the trade-off between spatial resolution82

and delivered dose (Sechopoulos 2013, Sarno et al. 2015, Rößler et al. 2017, Kalender83

et al. 2017).84

In this context, the SYRMA-3D (synchrotron radiation for mammography)85

collaboration aims to set-up the first clinical study of phase-contrast synchrotron86

radiation BCT at the Elettra synchrotron facility (Trieste, Italy) and promising87

results on breast specimens have been recently obtained (Longo et al. 2016, Brombal88

et al. 2018a, Donato et al. 2018).89

In this work, the effect of the propagation distance on the image quality, based on90

scans of total mastectomy specimen acquired at 3 propagation distances, is discussed.91

Specifically, both the effects of propagation distance and PhR on image metrics92

as signal-to-noise-ratio, contrast and spatial resolution are reported and compared93

with a theoretical model proposed by Gureyev, Nesterets and collaborators (Gureyev94

et al. 2017, Nesterets & Gureyev 2014), which is briefly described in the next section.95

A major improvement in signal-to-noise ratio at longer propagation distances and at a96

constant spatial resolution is experimentally demonstrated.97

2. Materials and methods98

2.1. Theoretical model99

Let us consider an object positioned at a distance R1 from a monochromatic point x-100

ray source and at a distance R2 from a 1D detector (the extension to a 2D detector is101

straightforward). We further suppose that the incident scalar electromagnetic wave102

obeys to the homogeneous transport of intensity equation (TIE-hom), so that the103

intensity at the detector plane (IR2(x), with x the pixel coordinate) is:104

IR2(x) '
[
1− σ2∇2

x

]
I0(x) , (1)105

I0(x) being the transmitted intensity in the object plane while σ2 = γR′λ/(4π) accounts106

for the (effective) propagation distance R′ = (R1R2)/(R1+R2), for the x-ray wavelength107

λ and for the proportionality factor between the refraction and absorption properties108

of an interface between 2 materials γ = (δ2 − δ1)/(β2 − β1) (Gureyev et al. 2017). It is109

worth noticing that, along with its validity conditions, equation 1 implies that the image110

recorded at a given distance from the object will be similar to the (absorption) contact111

plane image (i.e., at a null propagation distance) apart from the object’s interfaces,112

where the Laplacian of the intensity is expected to be significantly different from zero.113

Therefore, within uniform regions of the images (i.e., far from sharp details), neither the114

detected signal nor the noise are expected to change significantly upon the propagation115

process. On the contrary, the spatial resolution improves in the free-space propagation.116

This can be qualitatively understood considering that the (phase) contrast is increased117

close to sharp interfaces (i.e., where the Laplacian is not negligible), hence the high118

spatial frequencies are boosted. The quantitative demonstration of the spatial resolution119
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improvement associated to free-space propagation imaging can be found in (Gureyev120

et al. 2017). Once the propagation image has been collected, the phase-retrieved image121

is obtained by inverting the equation 1. In practice, this is accomplished by convolving122

the image with a low-pass filter which, in the spatial frequency domain (u), can be123

described as (Brombal et al. 2018a):124

H(u) =
[
1 + 4π2σ2u2

]−1
. (2)125

From the noise reduction perspective, the phase-retrieval filter has nothing special since126

any low-pass filter would reduce noise enhancing the SNR. Anyway, the peculiarity of127

the phase-retrieval procedure, applied along with the free-space propagation technique,128

is that it restores the resolution that would have been observed in the contact plane129

image while improving the SNR. This means that, once the phase retrieval has been130

applied, the spatial resolution of the image is the same at all propagation distances,131

except for magnification effects. In addition, considering flat portions of the image (i.e.,132

far from sharp interfaces), phase retrieval does not modify the image contrast. This133

can be understood considering that, in practice, phase retrieval acts as a low pass filter,134

thus not altering the large area contrast of the image (Gureyev et al. 2017, Kitchen135

et al. 2017). Moreover, the fact that large area contrast is not affected by the phase-136

retrieval procedure can also be understood from a physical perspective. In fact, in the137

analytical derivation of the phase-retrieval formula it is assumed that absorption and138

phase properties are proportional throughout the object, thus, far from interfaces, large139

area contrast is not expected to vary (Paganin et al. 2002, Burvall et al. 2011).140

If both phase-retrieval and tomographic reconstruction process are considered, it141

can be demonstrated that the SNR gain associated to the application of phase retrieval142

in the tomographic image is expected to be (Nesterets & Gureyev 2014):143

SNRgain(A) =

[
(8/3π)

A2

ln(A)− 1

]1/2
, (3)144

being A = σ2/(16h′2) a dimensionless parameter accounting for the object composition,145

irradiation geometry, beam energy (all described by σ) and the detector effective pixel146

size h′ = h/M , where h is the physical pixel size andM = (R1+R2)/R2 the magnification147

factor. To obtain this result the detector is assumed to be ideal, i.e., with MTF = 1148

up to the Nyquist frequency. The equation 3 is the central result of the model and,149

as a first approximation, it implies that the SNR gain increases almost linearly with150

the propagation distance and with the inverse of the square of the effective pixel size.151

Considering realistic parameters in terms of energy (tens of keV), propagation distance152

(meters) and pixel size (less than 100 µm), the expected SNR gain is between 1 and 2153

orders of magnitude with respect to conventional imaging (Kitchen et al. 2017).154

2.2. Experimental setup and sample155

The images are acquired at the SYRMEP beamline at Elettra (Tromba et al. 2010).156

The x-ray beam is produced by one storage ring bending magnet and the energy is157
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selected in the range 8.5 - 40 keV by means of a Si(111) double-crystal monochromator,158

providing an energy resolution of 0.1%. The beam’s cross section at the detector159

is 220 (horizontal)×4 mm2 (vertical, Gaussian shape, FWHM) while the source-to-160

detector distance is kept at 31.6 m for all measurements. Images are collected at161

30 keV positioning the sample at 3 different object-to-detector distances, 1.6, 3 and162

9 m, respectively. The laminar shape of the beam, along with long object-to-detector163

distances, allows to work in a scatter-free geometry without the need of anti-scattering164

grids (Brombal et al. 2018a). To be consistent with the notation of the model presented165

in the previous section, the propagation distance (R′) is defined as the object-to-detector166

distance scaled by the magnification factor. Given that the magnifications at the 3167

sample positions are 1.05, 1.1 and 1.4, the propagation distances will be 1.5, 2.7 and168

6.4 m, respectively. It is worth noticing that, especially at high magnifications, the169

actual finite dimension of the source should be taken into account since it contributes170

to the overall image blurring, thus reducing the spatial resolution (Gureyev et al. 2008).171

Anyway, in this work small magnifications (up to 1.4) are used and the detector spatial172

resolution is similar to the source size (∼100 µm) (SYRMEP 2016), therefore making173

the source size contribution to the image blurring (as a first approximation) negligible.174

Each scan is performed in 40 seconds, collecting the projections over 180 deg with175

a rotation speed of 4.5 deg sec−1. The dose, expressed as mean glandular dose (MGD),176

is evaluated by multiplying the air kerma at the patient position (i.e., 1.6 m object-to-177

detector distance) by a conversion factor accounting for breast size and glandularity,178

derived from an ad-hoc developed Monte Carlo simulation based on a GEANT4179

code (Mettivier et al. 2015, Fedon et al. 2015). In this study, the delivered MGD at180

the shortest propagation distance was 25 mGy. At larger distances, since the fluence on181

the detector was kept roughly constant, the delivered dose was slightly increased (∼ 5%182

higher at 3 m and ∼ 30% higher at 9 m) due to x-ray attenuation in air. In in-vivo183

applications, this issue can easily be overcome by positioning a vacuum pipe between184

the object and the detector, thus avoiding air attenuation. In addition, as it will be185

clear in the next section, it can be argued that air attenuation is largely compensated186

by the SNR increase at larger distances, leaving room for the possibility of a major dose187

reduction.188

The sample is a total breast mastectomy containing an epithelial and stromal189

sarcomatoid carcinoma. After the formalin fixation and sealing in a vacuum bag,190

the sample diameter is of about 12 cm. The Directive 2004/23/EC of the European191

Parliament and of the Council of 31 March 2004 on setting standards of quality and192

safety for the donation, procurement, testing, processing, preservation, storage and193

distribution of human tissues were followed.194

The images are collected with a CdTe single-photon-counting detector with a 60 µm195

pixel pitch (Pixirad-8), comprising an array of 8 modules tiling a total surface of196

246× 25 mm2, operated in dead-time-free mode at a frame rate of 30 Hz (Bellazzini197

et al. 2013, Delogu et al. 2017). Each scan is constituted by 1200 projections which first198

undergo an ad-hoc pre-processing procedure (Brombal et al. 2018b) and subsequently are199
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phase-retrieved (γ = 795) and reconstructed via a GPU-based filtered back projection200

with a Shepp-Logan filtering (Brun et al. 2015). The value of the retrieval parameter201

γ has been extracted from a publicly available database (Taylor 2015) considering a202

glandular/adipose interface.203

2.3. Image analysis204

As a first step the SNR of the images prior to the phase retrieval is measured selecting205

circular ROIs (4000 pixels each) embedded within tumoral tissue, avoiding sharp edges.206

According to the TIE model (equation 1) SNR should not change significantly varying207

the propagation distance if no phase-retrieval is applied, being equal to the SNR that208

would be observed in the contact plane. To compensate for the beam’s magnification,209

SNR is normalized to square root of the effective pixel size h′ = h/M , where h = 60 µm210

is the physical pixel pitch and M is the magnification. Moreover, to make up for small211

fluence variations in different acquisitions, SNR is also normalized to the square root of212

the average number of counts in the detector N , and defined to be:213

SNR =
〈I〉
s(I)

√
h′0
h′

√
N0

N
, (4)214

where 〈I〉 is the mean pixel value, s(I) the standard deviation in the ROI, h′0 and215

N0 are the reference pixel size and and number of counts corresponding to the 1.5 m216

propagation distance acquisition, respectively. The error associated to the SNR is given217

by the standard deviation of 5 SNR measurements performed in non-overlapping ROIs.218

SNR is measured also after the application of the phase-retrieval algorithm and a gain219

factor is defined as:220

SNRgain =
SNRPhR

SNRnoPhR

. (5)221

Subsequently, the image contrast is measured selecting ROIs both within tumor222

(subscript 1) and adipose (subscript 2) regions:223

C =
〈I1〉 − 〈I2〉
〈I2〉

× 100 . (6)224

Since phase retrieval is affecting only image noise while free space propagation is225

affecting spatial resolution, the contrast should not change neither with the application226

of the phase retrieval, nor varying the propagation distance. As for the SNR, the227

error associated to the contrast is given by the standard deviation of 5 contrast values228

measured in non-overlapping ROI pairs.229

The spatial resolution is measured in the phase-retrieved images selecting, for each230

distance, 3 line profiles across a sharp fat/tumor interface produced by a surgical cut.231

The line profiles are fitted with an erf and the FWHM of its derivative is measured.232

The spatial resolution is evaluated as the mean value of the 3 FWHMs and the error233

is estimated to be the maximum fluctuation around the mean value. According to the234

theory, excluding the effect of the magnification, the spatial resolution after the PhR235

should not vary by changing the propagation distance since, for each distance, the PhR is236
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expected to produce the same resolution that would have been measured in the contact237

plane image. In order to consider only the instrinsic system’s spatial resolution, the238

FWHM is measured in number of pixels instead of an absolute length.239

3. Results and discussion240

In figure 1 the reconstructed slices at different propagation distances (1.5, 2.7, 6.4 m)241

without (a-c) and with (d-f) the phase retrieval are reported. With the aim of a242

visualization allowing a straightforward comparison between images with and without243

phase retrieval, all the images have been scaled by a normalization factor such that244

the average value of fibroglandular tissues far from interfaces is 1 while air is 0. Since245

tissue relaxation occurred and sample repositioning was needed, some morphological246

changings (e.g., different position of air gaps within the tissue) are observed at different247

propagation distances. Care was taken to ensure the best match at all distances in248

the region enclosed by the dashed line of figure 1 (a), where all the measurements are249

performed. From the images it can be qualitatively noted that, if no PhR is applied,250

no major variation in signal and noise is observed by varying the propagation distance,251

except for the sharp interfaces between adipose (dark grey) and tumor or fibroglandular252

(bright gray) tissue. On the contrary, increasing the propagation distance, the phase-253

retrieved reconstructions are smoother and no spatial resolution degradation is observed.254

The same effect is reported in a finer detail in figure 2, where a zoom on a sharp255

adipose/tumor interface produced by a surgical cut is displayed. Considering the non-256

phase retrieved images (a-c) it is clear that the edge-enhancement effect at the interfaces257

between the two different tissues is amplified at increasing propagation distances, i.e.,258

the high-spatial frequencies are boosted. This can be better visualized in panels (g-259

i) reporting line profiles (see dashed line in panels (a-c)) of the non-phase-retrieved260

images at increasing propagation distances. Besides the edge-enhancement effect, clearly261

visible in panel (i), the profiles show a high level of noise, possibly hampering tissue262

differentiation. On the other hand, when the PhR is applied (d-f) the edge appearance263

does not change by varying the propagation distance and the edge-contrast is not longer264

present. Considering the respective line profiles reported in panels (j-l), a similar edge265

sharpness is observed at all distances and, when compared with the non-phase-retrieved266

images profiles, the noise level is significantly lower.267

The quantitative results are reported in table 1. As predicted by the theory268

the SNR, calculated according to equation 4, does not vary significantly with the269

propagation distance prior to the PhR, while its increase associated with the phase270

retrieval is greater than a factor of 20 when considering 6.4 m of propagation distance.271

In addition, it must be noted that only little contrast variations (below 3%) are observed272

when changing the distance while, at a given position, no significant contrast alterations273

are associated to the PhR algorithm whose action is limited to image noise. Furthermore,274

considering phase-retrieved images, the FWHM measured in pixel units does not vary275

significantly with the propagation distances and, in all cases, was found to be slightly276
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Figure 1. Reconstructed slice acquired at propagation distances 1.5 m (a, d), 2.7 m

(b, e) and 6.4 m (c, f). Images in the first row (a-c) are reconstructed without PhR,

images in the second row (d-f) with PhR. The dashed square in (a) is the zoom region

reported in figure 2. After the normalization described in text, images are displayed

in a gray scale window ranging from 0 to 2, where 0 is a typical value of air and 1 a

typical value of fibroglandular tissue. Morphological variations at different distances

are due to sample repositioning and tissue relaxation within the sample holder.

higher than 2 pixels (∼ 120µm on the detector plane). This implies that, taking into277

account the magnification, the actual spatial resolution is improved at longer distances278

(FWHM ∼ 100µm) at the expense of a smaller field of view.279

Table 1. Quantitative results. The uncertainty associated to each measure is enclosed

between round brackets.

PhR Distance R’

1.52 m 2.72 m 6.44 m

SNR No 1.63 (0.02) 1.63 (0.03) 1.62 (0.01)

Yes 8.45 (0.13) 13.3 (0.3) 33.8 (0.7)

Contrast No 32.8 (0.4) 30.6 (0.3) 33.3 (0.2)

Yes 32.7 (0.2) 30.7 (0.1) 32.9 (< 0.1)

FWHM (px) Yes 2.1 (0.5) 2.3 (0.3) 2.4 (0.2)
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Figure 2. Zoomed detail of figure 1 without (a-c) and with (d-f) phase retrieval at

increasing propagation distances (from left to right). In panels (g-i) profiles obtained

from the dashed lines in (a-c) are reported. In panels (j-l) profiles obtained from the

dashed lines in (d-f) are reported along with the erf fit (red curve). In (a) and (d) one

of the five pairs of circular ROIs used to determine contrast and SNR are displayed as

an example.
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Figure 3. Comparison between experimental results (blue points) and theoretical

predictions (solid red lines) as a function of the propagation distance. In the top panel

the theoretical prediction scaled by a factor of 2 (dashed red line) is also reported.

Some error bars are smaller than points.

With the aim of a better data visualization, the measured SNR gain, contrast and280

spatial resolution concerning the phase-retrieved images (blue points) and the theoretical281

predictions (solid red lines) are plotted as a function of the propagation distance in282

figure 3. From the top panel it can be seen that the measured SNR gain is lower than283

the predicted value at all propagation distances by roughly a factor of 2. This can be284

simply explained considering that the model assumes an ideal detector with a constant285

MTF up to the Nyquist frequency, thus constituting in practice an upper limit for the286

SNR gain when a real detector is considered. Once the theoretical curve is scaled (dashed287

red line), the experimental points match the theoretical trend. Moreover, comparing288

phase-retrieved images, a 4-fold increase in SNR can be obtained at 6.4 m with respect289

to the shortest propagation distance (1.5 m). At the same time, as predicted by the290

model, the spatial resolution is kept constant at all the distances (central panel) while291

only little contrast variations are observed (bottom panel).292

4. conclusions293

This study on a surgical breast specimen indicates that, combining the free-space294

propagation phase-contrast technique and the phase-retrieval algorithm, it is possible to295

obtain a major SNR improvement with respect to conventional imaging, at a constant296

spatial resolution. Specifically, at a fixed detector fluence, the longer propagation297
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distances provide higher SNR while leaving spatial resolution unaltered. The maximum298

observed SNR gain associated with the phase-retrieval algorithm is found to be 20299

at 6.4 m while, at all propagation distances, the gain is about a factor of 2 smaller300

than the one predicted by the presented theoretical model which considers an ideal301

detector with a constant MTF. This means that the trend of the experimental points302

is consistent with the theory while the quantitative discrepancies should be attributed303

to the realistic (non-ideal) detector MTF. For the phase retrieved images, the spatial304

resolution measured across a sharp adipose/tumoral interface, is slightly higher than305

100µm at all the propagation distances. In addition, it has been shown that, with306

the described experimental setup, major contrast variations are not observed neither307

changing propagation distance nor applying the phase-retrieval. This fact is of great308

importance in sight of the clinical application of this technique, since the image309

appearance will look ”familiar” to the clinician’s eye, who will not need a specific training310

to read the images. The presented work, where one sample was scanned at a limited311

number of propagation distances, will be expanded using different samples, propagation312

distances and including the detector’s MTF in the theoretical model. Moreover, the313

SYRMEP beamline is being re-designed to accommodate larger patient-to-detector314

distances (1.6 m in the present configuration) to better exploit the advantages of the315

free-space propagation technique in breast CT clinical applications.316
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