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Abstract

Mammography, ultrasound and magnetic resonance imaging are commonly used

to diagnose breast cancer. However these imaging techniques produce a signifi-

cant number of false positive results and lead to unnecessary biopsies. Accord-

ing to the American Cancer Society, more than 50% of breast biopsies turn out

negative. Complementary non invasive diagnostic techniques, such as X-Ray

Diffraction (XRD), are explored to reduce this number.

In this paper we describe a novel XRD collimation design dedicated to depth-

resolved tissue characterization. Experimental results obtained with phantoms

composed of beef adipose and muscle tissues are presented.

Keywords: X-ray diffraction (XRD), breast imaging, medical diagnostic

imaging

1. Introduction

Breast cancer is a major public health issue as in 2017 it counted around

59,000 new cases and 12,000 deaths in women in France, according to the French
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National Cancer Institute [1]. However, early detection eases treatment and in-

creases the chances of a positive outcome. For this reason, regular screenings5

are implemented, so as to detect the pathology as early as possible.

Mammography has been chosen for screening as it is fast (10-15 minutes for

the whole procedure) and has excellent spatial resolution (< 100µm). It relies

on X-rays to produce an image, and its contrast depends on the difference of

attenuation coefficients between healthy and pathological breast tissue: tumors10

and micro-calcifications appear lighter than healthy tissue. However, it has been

demonstrated that the difference of x-ray attenuation coefficients in healthy and

pathological tissues is small [2, 3]. This is why in some cases, especially in dense

breasts, the results of a mammography are uncertain, and other imaging tech-

niques, such as breast ultrasound or magnetic resonance imaging (MRI), are15

required to confirm the diagnosis.

Breast MRI and ultrasound can be very useful to inspect regions already marked

as suspicious after a mammography. They don’t rely on ionizing radiation and

are non invasive. However, both techniques have their downsides: MRI has a

high false-positive rate [4] and ultrasound is more specific than MRI, but also20

less sensitive [5]. This is why the presence of a malignant tumor is always con-

firmed by anatomopathological analysis on tissues obtained from biopsies. This

is the most accurate tool for breast cancer diagnosis but it is invasive, stressful

for the patient and time-consuming for the medical staff. Furthermore, most

biopsies turn out negative [6].25

This is why other imaging techniques that would help reduce the number of

unnecessary biopsies are considered. One of these techniques is X-Ray Diffrac-

tion (XRD). The measured spectra Sdiff depend on the molecular structure of

the sample and thus can yield better contrast between healthy and pathological

breast tissue than attenuation-based techniques [7–9]. So it can be used as a30

complementary technique, if required after a mammography.

XRD assesses the diffraction profile as a function of energies E and angles θ.

To describe both of these variables simultaneously a quantity called momentum
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transfer measured in nm−1 is used. It is defined as :

q =
E

hc
sin(θ/2) (1)

where E is the energy in keV, hc = 1.24 keV.nm is the product of the Planck’s35

constant and of the value of light speed in vacuum and θ is the angle between

incident and diffracted photon directions. According to Bragg’s law, diffraction

occurs in crystals only when the following condition is verified :

E

hc
sin(θ/2) = q =

n

2d
(2)

where n ∈ N is the diffraction order (n = 1 in this study). The diffraction profile

in crystals presents discrete sharp peaks. In the case of amorphous materials,40

such as soft tissues, the diffraction profile presents continuous diffraction pat-

terns, which are also representative of their molecular structure. The diffraction

profile expressed as a function of the momentum transfer is called form factor

and noted hereafter as F (q).

Depending on the method chosen to cover the desired momentum transfer range45

(usually around [0.5 − 4] nm−1), a distinction can be made between two XRD

system categories: Angle-Dispersive X-Ray Diffraction (ADXRD) uses a mono-

chromatic X-ray beam and measures a diffraction diagram as a function of

angles; in Energy-Dispersive X-Ray Diffraction (EDXRD) the diffraction angle

is fixed and measures are made for different X-ray energies using a conventional50

source. Breast tissue characterization was achieved with an ADXRD system

using synchrotron radiation [10, 11]. However, this type of radiation source is

hardly available outside research facilities. By contrast, EDXRD requires only

spectrally resolved X-ray detectors, which are much easier to access and oper-

ate. This is why EDXRD is preferred for medical applications.55

The correlation between EDXRD results and anatomopathological analysis was

demonstrated using PixD geometry to illuminate thin (around 5mm) samples

[12, 13]. MacCabe et al proposed a secondary collimation with coded apertures

and demonstrated its effectiveness ex vivo on thin sections of human breast sam-

ples [14–16]. However, with pieces thicker that 1 cm characterization becomes60
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difficult as contributions at different depths are mixed. Different geometries are

explored to provide in-depth resolution especially for potential in vivo applica-

tions.

We have worked on X-ray diffraction setups for spatially resolved tissue charac-

terization [17–19], and in this paper we propose a new system geometry which65

combines ADXRD and EDXRD, and present an experimental study using a

breast-simulating phantoms made of beef tissue.

In section 2, the following points will be presented in order to support this study:

• the experimental setup (2.1);

• the description of the phantoms (2.2);70

• the protocol for experimental data processing and analysis (2.3).

Reconstruction and classification results will be presented in section 3, followed

by their discussion and a conclusion on this study in section 4.

2. Materials & Methods

2.1. Experimental setup75

The system geometry is represented on figure 1. Attenuation and diffracted

spectra were acquired separately.

For diffraction measures the X-ray source with tungsten anode was operated at

160 kV and 4 mA without any filtration. The incident beam were collimated

into a 0.3 mm wide pencil beam with 2 pinholes before passing through the80

phantom described below. The diffracted spectrum was measured after going

through the secondary collimation with a spectral detector called Imadif [20].

The secondary collimator is made of tungsten and has 7 slits. Each slit sees

a different z interval with a specific angle distribution. This collimator was

designed by our team specifically for in-depth imaging [21].85

Imadif detector is composed of 24 (x axis) by 8 (y axis) pixels on a total surface

of 660 mm2 and has a spectral resolution of 4.25% at 60 keV. We used the sub-

pixelation technique in order to virtually split each pixel into 8 virtual pixels
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Figure 1: Experimental setup for diffracted spectra acquisition represented in (z, x) plane.

The incident and the diffracted beams are shown respectively in yellow and blue.
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Figure 2: Representation of the field of view of the secondary collimation in the (z, x) plane.

Each color is associated to one slit of the collimator and shows the relation between the

positions along the z-axis and pixels. Below the z axis, the color bars show the z intervals

seen through each slit. The incident X ray are represented in gray color.
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along the x axis [22]. Thus, a spatial resolution of 192 (x axis) by 8 (y axis)

virtual pixels was achieved. For simplicity reasons, virtual pixels are referred to90

as ”pixels” hereafter.

2.2. Beef tissue phantoms

Five phantoms, shown on the figure 3, were used in this study. They are

composed of beef adipose tissue (ADP), beef muscle tissue (MSC) and of a mix

of beef adipose and muscle tissue (MIX). The mass proportions used for the95

mix were 65% of beef adipose tissue and 35% of beef muscle tissue. These three

materials where chosen for the similarity between their diffraction signatures,

shown on the figure 4a, and breast tissue diffraction signatures, described by

Pani et al., shown on figure 4b [23]. Breast tissue diffraction signatures, pre-

sented on figure 4b were obtained by energy-dispersive X-ray diffraction com-100

puted tomography. Five types of tissue were studied : adipose, fibrosis, poorly

and well differentiated cancer and benign breast tissue. Signatures presented on

figures 4a and 4b are normalized in order to facilitate the comparison between

curve shapes :

• the beef adipose tissue (ADP) is used to imitate human adipose tissue;105

• the beef muscle tissue (MSC) is used to imitate well differentiated cancer;

• the mix (MIX) is used to imitate fibrosis tissue.

The phantoms ADP-MIX, ADP-MSC and MIX-MSC, shown on figures 3a, 3b

and 3c, have a triangular geometry. Scanning these phantoms along the x axis

will provide us with the spatial resolution at the center of the field of view. The110

phantoms MIX-MSC-MIX and MIX-MSC-ADP, shown on figures 3d and 3e,

present a band of muscle tissue along their diagonal. This band has an almost

constant width of 10 mm. Scanning these phantoms along the x axis allows us

to test whether the muscle tissue can be successfully detected at all z locations.

For diffraction spectra measurements, the X-ray source was operated at 160 kV115

and 4 mA. Phantoms were scanned along x axis, for a maximum acquisition
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(a) ADP-MIX (b) ADP-MSC (c) MIX-MSC

(d) MIX-MSC-MIX (e) MIX-MSC-ADP

Figure 3: Pictures of five phantoms, made out of adipose tissue (ADP), muscle tissue (MSC)

and of a mix of adipose and muscle tissues (MIX): (a) mix and adipose tissue, (b) muscle

and adipose tissue, (c) muscle tissue and mix, (d) muscle tissue and mix, (e) adipose tissue,

muscle tissue and mix. The containers measure 100 mm by 50 mm by 10 mm (z × x× y).
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(a) (b)

Figure 4: Diffraction signatures : (a) beef adipose tissue (green), beef muscle tissue (red) and

mix of beef adipose and muscle tissue (blue), obtained experimentally; (b) different types of

breast tissue [23]

time per x position of 10 seconds. The incremental step in the x-direction for

phantoms ADP-MIX, ADP-MSC, MIX-MSC and MIX-MSC-MIX was 15 mm.

The phantom MIX-MSC-ADP was scanned with a smaller incremental step of

10 mm, as it had the most complex composition, containing all the types of120

tissue. Diffraction spectra, noted Sdiff (p,E), are measured for each pixel p and

energy channel E.

Attenuation measures were acquired with the same X-ray source operated at

160 kV and 1 mA without secondary collimation and with MultiXTM ME-100

detector. Attenuation spectra are noted Satt(E).125

2.3. Data processing & analysis

The measurements obtained on edge pixels showed significant noise, so we

took into account only the measurements from the 4 central columns. Also,

among 192 rows of the detector, we used only rows 9 to 184. For each row,

the variation in diffusion angle θ along the 4 columns were considered insignif-130

icant (as shown on the figure 5), so diffraction spectra were summed over de-

tector columns (y axis) as y-wise resolution is not needed in our experiment.

The relation between the in-depth resolved diffraction signature F (z, q) and the

diffracted spectrum Sdiff (p,E) is modeled as follows :

Sdiff (p,E) = R(p,E, z, q)F (z, q) (3)
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Figure 5: Distribution of θ along the selected detector rows and pixels for an object positioned

at z = 500mm. The color map represents the angle in degrees. The black line shows the middle

of the detector along the columns corresponding to y = 0.

(a) θ(p, z) (b) I(p, z)

Figure 6: Field of view matrices obtained experimentally through calibration : (a) shows the

diffraction angles in degrees and (b) shows the diffraction intensity, relatively to pixels and z

coordinates.
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where R is the 4-dimensional forward tensor. It regroups the following ele-135

ments: detector response matrix, attenuated spectrum (obtained from Satt(E))

and geometrical response. The construction of this matrix has been detailed in a

previous article ([18]). It is similar to a transformation matrix, as it models the

changeover from the characterization space (z, q) to the measure space (p,E).

The geometrical response is obtained through calibration : a 3 mm-thick alu-140

minum plate is translated along the z axis by 3 mm steps to cover all the field

of view (FOV). The point of this step is to produce a FOV matrix linking de-

tector pixels p to the position along z and to the diffraction angle θ. We used

the aluminum diffraction peak corresponding to q = 4.275 nm−1: for each z

position of the calibration plate we note the pixels that ”see” this z position145

and corresponding energies. From this, we infer a matrix M(p, z, θ) represent-

ing the ratio between the number of photons seen by the pixel p coming from

a position z at a diffraction angle θ, and the total number of detected photons.

This matrix takes into account the system geometry. Figure 6 shows diffraction

intensity and angle per z position and per pixel p.150

The forward matrix R(p,E, z, q) is obtained by using Bragg’s law on the ma-

trix M(p, z, θ) and multiplying the corresponding dimensions by the detector

response matrix and the attenuated spectrum.

Inverting the model (3) is an ill-posed problem and to obtain an estimation of

F (z, q) we used an iterative MLEM algorithm [24].155

The calibration step is key to establishing the forward matrix and, as conse-

quence, a correct MLEM inversion.

3. Results

As phantoms were scanned along the x axis, after the reconstruction we

obtained diffraction signatures as functions of the (x,z) position and of the160

momentum transfer q : F (x, z, q). For visualization purposes, we computed

two-dimensional maps RF (x, z) for each phantom, defined as :

RF (x, z) =
F2(x, z)

F1(x, z)
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(a) ADP-MIX

t = 0.1 s

(b) ADP-MIX

t = 1 s

(c) ADP-MIX

t = 10 s

(d) ADP-MSC

t = 0.1 s

(e) ADP-MSC

t = 1 s

(f) ADP-MSC

t = 10 s

(g) MIX-MSC

t = 0.1 s

(h) MIX-MSC

t = 1 s

(i) MIX-MSC

t = 10 s

Figure 7: RF maps for phantoms ADP-MIX, ADP-MSC and MIX-MSC (row-wise), and

different acquisition times (column-wise). The color scale is identical for all figures. ”ADP”

stands for adipose tissue, ”MSC” for muscle tissue, and ”MIX” for the mix of adipose and

muscle tissue. Dashed black lines are drawn to shown the ground truth limits between tissues.
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(a) MIX-MSC-MIX

t = 0.1 s

(b) MIX-MSC-MIX

t = 1 s

(c) MIX-MSC-MIX

t = 10 s

(d) MIX-MSC-ADP

t = 0.1 s

(e) MIX-MSC-ADP

t = 1 s

(f) MIX-MSC-ADP

t = 10 s

Figure 8: RF maps for phantoms MIX-MSC-MIX and MIX-MSC-ADP (row-wise), and differ-

ent acquisition times (column-wise). The color scale is identical for all figures. ”ADP” stands

for adipose tissue, ”MSC” for muscle tissue, and ”MIX” for the mix of adipose and muscle

tissue. Dashed black lines are drawn to shown the ground truth limits between tissues.
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where F1 and F2 represent the mean of F (x, z, q) along the third dimension on

the intervals Q1 = [1.0 − 1.2] nm−1 and Q2 = [1.5 − 1.7] nm−1 respectively.

Q1 corresponds to the interval where the diffraction signatures of adipose tissue165

and of the mix are maximal, whereas Q2 corresponds to the interval where the

diffraction signature of the muscle tissue is maximal. So, we can expect RF to

be greater for (x, z) locations where muscle tissue, imitating well-differentiated

breast cancer, is present. On the figures 7 and 8 are shown RF maps for all

phantoms (row-wise) and for acquisition times of 0.1, 1 and 10 seconds (column-170

wise). The color scale represents the value of RF for each (x, z) position. The

span of the color scale is identical for all phantoms and acquisition times. On

all figures black or white lines were drawn to materialize the ground truth limits

between different tissues.

From these maps, we can observe that an acquisition time of 0.1 second is175

insufficient to recognise the geometry of the phantoms. However, for greater

acquisition times the structural patterns of the phantom emerge. As can be

seen on figure 7c, the contrast between adipose tissue and the mix is rather

small. Whereas the contrast between muscle tissue and adipose tissue, shown

on figure 7f, or the contrast between muscle tissue and the mix, shown on figure180

7i, is greater. Higher values of RF follow the expected triangular and diago-

nal shapes of the muscle tissue. We note on the figures 8c and 8f that muscle

tissue is more visible when compared to adipose tissue. This can be expected,

as the diffraction signature of the mix is a linear combination of adipose and

muscle tissues. However, even for phantoms combining muscle tissue and the185

mix, muscle tissue remains visible on the RF maps.

4. Conclusion

This paper presents an experimental setup for energy-resolved measurements

of diffraction spectra, as well as a data processing method for computing diffrac-190

tion signatures from these measurements. The system was tested using phan-
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toms made of beef adipose and muscle tissues, which were chosen to imitate the

diffraction signatures of breast tissues. The phantoms were scanned in order to

obtain a two-dimensional characterization.

The presented results show that the nature of the tissue (adipose, muscle or a195

mix of adipose and muscle) can be successfully visualized on RF maps for an ac-

quisition time of 10 seconds. This demonstrates the characterization capabilities

of our system. Furthermore, as these tissues where chosen to imitate different

types of breast tissue, these results give us reason to expect similar results with

human tissue. We hope to test our system on human tissue samples in the near200

future.

In the end, these results are very encouraging and show the potential of X-

ray diffraction for clinical applications in breast cancer diagnosis. To further

improve the results, a classification algorithm could be implemented in order

to automatically attribute a label, such as ”healthy” or ”pathological”, to a205

given location in the sample. Furthermore, the absorbed radiation dose must

be carefully studied.
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