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Introduction 

Since the discovery of X-rays by Roentgen more than 100 years ago, the principles of X-ray 

image formation in the conventional radiology have remained the same. The image contrast is 

originated by a variation of density, composition or thickness of the sample and is based 

exclusively on the detection of amplitude variation of the transmitted X-rays. The main 

limitation of this technique is the poor enhancement of weakly absorbing details in soft tissue. 

This approach does not consider information coming from the phase.  

Phase-sensitive techniques allow increasing and complementing the absorption contrast by 

incorporating the phase information and achieve the image contrast from the modulation of the 

phase shifts produced by the sample on the incoming X-ray wavefield. They have high potential 

in bio-medical and biologic applications as the X-ray phase shift can be significant even for 

small details characterized by weak or absent amplitude modulation. As a result, the reachable 

contrast for soft biological tissues can be greatly increased. 

In the last decades, the increased availability of high coherent X-ray sources in the third 

generation synchrotron laboratories and the progress in the micro-focus conventional X-ray 

generators have rapidly expanded the use of the phase-sensitive techniques to a variety of 

research fields.  In order to measure the phase of the X-ray wavefield, we must provide an 

imaging set-up that detects phase information as intensity variations which can be directly 

measurable. Various techniques have been developed to render the phase contrast in the X-ray 

regime. In this thesis, the work has been focused on the Propagation-Based phase-sensitive 

Imaging (PBI) technique. The PBI technique simply uses free-space propagation between the 

sample and the detector to convert, through Fresnel diffraction, the beam phase modulations into 
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measurable intensity variations on the detector. It requires a large spatial coherence length which 

is available in the third generation synchrotrons because of their large source-to-sample distance 

distances and their small source sizes.  

A significant benefit of PBI is the existence of phase retrieval algorithms which extract the phase 

variation and quantitative information from one or more intensity measurements. The phase 

retrieval aims to deduce the phase of a wavefield from intensity measurements, either 

analytically or iteratively. Phase retrieval is the supplement of Beer’s law [Born and Wolf, 1999] 

for absorption contrast images which extracts quantitative measurements from the phase contrast 

images. Beer’s law states that there is a logarithmic dependence between the projected thickness 

of an object composed of a single material and the normalized intensity. Similarly, phase 

retrieval algorithms link the phase of the wavefield at the plane object (relatively projected 

thickness) to the measured intensity.  

Phase retrieval in PBI has a long history, that starts with the Nobel prize work of Gabor (1948). 

In Gabor’s holography, the phase and the amplitude of a wavefield at the exit surface of a sample 

are encoded in the propagated intensity by concerning this propagated intensity (‘hologram’) as a 

result of the interference between the unscattered (‘reference’) and scattered (‘object’) waves. To 

recover the incident complex wavefield, the intensity can be decoded either optically or 

computationally after the measurement. We can view a PBI image as a short-propagation-

distance in-line hologram which may be inverted to recover the complex wavefield. 

Numerous phase retrieval algorithms that require intensity-only measurements have been 

developed to yield the projected phase and absorption information of an object [Teague 1983, 

Gureyev and Nugent 1996, 1997, Paganin and Nugent 1998, Cloetens et al 1999, Guigay et al 

2007]. Despite their success, many of these algorithms require the acquisition of multiple images 

per tomographic projection, or impose significant restrictions on the object under the study (e.g., 

it must provide weak or no attenuation contrast). When it comes to image biological specimens, 

taking more than one image per projection will induce a higher radiation dose, which can be 

detrimental. Dose consideration is particularly important for in vivo studies, and thus methods 

requiring large numbers of projections are of limited use for biomedical applications. A 
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significant amount of work has been done on the question of tomographic reconstruction using 

X-ray PBI phase retrieval. In this thesis, I study two of the most common approaches to PBI 

phase retrieval, which are based on Born approximation [Gureyev et al., 2004] and on Transport 

of Intensity Equation (TIE) [Paganin et al. 2002]. These approaches require a single PBI 

projection and prior knowledge about the refractive index of the sample. In Born method the 

general non-linear phase retrieval problem is linearized by introducing the “weak scatterer” 

assumption. The TIE approach also represents a linearization of the phase retrieval problem, 

which is achieved under the assumption of slow variation of the complex amplitude.  

Analytical formulas for the signal-to-noise ratio (SNR) and for the figure of merit (FOM) are 

theoretically defined in Chapter 3. An experimental verification is then performed by applying 

two mentioned phase retrieval algorithms to test phantom objects and some biological samples. 

The results are analyzed and compared: the differences and the similarities between these two 

phase retrieval algorithms are highlighted and their advantages and drawbacks for different kinds 

of biomedical applications are discussed. This analysis is reported in the Chapter 4 for 

tomographic imaging. 

This thesis has been carried out in the framework of the Physics Department of Trieste 

University (Trieste, Italy). The experimental work has been performed at the SYRMEP beamline 

of the Trieste Synchrotron Facility (ELETTRA). The main aim of this thesis is to optimize and 

analyze the phase retrieval techniques with synchrotron radiation imaging, in view of their 

application to biological samples. 

In a nutshell, the thesis is organized as follows:  

Chapter 1 starts with an introduction to the general principles of phase-contrast imaging and a 

description of the propagation-based imaging (PBI) technique. The phase retrieval algorithms 

considered in this thesis, TIE and Born approximation, are presented and discussed in detail. 

Chapter 2 contains a brief introduction to synchrotron radiation and to its particular features 

with respect to the conventional X-rays sources. A description of the SYRMEP beamline at the 

Elettra Synchrotron laboratory is also outlined. The methods adopted for the image acquisition, 
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processing and analysis are described in Chapter 3. In particular this section includes the 

tomographic procedure with the description of the tomographic protocol, from image 

normalization to the slices reconstruction and defines the methods adopted for the image analysis 

(with the definition of Area and Edge Contrast, Signal-to-noise and Figure of merit). The Pore3D 

package used for the quantitative analysis is also highlighted. Chapter 4 concerns the 

comparison of two phase retrieval algorithms, TIE and Born approximation on experimental 

data. A quantitative analysis is performed on images of phantoms and biological samples 

acquired at the SYRMEP beamline. The analysis aims to optimize and compare the two phase 

retrieval algorithms in different experimental conditions and to find limits and performances of 

each one.  
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Chapter 1 Phase Contrast Imaging 

1.1 Introduction 

The basic principle of the conventional X-ray imaging is the difference in the radiation 

absorption of different materials. Therefore, regarding this principle, weakly absorbing materials 

are difficult to form high contrast images [Momose et al., 2001]. As carbon-based compounds 

have typically low absorption, in general it is difficult to obtain high contrast images for 

polymers and soft biological tissues using hard X-rays. At the same time, these samples produce 

significant phase shifts in the X-ray beam. On this account, the phase information can play a 

promising role for obtaining images of biological samples. The phase variation is caused by 

variation of refractive index for the X-ray in the object. Therefore the internal structure of the 

object can be mapped as a distribution of refractive index for X-ray [Momose et al., 1996]. 

In recent years, lots of efforts have been done on the phase imaging methods in the X-ray region 

[Fitzgerald, 2000; Momose, 2003] and different X-ray phase-contrast techniques have been 

developed. These techniques can be classified into three main categories: the free-space 

propagation imaging methods [Snigirev et al., 1995; Wilkins et al., 1996; Cloeten et al., 1996; 

Nugent et al., 1996, Arfelli et al, 1998, 2000], the analyzer-based methods [Chapman et al., 

1997; Bravin et al., 2002; Bravin, 2003; Lewis et al., 2002; Rigon et al., 2005] and the grating 

interferometric methods [Momose et al., 2003; Weitkamp et al., 2004]. The propagation-based 

imaging use the free-space propagation of X-rays from the sample to the detector to get edge 

enhancement, the analyzer-based methods employ an analyzer crystal in between the sample and 
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the detector for differential phase measurement and the grating interferometic methods use a 

crystal interferometer to measure the phase directly. The setup of each method is shown in 

Figure 1.1. In propagation-based phase contrast, the calculation of the projections or integrals of 

the refractive index is obtained by phase-retrieval algorithms [Teague, 1983; Gureyev et al., 

1995; Gureyev and Nugent, 1996, 1997; Paganin and Nugent, 1998; Gureyev et al., 1999; 

Paganin and Nugent, 2001; Nugent, 2007], for analyzer-based methods by integrating in the 

proper direction [Chapman et al., 1997; Pavlov et al., 2001; Rigon et al., 2003; Nesterets et al., 

2006a; Kitchen et al., 2007; Rigon et al., 2007a] and for grating interferometric methods by 

performing the phase unwrapping [Marvin and Yimei, 2003]. Accordingly, these methods are 

well suited also for tomography, i.e. reconstruction of a 3D-map of the refractive index of the 

object from many images taken at slightly different angles.  

In our research, we analyzed two different phase-retrieval methods applicable to propagation-

based phase-contrast tomography. The first one is based on the transport-of-intensity (TIE) 

equation [Paganin et al., 2002] and the second one is based on Born approximation [Gureyev et 

al., 2004]. 

1.2 Absorption coefficient and refractive index 

When dealing with X-ray, the object is characterized by its three-dimensional refractive index: 

���, �, �� � 1 
 ���, �, �� � ���, �, ��                                      (1.1) 

The real part � is the so-called refractive index decrement, which determines the phase shifts of 

the electromagnetic wave crossing the matter, and has its origins in the Thomson elastic 

scattering of the X-rays with the electrons of the medium [Azaroff, 1968]. � is a positive number 

in the hard X-rays range. The imaginary part � is the so-called absorption index, and is linked to 
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Figure 1.1: Scheme of different phase contrast imaging setups (a) grating interferometric method [Weitkamp et al., 

2005] (b) the propagation-based method [Langer et al., 2009] and (c) the analyzer-based method [Kitchen et al., 

2005]. 

a 

b 

c 
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the effects of the radiation-matter interaction on the wave amplitude. At the considered energies 

(tens of keV) these effects are mainly due to the photoelectric absorption and to a smaller extent 

to Compton scattering. The real part � and imaginary part � are expressed by:  

� � �
�� ∑ �����                                                          (1.2) 

� � �
�� ∑ �����                                                           (1.3) 

Where ��  is the phase shift cross-section, ��  is the atomic absorption cross-section and �� is the 

atomic density for the element k. Figure 1.2 shows the plot of ��  and ��  as a function of atomic 

number for different X-ray energies [Momose Lab, website]. As seen from this figure, materials 

of low atomic number show low absorption (��~ 10-23–10-22). Therefore for these elements 

typically present in soft biological tissues the absorption contrast of image is low. On the other 

hand, �� � ��  for material with low atomic number and ��  decreases less remarkably with 

atomic number compared with �� . Therefore for soft biological tissues phase imaging is 

expected to be a new diagnostic tool. 

where �� is the electron radius, �� the atomic number of the atom j in the volume V and ��
� the 

real part of the wavelength-dependent dispersion correction of the atomic scattering factor. Far 

from the absorption edges, � can be approximated to: 

� � �� !
�� "� # 1.3 · 10()"*�                                                (1.5) 

Where �� is the electron radius, "�  is the electron density, ρ is the mass density of the material in 

+ ,-.⁄ and λ is expressed in Ǻ. 
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Fig 1.2: Absorption and phase-shift cross-sections in relation to the atomic number [Momose Lab, website]. 

 

The absorption index � has a complex energy and composition dependence, and varies abruptly 

near the absorption edges of the element. It can be expressed by [Jackson, 1998]: 

� �  !��

��0 ∑ ��
"

�                                                          (1.6) 

where ��
" is the imaginary part of the wavelength-dependent dispersion correction. Numerically, 

n deviates only slightly from unity, � and � being extremely small. For light elements and at X-

ray energies in the range 10-100 keV, the refractive index decrement � can be quoted in 10-4 – 

10-7 range, while � is in the order of 10-8 – 10-18 (Figure 1.3). This large difference between � 

and � is the reason for the advantage of phase-contrast imaging, the phase contribution being the 

sole source of contrast when the absorption counterpart is undetectable.  
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Figure 1.3: Calculated complex x-ray refractive-index decrements δ and β as a function of x-ray energy for cortical 

bone and breast tissue [Gureyev et al., 2009]. 

 

The energy dependence of the two terms δ and β, for energies far from the absorption edges, is 
approximately given by (cf. eqs. 1.5 and 1.6): 

δ ∝ 1/E
2
        and        β ∝ 1/E

4                                    (1.7) 

The energy dependence of the phase shift φ can then be expressed as (cf. eq. 1.2): 

φ ∝ 1/E                                                           (1.8) 

whereas the linear attenuation coefficient varies with the energy as (cf. eq. 1.3): 

µ ∝ 1/E
3                                                         (1.9) 

 



Phase Contrast Imaging 

8 

The dependence upon energy for phase sensitive techniques is therefore not as crucial as for 

absorption methods, thus working at high energies does not necessarily entail a dramatic 

decrease of contrast. High energies are particularly interesting for medical and biological 

applications since they tend to reduce the dose deposition, and therefore the damage to the 

tissues. 

1.3 Intensity and phase distributions 

If we consider the plane X-ray wave exiting the sample as 234��56 , it can be expressed by: 

234��56��, �� � 7��, �� 29:��, ��                                                  (1.10) 

where ��, �� are the coordinates in the projection plane, perpendicular to the projection direction, 

z the coordinate along the projection direction, 29:��, �� is the wave incident on the sample and  

 7��, �� is the so-called transmission function of the object [Born and Wolf, 1999]. The 

traversing the object affects the X-ray wave both in amplitude and in phase. The amplitude and 

phase changes of the X-rays on propagating a distance z is given by (cf. eqs. 1.2 and 1.3): 

���, �� � 
 ��
� ; <� ���, �, ��  and    ���, �� � 
 ��

� ; <� ���, �, ��                         (1.11) 

Which for homogeneous objects become: 

���, �� � 
 ��
� ; <� �7��, ��  and   ���, �� �  
 ��

� ; <� � 7��, ��                         (1.12) 

Therefore, by using eq. (1.10), the amplitude and phase attenuation functions are given by: 

=��, �� � expA
 B ; <� ���, �, �� C      and       D��, �� � expA
B ; <� ���, �, �� C            (1.13) 

If the refractive index variation is small, the X-rays transmit through the material almost straight 

[Mewes et al., 1994]. Under this assumption, the intensity of the X-rays transmitted through the 
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object is mainly affected by the absorption coefficient of the object. The intensity of the X-rays 

EF��, ��in the contact plane is given by Beer-Lambert law: 

EF��, �� �  E9:exp A
 ; <� �7��, ��C                                      (1.14) 

where the incident intensity E9: is assumed constant.  

1.4 Propagation-Based Imaging (PBI) 

In the propagation-based imaging, the object is exposed by a highly spatially coherent radiation. 

This illumination can result to a spatially varying phase shift. As the radiation propagates after 

the sample, parts of the wavefront, that have experienced different deflections interfere and give 

rise to a characteristic pattern. This pattern is then recorded by a detector set at a convenient 

distance [Snigirev et al., 1995, Cloetens et al., 1996]. The phase shifts are therefore transformed 

into detectable intensity variations [Born and Wolf, 1999]. 

 

Figure 1.4: Scheme of the setup of PBI [Wikipedia, 2012] 

Compared to the other phase-contrast techniques, PBI has a simple setup (Figure 1.4). It requires 

no optical elements between the sample and the detector. This implies the absence of possible 
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aberrations arising from the optical elements. A high potentially resolution is achievable [Pogany 

et al., 1997, Arhatari et al., 2004, Gureyev et al., 2008] and is based on the characteristics of the 

detector. The propagation-based method is a differential phase-contrast imaging modality, in the 

sense that the image signal does not depend directly on the phase shift induced by the object but 

on its spatial variation. In particular, in this case, as it will be described in detail in the following, 

the image contrast is, at a first approximation, proportional to the Laplacian of the phase shift in 

a plane perpendicular to the optical axis. 

The phase-contrast signal depends on the so-called effective propagation distance z, which is 

defined as  � � <. G �< � G�⁄ , where G and < are the source-to-sample and the sample-to-detector 

distances respectively. For G � <, which is a typical form for synchrotron setups, the defocus 

distance, z, is simply verified by the propagation distance, i.e. � H <. Four regimes can be 

distinguished by varying the defocus distance and considering the transverse characteristic length 

scale h of the object and a monochromatic plane wave [Mayo et al., 2002, Gureyev, 2003]: 

The absorption regime: the sample-to-detector distance d is close to zero. 

The near-field diffraction regime: In this case, the contrast is formed locally around 

specific sample features. The boundaries of the object are strongly enhanced and a 

distinct interference pattern corresponds to every edge, giving valuable geometrical 

information on the object. If we introduce the Fresnel number �I � J� �*��⁄ , the above 

condition for the nearfield regime can be expressed as �I � 1. 

The Fresnel or intermediate regime: This condition is also equivalent to �I # 1 

The Fraunhofer or far-field diffraction regime: �I K 1. In this last case, the interference 

fringes are well resolved but they can no longer be attributed to a specific edge of the 

sample. The object morphology is hardly recognizable: the images increasingly lose 

direct resemblance to the object and they give little direct information on it. 
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Therefore, the Fresnel diffraction pattern increases different properties of the sample, depending 

on the experimental conditions. In particular, it is possible to show that the image is most 

sensitive to a known frequency range  � of a particular phase feature at a distance  �  given 

by � # 1 �2*���⁄ . At this distance, the phase contrast term of the image intensity is maximized.  

Several algorithms have been developed in order to retrieve, from propagation-based images, 

quantitative information concerning the absorption and phase induced by the object. In general, 

this inverse problem is solved by combining a set of Fresnel diffraction patterns recorded at 

different distances z. Two examples of such algorithms in the near-field regime are  

• the methods based on the transport of intensity equation (TIE), and  

• the method based on the Born approximation.  

In the following sections, we will present the basic principles of the image formation in the PBI 

technique and above mentioned two phase retrieval algorithms. 

1.5 Spatial and temporal coherence  

Coherence is at the heart of any phase contrast imaging system as it quantifies the ability of a 

wave field to be the carrier of phase information and manifest interference fringes.  

The coherence properties of a wave field can be described by time and space dependent 

correlation functions [Born and Wolf, 1999], respectively linked to the X-ray monochromaticity 

and to the angular source size: 

• Temporal coherence implies a phase relationship between the wave 2�M� and the wave  

2�M � ∆M� separated by a short time delay. The distance covered by the wave during a 

time delay over which the correlation remains high is called the longitudinal coherence 

length G6 � *� ∆*⁄  , where * is the wavelength. It is associated to the monochromaticity 

∆* *⁄  of the beam. 
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• Spatial coherence indicates the correlation of the wave amplitudes between different 

points transverse to the direction of propagation (between the wave 2��� and the wave 

2�� � ∆�� in two points separated by a distance ∆�). This property is usually expressed 

in terms of lateral (or transverse) coherence length G5 � * 2O⁄ , where O � P Q⁄ , Q and S 

are the source-to-sample distance and the transverse dimension of the source, respectively 

[Born and Wolf, 1999]. 

The PBI method is very sensitive to the lack of spatial coherence of the radiation illuminating the 

object. If the angular size of an incoherent source as seen from the sample is too large (O �
P Q⁄ �, the propagation-based phase contrast is destroyed because the interference fringes 

visibility vanishes.  

The resolution in the PBI technique is also linked to the image processing and to the, sample 

thickness t. The latter contributes with a blurring equal to √*M, that is 0.2 µm for a 1 mm thick 

sample and for an energy of 25 keV: therefore this effect can be usually neglected since smaller 

than the pixel size. For SYRMEP beamline at Elettra (L ~ 22 m), the transverse coherence length 

is as high as 6 µm in the vertical direction at 21 keV. 

The visualization of the PB signal imposes strong requirements also in terms of the efficiency, 

point spread function and the spatial resolution of the detector (as will be discussed in chapter 2). 

In order to observe the interference fringes, a detector with a suitable spatial resolution is 

required. For instance, for a sample-to-detector distance d = 5 m, very long source-to-sample 

distance Q � < (parallel beam geometry) and an energy of 25 keV, at least a resolution of ~16 

µm is necessary. This is a drawback for possible clinical applications since the smaller the pixel 

size the higher is the dose required for achieving a given signal-to-noise ratio (defined in chapter 

3).  
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1.6 Mathematical basis for PBI phase contrast 

The Fresnel diffraction theory is the theoretical framework for the PBI description. Let us 

consider a thin object described by the 3D complex refractive index distribution n(x, y, z), 

illuminated by a monochromatic wave field of wavelength λ (Figure 1.5). The wave at the 

sample exit surface, 234��56, propagates over a distance z before being recorded by the detector.  

 

Figure 1.5: Schematics of optical phase retrieval [Gureyev et al. 2004]. 

Under the assumption that the coherent wave field 234��56  is paraxial, that is, all of the non-

negligible plane-wave components of the field make a small angle with respect to the optic axis, 

the expression for the wave after a distance z can be written as: 

2F��, �� �  STF��, �� U 234��56  ��, ��                                            (1.15) 

where U denotes convolution, ��, �� denotes the spatial coordinates in the plane perpendicular to 

the propagation direction z and STF��, �� is the so-called Fresnel propagator, which is expressed 

by [Born and Wolf, 1999]: 

STF��, �� � VWX �9��F �⁄ �
9�F  Y�Z [ �

�F |� 
 �|�]                                      (1.16) 



Phase Contrast Imaging 

14 

Propagation of a wave in free space can also be calculated in the Fourier domain. The Fourier 

transform of the Fresnel propagator can be written analytically as: 

ST̂F_�̀  , �ab � exp �2c� *� · exp �
c*�d�̀ 
 �ad�⁄ �                               (1.17) 

where _�̀  , �ab indicates the spatial frequency coordinates. If we denote with 2e34��56   and 2eF the 

Fourier transforms of 234��56  and 2F respectively, the convolution can be expressed in the 

Fourier domain as:   

2eF_�̀  , �ab �   ST̂F_�̀  , �ab · 2e34��56��̀  , �a�                                   (1.18) 

The intensity impinging on the detector after the effective propagation distance z is given by: 

EF��, �� � |2F��, ��|� � dSTF��, �� U 234��56  ��, ��d�
                                 (1.19)              

1.7 Phase retrieval methods 

The notion of “phase retrieval” goes a step beyond phase contrast, in the sense that one now 

wants to measure or retrieve a given phase distribution from one or more phase contrast images 

of that distribution, which are obtained as output from a given phase contrast imaging system. 

On this account, such phase contrast images are viewed as encrypted or coded images of the 

desired phase distribution ���, ��. The problem of phase retrieval can then be phrased as the 

problem of decoding such images to obtain the phase ���, ��. 

If one measures the time-averaged intensity image (or a set of such intensity images) produced 

by a phase contrast imaging system, then intensity of this image (or set of images) will in general 

be a function of the both the intensity and phase of the incident radiation wave field. How can 

one retrieve the phase of the input wave-field, given one or more phase contrast images of the 

wave-field? This phase problem is an example of an ‘inverse problem’ and may be profitably 

studied within the context of the theory of inverse problems. 
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For imaging purposes, the forward problem is associated with a model for a particular imaging 

scenario, with the goal being to determine the imaging data which results from the model of the 

object, sources, and detector, together with the interaction between them. The associated inverse 

imaging problem is then to determine something about the object and/or the radiation, given 

measured image data. Solution of the direct problem is always possible by using the constructive 

methods of mathematics to write down a map such as an integral transform between the known 

parameters of a given model and the desired data. This is not so for inverse problem, because the 

inverse map, from data to the model, does not necessarily exist.  Apart from having a detailed 

understanding of the related direct problem, solution of an inverse problem requires one to 

consider the existence and uniqueness of the solution, and, if these criteria are met, the stability 

of the retrieved information with respect to perturbation in the input data. Each of these questions 

must be considered before constructing an appropriate algorithm for the solution of a given 

inverse problem. 

In the following sub-sections, two different approaches to the inverse problem of phase retrieval 

are outlined which are based on “transport-of-intensity (TIE) algorithm” [Paganin et al., 2002] 

and on Born approximation [Gureyev et al., 2004]. 

1.8 Linear methods for solving the phase retrieval problem 

Let us formulate a generic problem of optical phase retrieval in the Fresnel region. The phase 

retrieval problem can be formulated as that of finding a solution to the eq. (1.19) with respect to 

the unknown phase distribution �Ffg��, �� in the object plane. The intensity distribution EF��, �� 

on the left-hand side of eq. (1.19) may be measurable or known a priori (either precisely or 

partially) in one or more image planes z=constant, which may include the object plane z=0. We 

intend to find solution by linearizing the non-linear eq. (1.19) under suitable conditions. 

The Fourier transform of the image intensity can be written in the near-field diffraction regime as 

[Guigay, 1977]: 
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EhF_�̀  , �ab � expi
c*� _�̀ � � �a
�bj k Y�Zi2c_���̀ �  � ′�abj                                           (1.20) 

l 234��56  ���, ��� 2mnopqr
U _�� 
 *��̀  , �� 
 *��ab<��<��   

Eq. (1.20) can be derived by Fourier transforming eq. (1.19) and taking eq. (1.16) into account 

[Guigay, 1977]. We will describe below that eq. (1.20) can be used as a convenient starting point 

for two different types of linearization of eq. (1.21), one corresponding to the TIE and another to 

the first Born-type approximation. 

1.8.1 Phase retrieval in TIE approach 

The transport of intensity equation (TIE) can be obtained from eq (1.20). By using the first-order 

Taylor approximation for the object-plane amplitude: 

 

2mnopqr
U _�� 
 *��̀  , �� 
 *��ab  

s 2mnopqr
U ��� , ��� 
 *�i�̀ �t`2mnopqr

U ���� , ��� � �a�ta2mnopqr
U ���� , ���j        (1.21) 

Substituting this equation into the transport of intensity eq (1.20) and keeping only the terms 

linear with respect to z yields: 

EF��, �� � EFfg��, �� 
 �F
�� uAEFfg��, ��u�Ffg��, ��C                                 (1.22) 

which is known as the transport of intensity equation [Teague, 1982] and EFfg��, �� is the 

intensity distribution in the object plane. Eq. (1.22) is linear with respect to the unknown object-

plane phase, and as such is a linearization of the general non-linear eq. (1.21). The region of 

validity of eq. (1.22) is defined by that of eq. (1.21). If most of the spectral energy of 234��56  is 

contained within a circle with the centre at the origin of coordinates in the reciprocal space and 

radius R, then eq.(1.21) has to hold for all �̀  and �a  such that �̀� � �a� v w� 
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Eq. (1.21) can be written in a more abstract form as: 

234��56 [T � �F
x� y] # 234��56�T� � �F

x� uy 234��56�T�                            (1.23) 

where r and l are arbitrary two-dimensional vectors in the object plane z=0, G � |y| and uy 2 �
u2 · y � G`t`2 � Gata2. It can be seen that this condition is less restrictive when the parameter 

�F
x�  is small, i.e. for shorter wavelengths, shorter distances and larger feature sizes l. It can be also 

said that eq. (1.23) is accurate only for slowly varying amplitudes 234��56 , and its validity range 

can be roughly described by the inequality 

duy
� 234��56d K  x�

�F duy 234��56d                                             (1.24) 

If most of the spectral energy of  234��56  is contained within a circle with radius R, then eqs. 

(1.23) and (1.24) have to be valid for all G z 1 w⁄ . A precise validity condition involves all orders 

of derivatives of the amplitude 234��56 , as required to ensure that the first-order (linear) 

approximation, eq. (1.21) or eq. (1.23), be accurate [Gureyev and Wilkins, 1998]. If we introduce 

the Fresnel number, �I � J� �*��⁄ , as a function of object feature size h, propagation distance z, 

and wavelength *, then condition (1.25) can be viewed as describing the near-field region, i.e. 

the region where the Fresnel number is much larger than unity, �I � 1. Consequently, it is often 

said that the TIE approximation, eq. (1.22), is restricted to the near-field region. The TIE 

approximation does not impose any direct limitations on the amplitude of variation of the phase 

or intensity in the object or image planes. Eq. (1.22) can be easily and efficiently solved for the 

phase �Ffg��, �� using the Fast Fourier transform or Multigrid methods [Gureyev and Wilkins, 

1998]. 

1.8.2 Phase retrieval according to the Born approximation approach 

This algorithm is based on the ‘weak’ scatter approximation (�� { 1�, where we can use the 

Born approximation which assumes that the field inside the scattering volume is constant and 

equal to the incident field. Therefore, the object-plane amplitude can be represented as: 
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 234��56��, �� � =A1 �  |}5~66� ����, ��C                    |}5~66� �� ��, �� K 1                   (1.25) 

where A is a complex constant describing the average absorption and phase shift in the scatterer 

and = |}5~66� �� ��, �� is the scattered amplitude.  |}5~66� ��  is determined as follow: 

 |}5~66� �� � k ���, ��exp �A�� � �� � �� � 
 B��C�<�<�                     (1.26) 

where B� � �
� , � � �B�� 
 �� 
 ����/� and  

���, �� � 9�� �

���� � 2���/���exp �
i�� � �� � � ′_� 
 B�bj� <�<�<��           (1.27) 

where �� is the mean reflective index inside the object. The � ′ integral in eq. (1.27) is taken over 

that part of the object between the planes � ′ � 
� and � ′ � � (Figure 1.5), so that strictly ���, �� 

is a function of z. here, however we are principally concerned with its value at � � 0. 

When |}5~66� �� ��, �� K 1, then: 

expA |}5~66� �� ��, ��C s 1 �  |}5~66� �� ��, ��                                        (1.28) 

Therefore, the object plane phase distribution is approximated by the imaginary part of 

 |}5~66� �� , and the object-plane amplitude is proportional to the exponent of the real part of 

 |}5~66� �� . Substituting eq. (1.25) into eq. (1.20) and discarding the terms quadratic with respect 

to |}5~66� �� , it is easy to derive the following equation [Cowley, 1995; Pogany et al., 1997; 

Guigay, 1977]: 

EhF_�̀  , �ab s |=|���p_�̀  , �a b � 2 cosic*�_�̀ � � �a
�bj �Re |}5~66� �� ��_�̀  , �ab 

�2 sin Ac*�_�̀ � � �a
�b�Im |}5~66� �� ��_�̀  , �ab�                               (1.29) 

where De denotes the Dirac delta-function. Eq. (1.29) is another linearization of the general eq. 

(1.19), the linearization being valid for weakly scattering objects as defined by eq. (1.25). Unlike 

the TIE approximation, the Born approximation is not limited to the near field. Eq. (1.29) can be 
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used to construct deterministic and numerically efficient solutions (using Fast Fourier 

transforms) to the phase retrieval problem [Gureyev et al., 2004]. 
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Chapter 2 Experimental Implementation and 

Methods 

2.1  Introduction 

Historically, X-rays for imaging and crystallography have been produced through Bremstrahlung 

radiation and characteristic lines produced by electrons impinging on a metallic anode (X-ray 

tubes). Such sources are simple and robust, but provide radiation with lower brightness and 

lower intensity if compared to the X-rays produced with synchrotron radiation facilities.  

The advent of synchrotron radiation sources in the past three to four decades had a revolutionary 

impact in fields of science and technology extending from material science to biomedical 

imaging. The main properties of synchrotron radiation that make it such an interesting tool for a 

variety of different applications are the high brilliance, the intensity, the collimation, the 

coherence and the wide energy range of the produced radiation, which allow for overcoming the 

typical limitations of the conventional X-ray tubes. 

Unfortunately, synchrotron radiation facilities are very large, very expensive and are therefore 

not suited for routine imaging applications. No alternative has existed until now for experiments 

that need to operate at various X-ray energies and under particular coherence conditions. The 

availability of intense monochromatic sources may fundamentally change the practice of X-ray 
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imaging and can largely extend the application of imaging techniques that are presently confined 

to synchrotron radiation facilities. Recent developments in this sense are represented by the 

sources based on the so-called “inverse Compton scattering”. 

2.2  Synchrotron Radiation Facilities 

Synchrotron radiation (SR) is the electromagnetic radiation emitted by the acceleration of 

ultrarelativistic charged particles through magnetic fields. Since 1960s, when the first generation 

of the synchrotron was produced, many devices which enhanced the intensity of synchrotron 

radiation have been implemented into existing rings to optimize the produced bright X-rays. A 

tremendous improvement in the stability and control of the trajectory of the charged particle 

beam, together with the appearance of multipole insertion devices to produce synchrotron 

radiation in a more efficient way, are the fundamental characteristics of third generation 

synchrotron radiation sources (e.g.: Elettra in Trieste, ESRF in Grenoble, APS in Argonne, 

SPRING-8 in Hyogo). The charged particles used at Elettra are electrons. A further improvement 

in the source brilliance will result in the next generation, diffraction limited, Free Electron Laser 

(FEL) machines. 

Electrons used in SR facilities are produced in bunches by means of an electron gun (by heating 

a cathode) operated at a certain frequency (typical 10 Hz). In a common layout adopted for a 

synchrotron facility these electrons are accelerated in a linear accelerator (LINAC), then injected 

into a first synchrotron accelerator (booster) where their energy is “ramped” to the final energy 

(Figure 2.1). In the first and second generation SR machines, the booster was made to operate as 

a synchrotron and as a storage ring at the same time. In the new generation of SR facilities, 

electrons are transferred to a second ring, called “storage ring”, where the electron energy is kept 

constant. 

Radiofrequency cavities are used in the booster to accelerate the electrons, and in the storage ring 

to replenish the energy lost by the particles into SR. Magnetic dipoles (bending magnets) are 

used to define the closed orbit of the particles and, in storage rings, dipoles are also one type of 
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SR light source. Other important components are the quadrupole and sextupole magnets; suitably 

combined, they provide focusing forces that keep the electron-beam transverse dimensions small. 

Straight sections are also present, with elements for the injection of the electrons from an 

accelerator to the other (LINAC-to-booster, booster-to-storage ring). 

 

Figure 2.1: Schematic representation of a third-generation synchrotron radiation facility. 1) Linear accelerator 

(LINAC), 2) acceleration ring (Booster), 3) storage ring and 4) beamline.  

 

In order to minimize the probability of collisions with residual gas, that smears the coherence of 

the beam, the electrons run in ultra-high vacuum (less than 10-10 
mbar). For this aim, a closed, 

continuous high-vacuum chamber extends through the various booster and storage ring elements. 

One can extract the synchrotron radiation from the electrons that circulate in the storage ring in 

different ways. A continuous spectrum of SR can be produced by bending magnets (BM) 

(Figure. 2.2(a)) which are installed in the curved sections. Special insertion devices (ID), the so-

called wigglers or undulators, are installed in the straight sections (Figure. 2.2(b)). They consist 

of a sequence of dipole magnets of alternating polarities: the magnetic fields force the electrons 
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to oscillate around a straight-line trajectory and the cones of light emitted at each bend 

superimpose. 

• In the case of undulators, the electron beam deflection is less than 1/γ (γ is Lorenz factor), 

so that the beams emitted by individual poles can interfere coherently. This leads to a 

spectrum with strong peaks at a specific energy and its higher order harmonics. 

• In the wiggler case, the total divergence is much larger than the natural opening angle of 

the radiation and no more interference occurs. The final beam emitted by the device is the 

incoherent sum of the beams emitted at each pole, and the X-ray spectrum exhibits a 

continuous distribution. 

 

 

Figure 2.2: Schematic representation of synchrotron radiation production of (a) a bending magnet and (b) an 

insertion device. 

Tangential beam channels (beamlines) starting from the storage ring permit to bring the 

synchrotron radiation into the experimental hall. Since many beamlines channels are installed 

along the ring and some of them can even be split in more branches by means of mirrors and 

crystals, a large number of experiments are performed simultaneously. 
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2.3  SR Advantages for phase-contrast imaging 

Figure 2.3 shows the geometries for the X-ray beams produced by a conventional tube (a) and a 

SR source (b). X-ray tubes emit radiation over a wide angle and the sample is normally close to 

the source (less than 1m). One can change the image magnification, � � �Q � �� Q⁄ , by 

changing the focal spot-to-sample distance L or the sample-to-detector distance D. 

 

Figure 2.3: Schemes of the different geometries of irradiation for (a) X-ray tubes and (b) SR imaging. 

The small opening angle of the X-ray beam produced in synchrotron facilities enables to position 

the sample at large distances from the source, while preserving the high incident intensity. This 

is crucial in order to achieve a high degree of spatial coherence which is essential for the 

propagation-based imaging and grating interferometry techniques. Besides, the small source size 

and the large source-to-sample distance provide a good geometrical resolution, since the beam is 

almost parallel and the penunmbra typical of conventional imaging with X-ray tubes is thus 

considerably reduced. 

Furthermore, the emitted X-rays are almost parallel at the sample position. This property is 

particularly important also for analyzer-based imaging, due to the very high angular selectivity of 

the monochromator and analyzer crystals. If the divergence of the initial beam is much larger 

than the Darwin width of the crystals reflection, in fact, there would be a large loss of intensity in 

the monochromatization/collimation process. 
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2.4  The SYRMEP beamline at ELETTRA 

The experimental work of this thesis has been carried out at the hard X-ray imaging beamline at 

Elettra, where is called SYRMEP (SYnchrotron Radiation for Medical Physics). The beamline 

has been constructed in cooperation with the University of Trieste and the National Institute of 

Nuclear Physics (INFN). It was originally dedicated to investigate and develop new techniques 

for medical imaging. Recently, a parallel research activity in material science, involving also µ-

CT, has become possible, too.  

Phase contrast imaging with X-rays requires specialized instrumentation to detect the phase shift 

emergent from the tiny details materials or tissues. Therefore, a deep understanding of the used 

instrumentation is very important. In this regard, one needs the knowledge of stability, energy 

range, source size regarding the x-ray source resolution, and knowledge of dynamic range, 

efficiency and noise of the utilized detectors. In the following, the instrumentation used in 

experiments presented in this thesis, and which have been available at SYRMEP beamline, are 

described in detail. 

2.4.1 Sources  

The photon source for the SYRMEP beamline is one of the ELETTRA bending magnets. The 

light source has a vertical size (full width at half maximum - FWHM) of about 160 � 70 µm and 

a horizontal dimension of around 220 � 10 µm, determined by the electrons deviated from their 

straight path by the magnetic field of the magnet. 

2.4.2 The beamline optics and mechanical elements 

As illustrated by the sketch of Figure 2.4, the main components of the beamline optic hutch are 

the entrance vacuum slits systems, the monochromator and the exit air slits [Arfelli et al., 1993]. 

The optical elements are inserted between a couple of beryllium windows which separate 

different vacuum zones and at the same time minimize the photon interaction (absorption and 

scattering) in the energy range useful for the SYRMEP beam line. The first one separates the 



Experimental Implementation and Methods 

26 

machine vacuum from the beam line vacuum. It acts also as a low energy photon absorber and 

absorbs most of the low energy incident photons, reducing in such a way the thermal power on 

the monochromator. The second beryllium window separates the vacuum of the last part of the 

beam line from the atmospheric pressure and provides good security for the vacuum.  

 

 

Figure 2.4: Sketch of the layout of the SYRMEP beamline: 1) White beam cabinet 2) Vacuum slits 3) 

Monochromator 4) Beam stopper 5) Al filters 6.air slits. 

 

The system of in-vacuum tungsten slits, which shapes the beam in the desired rectangular 

dimension, is followed by a double silicon [111] crystals monochromator that permits to select 

the x-ray energy between 8.3 and 35 keV. Downstream the monochromator, a second system of 

in-air slits shapes the monochromatic beam upstream the experimental hutch in which the beam 

is used for the experiments.  

Furthermore, a thick block of tungsten, the so-called “beamstopper”, designed for the shielding 

of gas bremsstrahlung, the high energy gamma rays produced in the interaction of electrons with 

residual gas in the vacuum chamber, is used to prevent the beam reaching the experimental 

hutch. A set of aluminum foils of different thickness can be selected to filter the incident 

synchrotron beam thus lowering the available flux at the sample when required by the 

experimental conditions. 

The beamline presents three experimental stations: 
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• white-beam station where the beam is intercepted upstream the monochromator;  

• monochromatic imaging station in experimental hutch; 

• clinical mammographic station dedicated to studies on patients at the end of the beamline. 

 The main components of the experimental hutch are: 

- the ionization chamber used for the beam optimization and flux measurement,  

- the sample holder, equipped with motion stages for 4 degrees of freedom and a rotatory 

stage   

- the detector holder mounted on a 2 m long linear rail to reproduces the different sample-

to-detector configurations ( Figure 2.5). The detector can move forward and back along 

the railway together with its horizontal and vertical motor stages. 

A similar layout for the sample and detector stages is produced in white beam station.  

   

Figure 2.5: The experimental hutch of the SYRMEP beamline. (a) The ionization chamber is represented together 

with sample holder, (b) The CCD camera with x-y motion stages. 

a b 
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2.4.3 X-ray detectors 

For the phase contrast imaging the choice of the detector is a fundamental issue.. An ideal 

detector has a high quantum efficiency in order to detect all photons coming from the object and 

simultaneously avoid additional radiation burden without improving the SNR. A high spatial 

resolution is required to maintain the spatial information in converting process from X-rays to 

digital information. High-dynamic-range detector can present small differences in contrast and 

having a fast-readout-time can avoid dead times during the acquisition. Up to now, a detector 

that fulfills all these requirements simultaneously is not available.  

Three detectors were used in this thesis work. The first one is a water-cooled CCD (Charge 

Coupled Device) camera (Photonics Science XDI-VHR), 12/16 bit dynamic range, pixels full 

frame 9 µm. It is coupled to a Gadox scintillator placed on a 1:2 demagnification fiber optics 

taper (effective pixel size 4.5 µm with a field of view of 18×12 mm2) and has a calculated 

efficiency of 14.1% at 24 keV [Astolfo et al., 2012].  The second detector is also a Photonic 

Science (PS) CCD camera which comprise some exchangeable scintillators that makes it more 

flexible for different experiment. It has a pixel size of 14 µm and field of view of 28×28 mm2
. Its 

efficiency calculated with different scintillators thickness varies between 28% to 49% at 24 keV 

[Astolfo et al., 2012]. The detector used with the white beam is an air-cooled CCD camera 

(Photonic Science XDI-HR 2, 2048×2048, 15/16 bit) coupled with microscope optics (LEICA 

Z6 APO A plus a 2x planapochromatic objective) to a Luag:Ce 5 µm thick scintillator. The pixel 

size is selectable in the range 1.03-6.49 µm with a corresponding field of view from 2.1×2.1 to 

13.3× 13.3 mm2. 
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Chapter 3 Image Processing Methods 

3.1 Computed tomography acquisition 

The imaging modality which has been employed for the acquisition of the images in this thesis is 

the tomographic mode. The acquisition procedure is determined by the laminar shape of the SR 

X-ray beam. It consists in a vertical scan combined with a sample rotation. For each vertical step, 

a rotation of the sample over 180 or 360 degrees is performed, which is synchronized with the 

detector acquisition and can be either discrete or continuous. An arbitrary number of projections 

at different angular orientations of the sample can then be acquired. The acquisition can be made 

in two modes. In full mode, the rotating sample must be fully included in the Field Of View 

(FOV) of the detector, so that the side pixels record only the background outside the object. The 

half mode is used for samples wider than the detector FOV. In half mode, it is possible to enlarge 

the FOV up to a factor of 2, by displacing laterally the centre of rotation. The acquisition is made 

over 360 degrees: each point of the object will be in the FOV for at least 180 degrees within the 

tomography rotation. The second half of the sinogram, acquired between 180 and 360 degrees, is 

then reversed and “glued” to the 0-180 degrees sinogram; in this way a complete 0-180 degrees 

sinogram of up to twice the FOV is available for reconstruction. When different energies and 

different sample-to-detector distances (for PBI) are considered, the procedure described above 

needs to be repeated for each of the considered configuration acquisitions.  
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Figure 3.1: Scheme of the acquisition setup at SYRMEP beamline [SYRMEP homepage]. 

 

3.2 Image processing 

3.2.1 Image normalization 

The CCD usually saves charges which show the various forms of non-ideal leakage and thermal 

activation: these effects represent the so called “dark current”. Normally, the dark current 

increases linearly with the integration time. Another non-ideal behavior is the non-uniformity of 

response of the CCD pixels: usually the electric charges that can be read from the different 

pixels, although under the same illumination condition, may be not the same. Thus, all the 

images acquired by the CCD camera require a normalization procedure before using. The dark 

current effect is reduced acquiring a dark field image (i.e. an image with the X-ray source off 

containing the electron noise of the CCD camera). Instead, the effect of the non-uniformity can 

be corrected by acquiring a flat field image (i.e. an image without the sample). The normalization 

procedure of the original image Isample, usually applied off-line before the slices reconstruction, is 

finally carried out according the following formula: 

E:3 �~x9F�� � �� ¡¢£!(�¤ ¥¦
�§£ ¨(�¤ ¥¦

                                                     (3.1) 
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where Iflat and Idark the flat and dark field images respectively and Inormalized is the correct 

normalized image to use for the reconstruction process.  

 

 

 

Figure 3.2: The normalization and phase retrieval procedure of phase contrast projection of a fabricated scaffold 

produced with the AM technique [Brun et al., 2012], (a) Raw projection image (b) Normalized projection image (c) 

The phase retrieved projection image. 

3.2.2 The slice reconstruction 

Each sample slice, corresponding to a given height within the sample, is reconstructed from the 

relative sinogram. We implemented the reconstruction using the programs Syrmep-Tomo-Project 

[Montanari et al., 2003], PITRE [Chen et al., 2012] and XTRACT [Gureyev et al., 2011] which 
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are based on a direct filtered-back-projection (FBP) algorithm. This algorithm is based on the 

Fourier Slice Theorem [Kak and Slaney, 1988]. As the name implies, the filtered back-projection 

algorithm is formed by two steps: the filtering part occurring in the frequency domain, which can 

be viewed as a simple weighting of projection’s Fourier transform, and the back-projection part, 

which is equivalent to smearing each filtered projection over the image plane and can be readily 

done without excessive computational effort.  

FBP algorithm  

The Radon Transform (RT) [Deans, 1983] represents a set of parallel line integral projections of 

a 2-D function ���, �� at different angles ©. The continuous Radon transform is defined by 

�ª��, ©� � k ���, ����� 
 �,«¬© 
 �¬�©�<� <�                             (3.2) 

where � and © are polar coordinates and � is the unit impulse. The projections �ª��, ©� are also 

referred to as the data sinogram. In their original form, FBP algorithm is based on the well-

known inversion formula for the RT: 

���, �� � �h�", ©�          ,         �h�", ©� � ® (�|¯ |® �ª��, ©�                (3.3) 

Here, ®°�¯ , ©� � ® �ª��, ©� represents a 1-D Fourier transform in the variable �, and  is the 

continuous back-projection operator 

���, �� �  �h�", ©� � ; �ª��,«¬© � �¬�©� <�
g ©                                (3.4) 

The projections �ª��, ©� are first filtered using the ramp filter |¯ | to cut off the highest 

frequencies, thus reducing the noise [Herman, 1980; Lewitt, 1983; Kak and Slaney, 1987]. Then 

back-projected algorithm is used to reconstruct the image. 

In case of phase retrieval application, before reconstructing the slice, the phase retrieval 

algorithms utilize normalized projection and retrieve the phase shift for each projection. Then the 
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3D distribution of the refractive-index decrement (which is more suitable for quantitative 

analysis) is reconstructed by the standard FBP algorithm. 

  

Figure 3.3:  (a) Phase contrast reconstructed slice and its zoomed in (lower left) (b) phase retrieval reconstructed 

slice and its zoomed in of the fabricated scaffold sample in Fig 3.2.  

3.3 Contrast, Signal-to-noise ratio and Figure-of-merit 

In this section, we will introduce some quantities used for the assessment of the quality of the 

obtained images. The contrast, the signal-to-noise ratio and the figure-of-merit will be defined in 

the standard case of area contrast and in the case, specific to phase contrast imaging, of an edge 

signal. 

3.3.1 Area contrast case 

The area contrast of an object detail with respect to the surrounding region (considered as 

background) is defined as [Evans, 1981]: 

a b 
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±~ �~ � �²³´(�³ µ¦
�³ µ¦

                                                 (3.5) 

where E34� and E4~5�  are the mean intensity values of a given area respectively in the object and 

in the background. 

The signal-to-noise ratio (SNR) in the area case is defined as: 

P�w~ �~ � √¶  ��²³´(�³ µ¦�
}6���³ µ¦�                          (3.6) 

where  ¬M<�E4~5�� is the standard deviation on the mean value E4~5� calculated over a number of 

pixels =. 

It should be noted that, according to these definitions, the area contrast and area SNR can be 

either positive or negative. We can therefore account for intensity values that are larger in the 

detail compared to the background or the opposite. In conventional X-ray imaging, where the 

intensity incident on the detector is determined only by the differences in absorption, a positive 

(negative) contrast corresponds to a detail less (more) absorbing than the surrounding region. 

The area SNR is dependent on the incoming flux. More precisely, it is proportional to the square 

root of the number of incident photons, if we assume the noise to be determined only by the 

statistical (white) Poisson noise. Therefore, if images acquired with different fluxes need to be 

compared, the SNR does not represent an appropriate parameter. To measure the quality of an 

image independently of the delivered dose used to obtain the image, it is necessary to consider 

another quantity, independent of the number of photons or equivalently of the dose. For this 

reason the following Figure-of-Merit (FoM) is defined [Pani, 1996, Arfelli et al., 1998]: 

 ·«� � ¸¹º
»                                                                 (3.7) 

which is in principle independent of the number of photons because the dose, D, is directly 

proportional to the X-ray flux for a given sample and energy [Webb, 1988]: 
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� � ¼�3}�Eg                                                (3.8) 

where Eg indicates the beam intensity before the sample and ¼�3}�  is a constant that depends in a 

complicated way on both the imaging system (X-rays energy, irradiation geometry..) and the 

object (shape, dimensions, composition etc.). In general ¼�3}�  cannot be calculated analytically 

but only through Monte Carlo simulations.  

3.3.2 Edge contrast case 

The signal generated by a detail, when phase-contrast techniques are used, has a different shape 

compared to the absorption case. In fact, the signal is in general produced by a combination of 

absorption, scattering and refraction effects. The refraction component, in particular, is localized 

at the object edges, where the value of the refractive index decrement changes. Therefore, 

quantities for analysis of the image quality corresponding to those introduced above in the case 

of area signal need to be defined also in the edge signal case. In analogy with eq. 3.2 the contrast 

can be defined as [Snigirev et al., 1995]: 

±��½� � �¡ ¾(�¡¿À
�³ µ¦

                                                        (3.9) 

where E4~5� is the intensity outside the detail, E�~`  and E�9:  are respectively the maximum and 

minimum of a mean intensity profile across the edge, calculated over a certain number of 

columns of pixels. Note that when the edge is characterized by only one positive (or negative) 

peak, E�9:  (or E�~`)  is considered equal to the background value.  

The SNR in the edge case can be defined as [Coan et al., 2005, Pagot et al., 2005]: 

P�w��½� � √¶  ��¡ ¾(�¡¿À�
}6���³ µ¦�                                           (3.10) 

where  ¬M<�E4~5�� is the standard deviation on the mean value E4~5�, calculated by considering the 

same number of pixels A over which  E�~`  and E�9: are computed. The associated FoM can be 



Image Processing Methods 

37 

defined by using eq. 3.4 as in the area contrast case and the definition of the edge SNR given in 

eq.3.7. 

3.4 Quantitative analysis by PORE3D package  

SYRMEP research group of Elettra has recently developed a software library for quantitative 

analysis of porous media, referred to as Pore3D [Brun et al. 2010]. 

Pore3D is built up of a set of state-of-the-art functions and procedures for performing digital 

image processing and quantitative analysis of large 3D image datasets. There is a number of 

mentionable software on the market today for 2D and 3D image analysis on different types of 

materials,VGstudio[VGStudio, 2012], Avizo[Avizo, 2012],SkyScan [SkyScan, 2012], Blob3D 

[Ketcham, 2005a], Quant3D [Ketcham, 2005b] etc. The aim of Pore3D is to collect a set of 

image analysis tools in an open library, where these tools can be applied in preferable orders, in 

order to be able to analyze in principle any porous structure arising in different materials [Brun et 

al., 2010]. Current version of Pore3D is available as a library for the IDL development 

environment [IDL, 2012]. 

3.4.1 The Region of Interest (ROI)  

The reconstructed grayscale slices are generally 32 bit images. When a volume is created by 

stacking multiple slices, several megabytes can be occupied and need to be managed for further 

image visualization and processing. Thus volumes are later converted to 8 bit format for more 

processing. Also for these reasons it’s a common practice first to crop out an appropriate sub-

volume from the reconstructed dataset, on which any further measurements can be easier 

performed. The so-called Region of Interest (ROI) should be chosen far way from the sample 

edges and contain desirable regions to investigate further.  
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Figure 3.4: (a) Phase retrieved reconstructed slice of an AM fabricated scaffold [Brun et al., 2012] and (b) the 

represented ROI. 

3.4.2 Filtering 

Before further quantitative estimation of the materials properties, tomographic images usually 

need to be improved in their quality, minimizing the noise and other artificial defects arising 

from the acquisition and reconstruction steps [Barrett and Keat, 2004]. Particularly, with regard 

to the three-dimensionality of the observed objects, denoising plays an essential role, since the 

human eye is not able to extract the same amount of information (by interpolation, low-pass 

filtering, classification, etc.) as in the 2D case. 

Generally speaking, a denoising algorithm should be able to preserve as much as possible the 

signal while reducing the noise sufficiently. The partial volume effects, beam-hardening etc. all 

require specific algorithms to be corrected [Kak and Slaney, 1988, Sijbers and Postnov, 2004], 

which are often applied during the reconstruction from projections both in the spatial and in the 

frequency domains. However, many unphysical structures (e.g. edge and surface irregularities, 

random Gaussian noise, salt and pepper disturb etc.) can be later removed directly on the slices, 

thus allowing a better thresholding for segmentation and a more accurate evaluation of the object 

a b 
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features. To this purpose, conventional noise reduction methods working on the 3D dataset were 

implemented into Pore3D. 

The median smoothing filter is widely used to reduce noise in the images with minimal 

alteration to the object geometry. The filter replaces a voxel with a grayscale value equal to the 

median of the grayscale values of the neighbouring voxels. The filtration can be performed in 2D 

on the single slice, or in 3D. When filtering, the mask radius has to be chosen opportunely as 

well as the number of iteration the filter will be repetitively applied to the image. 

Similarly, the averaging filter computes the mean value of the gray-level voxel within a 

rectangular filter-window surrounding each pixel. The filter has also the effect of smoothing the 

image. A Gaussian filter instead can be applied to reduce noise in the image much more quickly 

than the median smoothing filter, but with the inconvenience of altering the geometry of objects 

as it tends to blur the boundaries. Gaussian filter has weights specified by the probability density 

function of a normal distribution.  

The Anisotropic diffusion filter is a technique aiming at reducing image noise without 

removing significant parts of the image content, typically edges, lines or other details that are 

important for the interpretation of the image. Anisotropic diffusion resembles the process that 

creates a scale space, where an image generates a parameterized family of successively more and 

more blurred images based on a diffusion process. Each of the resulting images in this family is 

given as a convolution between the image and a 2D isotropic Gaussian filter, where the width of 

the filter increases with the parameter. This diffusion process is a linear and space-invariant 

transformation of the original image. Anisotropic diffusion is a generalization of this diffusion 

process: it produces a family of parameterized images, but each resulting image is a combination 

between the original image and a filter that depends on the local content of the original image.  

Other kinds of filters can be used to re-modulate the image contrast, sometimes with the declared 

aim to enhance the visibility of particular details or of the objects edges. Thus, the sharpening 

procedure returns an unsharp contrast-enhancement filter, created from the negative of the 

Laplacian filter. It enhances the edges of the objects essentially subtracting an image from a 
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smoothed version of itself. This can make edges appearing more distinct, although it may also 

increase image noise. However, sharpening represents one of the most impressive filters since it 

brings out details that seemed not to be there before. Contrast Enhancement transforms the 

values in an intensity image, so that the histogram of the output image approximately matches a 

specified histogram. One can refer this filter as to a histogram equalization method: this is 

particularly useful when you want to compare different grayscale images, or when you stack into 

a single volume slices that have each own grayscale. 

 

Figure 3.5: Example of image processing filters applied on a ROI of AM fabricated scaffold: (a) original image (b) 

after median (kernel size: 9), (c) gaussian (kernel size: 9), (d) anisotropic diffusion (iteration number: 80) and (e) 

sharpening filtering (kernel size: 9). 

Correction of ring artefacts Residual artefacts that are not eliminated by the darknoise/whitefield 

normalization can produce effects also on the subsequent tomographic reconstruction, when CT 

is considered. Ring artefacts on the reconstructed axial slices, which are generated by line 

artefacts in the sinograms, are a typical example of such effects (Figure 3.6(a)). They potentially 

originate from dead detector pixels, defects in the optical elements, spatial instabilities of the 

beam etc. Ring artefacts can be reduced by ring removing algorithm, which can be applied on the 
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sinograms or directly on the reconstructed slices. Pore3D has an advanced ring artefacts 

reduction filter, which removes the rings by applying on the polar space [Brun, 2011]. 

       

    

Figure 3.6: A human skull bone reconstructed slice [Brun et al., 2011] (a) before and (b) after the correction for ring 

artefacts.  

a b 

a b 
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3.4.3 Segmentation 

Most of the 3D data obtained by X-ray µ-CT are grayscale images including void and solid 

space. To evaluate the porosity, as well as many other geometrical and morphological 

parameters, it is necessary to operate on a binary image that is an image containing only zeros - 

to represent the void phase - and ones - to represent the solid phase. Segmentation refers to the 

determination of the phase type of each voxel in the image. Although the most general case 

involves a two-phase system made of voids that need to be separated by the solid framework, 

also multi-phase separation is often required in order to distinguish different solid or liquid 

phases inside a composite material. Extracting the volumetric grade distribution of a particular 

phase from a µ-CT volume is in fact of a large relevance for many scientific/technical disciplines 

ranging from the environmental research to the modeling of normal operation in many chemical 

or process engineering installations. 

Segmentation represents the first heavy modification of the image, and it can be considered as a 

key step preparatory to any further analysis. The basic concept lies in the proper selection of a 

threshold value on the histogram intensities of a grayscale image (i.e. the slice). Once this 

threshold value is determined, voxels are assigned, according to their values, if lower or higher 

than the selected threshold, to one of the two (or more) classes representing that specific phase. 

Phase retrieval algorithms have a significant advantage in segmenting the different phases of the 

object. They provide images which are more homogenous rather than phase-contrast images. 

Figure 3.7 is obtained by the selection of scaffold’s phase in phase-contrast and phase-retrieval 

reconstructed slices. The selected threshold of scaffold is more uniform and solid in the phase 

retrieved image. Figure 3.8 shows the comparison of histograms. The histogram of phase 

retrieved image has well-distinguished values for different phases in the object, while the phase-

contrast image’s histogram gives narrow and closer peaks for different parts of the object, which 

makes the segmentation more difficult. Therefore, the phase retrieval algorithms improve the 

contrast and difference phases significantly and facilitate the segmentation for quantitative 

analysis.  
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Figure 3.7: Effects on the application of the same threshold in a slice of the ROI of the considered AM fabricated 

scaffold: (a) simple phase contrast (b) after the application of phase retrieval.  

 

Figure 3.8: Comparison of histograms for images in Fig 3.7. 
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The local threshold or the edge detection algorithm, Otsu's algorithm [Otsu, 1979], Kriging 

algorithms [Oh, 1999], the K-mean Clustering algorithm [Cheung, 2003] etc. are implemented 

into the PORE3D program. They can be used to process the datasets in order to furnish the best 

results according to the investigated material type. After the segmentation, one can render a 

volume 3D image considered ROI. Volume rendering of the fabricated scaffold is represented in 

Figure 3.9. 

 

Figure 3.9: Volume rendering of the considered ROI of the fabricated scaffold (4.5 × 4.5 × 4.5 mm³). 

3.4.4 Skeletonization 

The skeleton (or medial axis) is an effective tool for the analysis of porous materials [Lindquist 

et al., 1996]. The skeleton of any 3D object is intuitively the “spine” of the object running along 

its geometric middle. For example, the medial axis for a sphere is the center point and for a 

cylinder it is the axis of rotational symmetry. By scanning the skeleton it is possible to generate 

the equivalent graph of nodes and branches, thus allowing a topological characterization of the 

underlying object. It is also possible to add geometrical measurements like the length and the 

width of the branches. For the latter measure, it suffices to take advantage of the distance 

transform of the object (this is related to the maximal spheres method [Hildebrand and 
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Rüegsegger, 1997]). While being a general tool, the skeleton analysis is practically used for 

objects presenting a tubular structure or having an interconnected void space where channels or 

paths may be recognized. For this kind of porous media parameters like interconnectivity and 

geometrical tortuosity are of great interest [Lindquist et al., 1996]. The effectiveness of the 

skeleton analysis is limited by the accuracy of the skeletonization algorithm. In practical cases, 

the skeletonization process requires some sort of pre- and post-processing. It could be useful to 

apply the actual skeletonization algorithm on a binary smoothed version of the segmented image 

in order to hopefully reduce the amount of spurious branches and also a pruning post-processing 

is often adopted in order to improve the quality of the result. Pore3D offers several 

skeletonization algorithms [Lee et al., 1994; Pudney, 1998; Palagyi and Kuba, 1999] as well as 

pruning methods [Svensson et al., 2003] allowing to compute a reliable skeleton in most 

practical cases. 

As an example, a skeletonization of the pore space of the fabricated scaffold is presented in 

Figure 3.10.  

 

Figure 3.10: Skeletonization of the pore space of the fabricated scaffold.  
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Chapter 4 Application and Comparison of two Phase 

Retrieval Algorithms 

4.1 Introduction 

The power of phase retrieval application lies in its ability to improve the Signal to Noise Ratio 

(SNR) and to obtain high resolution images with low radiation dose and acquisition time, which 

could encourage its biomedical applications.  

In this chapter, the application of TIE and Born phase retrieval algorithms is studied for different 

kinds of test objects and biological samples (high absorbing, homogeneus, low absorbing, etc.) at 

various experimental conditions (sample-to-detector distances, energies, detector resolutions). 

Their capability and restriction in the visualization of the sample morphology, up to its tiniest 

details, is evaluated.  

For this purpose, the considered biological samples are: lung tissue, seed, renal stone and 

engineering scaffold. These samples are chosen as they cover the properties of a variety of 

biological objects. Lung tissue is analyzed as a low absorbing sample with a high phase effects 

(between air and soft tissue), seed as a homogenous sample, renal stone as a high absorbing 

sample with different phase materials, scaffold as a foam-like sample with rather low absorption 

which produces a lot of phase effects at its tiny details. The last sample has been also used for 

assessing the improvement lead from the application of Pore3d code for the quantitative analysis. 
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 A quantitative comparison between phase contrast and phase retrieved images is also performed 

for some selected samples. The analysis aims to optimize the application of two mentioned phase 

retrieval algorithms for different phase-contrast imaging situations and obtain derivations, 

assumptions and restrictions of each one. 

4.2 Imaging of test objects 

As described in chapter 1, the two mentioned single-distance phase retrieval algorithms have 

some assumptions which limit their application for heterogenous and high absorption materials. 

Therefore, in order to understand the potential and limitation of each algorithm, first they have 

been applied for the study of two geometrical test objects realized with known materials. The 

details inside each test objects are chosen as they reflect the properties of biological materials. 

They have known composition to enable the comparison of results with theoretical values. Most 

of the chosen materials have similar ratio � �Á   to simulate homegeneus samples. In order to 

study the effect of heterogenous samples in these algorithms some details are realized with a 

quite different ratio � �Á . These objects consist of two Polyoxymethylene (POM) cylinders, 16 

mm in diameter, in which six 3 mm-diameter holes have been drilled parallel to the cylinder axis. 

The holes in each cylinder were filled with different materials: one sample contained low 

absorbing details and the other one, higher absorbing materials which are named as “low energy” 

and “high energy” phantoms, respectively. In the low energy phantom, the holes were filled with 

water, paraffin wax, glycerol, glucose 10g/50ml and glucose 23g/50ml and one of them was 

empty (Figure 4.1 (a)). In the higher energy phantom, the holes were filled with water, Ultravist 

300 [Ultravist300, 2012], CaCl2 1M, MgCl2 1M, Glycerol and one of them is empty (Figure 4.1 

(b)). 

Considering the details with higher absorption, the first phantom has been scanned at 21 keV 

(“low energy phantom”), the second one at 31 keV (“high energy phantom”). 
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Figure 4.1: Details composition of (a) low energy and (b) high energy phantoms. 

 

The objects were scanned at 30 cm sample-to-detector distance with 1440 CT projections over 

180 degrees of sample rotation, which corresponded to an angular step of 0.125 degrees. The 

detector pixel size was 9 microns.   

Table 4.1: Values of δ and  for low energy phantom details for 21 keV X-rays [Henke website] 

Material 
Density 

(gr/cm
3
) 

β ×1010 δ ×1010 δ /β µk (1/cm) 

Polyoxymethylene 

(CH2OH) 
1.42 3.36 7.32 2178 0.70 

Paraffin wax (C25H52) 0.90 1.43 4.85 3391 0.30 

Glycerol (C3H8O3) 1.26 2.99 6.44 2153 0.59 

Glucose 10g/50ml  

(C6H12O6) 
1.08 2.58 5.41 2096 0.12 

Glucose 23g/50ml 

(C6H12O6) 
1.20 2.87 6.03 2101 0.60 

Water (H2O) 1.00 2.93 5.22 1781 0.61 
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The δ and � theoretical values for the low and the high energy phantoms details are listed in 

Table 4.1 and Table 4.2, respectively. For the application of phase retrieval algorithms, the ratio 

� �Á  of POM has been used. All the materials inside the test object have ratio � �Á  similar to the 

POM, except paraffin wax in the low energy object and Ultravist 300 in the high energy object.  

Table 4.2: Values of δ and � for high energy phantom details for 31 keV X-rays [Henke website] 

Material 
Density 

(gr/cm
3
) 

� l 10�g  � l 10Â δ /β µk (1/cm) 

Polyoxymethylene 

(CH2OH) 
1.42 1.42 3.25 2288 0.44 

Ultravist 300mg (I2) 1.33 8.60 2.96 344 1.73 

Glycerol (C3H8O3) 1.26 1.27 2.96 2330 0.39 

CaCl2 1M 1.11 2.09 2.57 1229 0.64 

MgCl2 1M 1.10 1.69 2.56 1514 0.52 

Water (H2O) 1.00 1.15 2.40 2086 0.35 

 

A phase-contrast projection image obtained with the first phantom is shown in Figure 4.2 (a). 

The profiles obtained from the projection image itself and from the corresponding phase 

retrieved images by TIE and Born algorithms are presented in Figure 4.2 (b) and Figure 4.3, 

respectively. The holes filled with glucose 10g/50ml and glucose 23g/50ml (green arrow) are not 

distinguished in the phase contrast profile line (Figure 4.2 (b)), while both phase retrieved 

projections show a low signal corresponding to these materials (Figure 4.3). Therefore after 

retrieving the phase from the projection images, it is expected that the recognition of the different 

phases in the material is better performed.   

In this thesis, conventional FBP algorithm and TIE algorithm are applied by using XTRACT 

code [XTRACT, 2012] and Born algorithm is applied by using PITRE program [Chen et al, 
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2012]. These three methods have been used for the tomographic reconstructions. 

 

 

Figure 4.2: (a) Phase contrast projection image, (b) horizontal profile from the phase contrast projection image. 

 

A comparison between TIE and Born algorithm on the same object is shown in Figure 4.3. With 

Born the retrieved image shows the object more absorbing than with TIE method.  Indeed, as it is 

described in chapter 1, the Born approximation requires that the object is week absorbing 

(absorption is lower than 10%) [Gureyev et al. 2004]. Therefore, the first object doesn’t satisfy 

the assumption of the Born algorithm and the phase retrieved projection image shows the objects 

inaccurate. 
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Figure 4.3: Profile obtained on the same projection from TIE and Born phase retrieval algorithm. The holes filled 

with glucose 10g/50ml and glucose 23g/50ml (green arrow) are distinguishable after applying the TIE and Born 

algorithms. 

4.2.1 Evaluation of absorption index and FOM 

The reconstructed slices obtained from the phase contrast and the phase retrieved images for the 

two objects are shown in Figure 4.4 and Figure 4.5, respectively. For both objects, the phase 

retrieval algorithms significantly improve the visualision of different materials. In the application 

of the Born algorithm the slice of the low energy phantom shows a clear artefact for the presence 

of a bright halo in the homogeneus region corresponding to the POM (see Figure. 4.6 (a)) and 

also in the external part of the cylinder. There is also a halo between Ultravist 300 detail and the 

empty-hole in the slice of the high energy phantom (Figure 4.6 (b)). These artefacts can be 

ascribled to the fact that the Born algorithm does not work well for high absorbing materials with 

the absorption �� Ã 1 (Table 4.1 and 4.2). 
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Figure 4.4: Reconstructed slice obtained from (a) phase-contrast image by conventional FBP, (b) TIE and (c) Born 

phase retrieval algorithms for low energy phantom. 

   

Figure 4.5: Reconstructed slice obtained from (a) phase-contrast image by conventional FBP, (b) TIE and (c) Born 

phase retrieval algorithms for high energy phantom.  

     

Figure 4.6: Artefacts introduced by Born phase retrieval algorithm: (a) bright halo around the low energy phantom 

(red arrow), (b) halo between Ultravist300 and empty-hole in high energy phantom (red arrow). 

a 

b c a 

b c 

a b 



Application and Comparison of two Phase Retrieval Algorithms 

53 

Figure 4.7 shows the beta values obtained for the different materials of the low energy phantom 

by applying the two algorithms in comparison with the theoretical data. Figure 4.8 shows the 

same plot for the high energy phantom. The values of � reconstructed with TIE algorithm are in 

the average 10% higher than the theoretical data while in the Born retrieved image the  � values 

have larger discrepancies as they maintain 30% higher than the expected values. As it described 

before, the requirement of low absorption is not satisfied in both phantoms and therefore, affects 

the whole calculated � distribution values produced by Born method which are less accurate 

rather than TIE method. Table 4.3 and 4.4 show the theoretical and reconstructed Beta values 

with related errors.   

 

 

Figure 4.7: Reconstructed Beta values for the absorption index of low energy phantom details at 21 keV. 
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Figure 4.8: Reconstructed Beta values for the absorption index of high energy phantom details at 31 keV. 

Table 4.3: Reconstructed Beta values by TIE and Born phase retrieval algorithms for the absorption index of low 

energy phantom’s detail at 21 keV. 

Material � l 10�g (Theoretical) 

� l 10�g  

(Reconstructed by TIE) 

� l 10�g 

(Reconstructed by Born) 

Polyoxymethylene 

(CH2OH) 
3.36 3.71�0.05 3.94�0.02 

Paraffin wax (C25H52) 1.43 1.52�0.05 3.22�0.04 

Glycerol (C3H8O3) 2.99 3.26�0.06 3.81�0.01 

Glucose 10g/50ml  

(C6H12O6) 
2.58 3.31�0.05 3.83�0.02 

Glucose 23g/50ml 

(C6H12O6) 
2.87 3.45�0.05 3.89�0.02 

Water (H2O) 2.93 3.18�0.12 3.9�0.02 
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Table 4.4: Reconstructed Beta values by TIE and Born phase retrieval algorithms for the absorption index of high 

energy phantom’s detail at 31 keV 

Material � l 10�g (Theoretical) 

� l 10�g 

(Reconstructed by TIE) 

� l 10�g 

(Reconstructed by Born) 

Polyoxymethylene 

(CH2OH) 
1.42 1.32�0.04 1.88�0.01 

Ultravist 300mg (I2) 8.60 8.07�0.06 4.41�0.09 

Glycerol (C3H8O3) 1.27 1.16�0.04 1.82�0.02 

CaCl2 1M 2.09 2.01�0.05 2.28�0.01 

MgCl2 1M 1.69 1.59�0.04 2.05�0.01 

Water (H2O) 1.15 1.07�0.11 1.90�0.03 

 

In Figure 4.9 (a-b) we compared the Figure of Merit (FOM), defined in chapter 3, for the 

different materials of the two test objects. The dose in calculation of FOM for the conventional 

FBP, TIE and Born algorithms is the same since the X-ray flux and the dose are the same. The 

FOM in the TIE and Born phase retrieved images are ~10 times better than the one in the 

conventional FBP reconstructed image. For both algorithms, the FOM values of all materials are 

similar except the Paraffin-wax and Ultravist 300 which have ratio � �Á  very different from the 

other materials inside the objects. Therefore, for the heterogenous materials inside the test 

objects, these algorithms aren’t satisfied and obtained lower FOM values. 
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Figure 4.9: The FOM values for (a) low energy object at 21 keV and (b) high energy object at 31 keV. 
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The application of phase retrieval algorithm on test objects realized with known materials aims 

to show the potential of these algorithms for improving the image segmentation and the 

subsequent quantitative analysis. We showed that both algorithms work better than conventional 

phase contrast imaging for homogenous materials. Comparing two methods, Born works less 

accurately than TIE as the objects have absorption higher than 10%. 

4.3 Application to biological samples 

The phase retrieval imaging is an important auxiliary method for the study of biological samples. 

In this section, I will report the analysis of four kinds of samples that are chosen for different 

evaluation of the two mentioned algorithms. To study the potential of these algorithms, we used 

lung tissue, as a low absorbing sample with high phase contrast effects between air and soft 

tissue [Yong et al., 2009]; a wheat seed as a homogenous sample, a renal stone as a high 

absorbing sample with different phase materials and engineering scaffolds as samples with many 

phase contrast effects in tiny edges. For the valuation of these two algorithms, the analysis is 

performed in different sample-to-detector distances for lung tissue.  

4.3.1 Study of an allergic asthma mouse model as a sample with high phase contrast 

effects 

Allergic asthma (AA) is a complicated genetic disorder caused by interaction of the acquired and 

innate immune responses and is characterized by symptoms that are occurred by an allergic 

reaction. AA provokes airway occlusion and inflammation that is partially reversible with 

medication, it’s the most common form of asthma, affecting over 50% of the 20 million asthma 

sufferers [AAFA website]. Different asthma animal models [Bates et al., 2009] have been 

produced to monitor the effectiveness of novel therapies and achieve more knowledge of the 

disease progression.  

For this study a mice model has been used for analysis of asthmatic lungs. This model is 

considered to mimic very well certain aspects of human asthma and it is very challenging 
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because of the small size of the organ, the very weak morphological effects and the non-

uniformity displacement of inflammation.  

The labeled macrophages as specific functional contrast agent are used to monitor the 

inflammation process in AA mouse model [Chen et al., 2009]. To gain knowledge about the 3D 

distribution of the macrophages inside the organ, as well as of depicting alterations in the lung 

structure like increasing in wall thickness and diameter of the small airways, the lungs need to be 

analyzed with a resolution of about 10 microns and in-situ to avoid any side effects. For exact 

localization of the homing sites of the macrophages, the phase-retrieval capabilities are essential 

to remove the phase effects and to visualize more efficient the barium labelled macrophages 

migrated to the inflammation sites.  

Sample preparation 

The 4- to 6-week old female BALB/c mice has been sensitized intraperitoneally at day 0 and day 

21 with 10 µg ovalbumin (OVA) dissolved in 200 µl PBS. At day 28 and day 29 mice were 

treated intranasal with a solution of 100 µg OVA/ 50 µl PBS/ mouse. For functional imaging of 

inflammation labeled immortalized alveolar macrophages CRL-2019TM have been used. The 

macrophages have been kept in culture and were co-incubated for 24 h with 70 µl of the barium 

sulfate containing clinical contrast agent Micropaque CT diluted in 20 ml media. Six million of 

these labeled macrophages suspended in 25 µl PBS were instilled intra-tracheally. Mice were 

sacrificed 24 h later. The lungs were kept in-situ and inflated with air at a constant pressure of 30 

cm water column. The whole animal was placed in a 50 ml Falcon tube serving as sample holder 

and embedded in 1% Agarose-gel to suppress artifacts due to alteration of the sample during the 

scanning process (Figure 4.10). 

The sample was scanned at 22 keV X-rays with 1800 CT projections over 360 degrees of 

rotation. The detector pixel size was 9 microns.  
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Figure 4.10:  Protocol and timing schedule used for sample preparation. 

 

 

 

Figure 4.11: Position of the mouse in front of the X-ray. 
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Results and discussion  

The acute-asthmatic mouse lung was scanned to analyze the homing of the macrophages to the 

inflammation sites. Figure 4.12 (a-b) shows the phase-contrast and phase retrieved reconstructed 

slices of mouse’s lungs for 30 cm sample-to-detector distance. The phase-contrast image (Figure 

4.12 (a)) has the strong edge enhancement effects within the lung overlapped with the expected 

increase in absorption due to the barium labelling.  

 

   

Figure 4.12: (a) Phase-contrast reconstructed slice (b) TIE phase retrieved reconstructed slice of mouse’s lung 

(1.Ribs, 2.Heart and 3. Bronchus). 

a b 
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Figure 4.13: Segmenting the location of macrophages homing sites labelled by Barium in (a) phase-contrast and (b) 

TIE phase retrieved image. 

The phase effects with their positive and negative peaks prevent the visualization of higher 

absorption due to barium labelled macrophages migrated to the inflammation sites. 

Reconstructed slices using TIE algorithm (Figure 4.12 (b)) shows the very encouraging results. 

The location of the macrophages homing sites is accessed by decoupling phase from attenuation. 

The barium can be segmented with respect to the lungs tissue and the background using the same 

threshold level of bones, as shown in Figure. 4.13. The macrophage bio-distribution within the 

lungs was verified by the histology (work in progress, C. Dullin et al., private communication).      

The second experiment with the lung tissue performed the effect of different sample-to-detector 

distances on the applications of phase retrieval algorithms. The sample was scanned at three 

different sample-to-detector distances: 7, 30 and 100 cm. Figures 4.14 (a-c) show the phase-

contrast reconstructed slices of mouse’s lung using the conventional FBP algorithm. For the 

comparison at the three distances the same slice has been chosen. The characteristic feature of 

phase-contrast is the presence of the “black-and-white” fringes in correspondence to the details 

edges. This “edge enhancing” effect is emphasized increasing the sample-to-detector distance. 

a b 
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Figure 4.14: Phase-contrast slices of mouse’s lung reconstructed using the FBP algorithm at (a) SDD=7cm, (b) 

SDD=30 cm and (c) SDD=100 cm and their zoomed views. 

A low edge enhancement effect is visible for SDD = 7 cm, increasing the SDD at 30 cm, the 

boundaries of the sample are strongly enhanced and a distinct interference pattern improves the 

edges definition, giving valuable morphological information on the sample. Using SDD = 100 

cm, the interference fringes are still well resolved but there are blurring effects around the edges 

which are typical of far sample-to-detector distances (as described in chapter 1).  

Figure 4.15 shows the profile lines obtained for the same detail in the three images of Figure 

4.14 (line position in the zoomed image). It shows how phase-contrast effects become more 

pronounced with increasing sample-to-detector distances. 

b a c 

a b c 
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Figure 4.15: Profile lines for earlier presented image in Figure 4.14 at the line position in the zoomed image. 

 

Figure 4.16 and 4.17 show the slices obtained by the phase retrieval reconstructions using the 

TIE algorithm and Born algorithm.  

   

Figure 4.16: Zoomed in phase-retrieved slices of mouse’s lung (earlier presented image in Figure 4.14) 

reconstructed by applying the TIE algorithm at (a) SDD=7cm, (b) SDD=30 cm and (c) SDD=100 cm. 
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Figure 4.17: Zoomed in phase-retrieved slices of mouse’s lung (earlier presented image in Figure 4.14) 

reconstructed by applying the Born algorithm at (a) SDD=7cm, (b) SDD=30 cm and (c) SDD=100 cm. 

In comparison to the phase-contrast slices presented in Figure 4.14 (a-c), it can be noted that in 

the retrieved images, with both phase retrieval algorithms, the noise has been substantially 

suppressed, while the sharpness of the air/soft-tissue is preserved clearly. In the retrieved slices, 

the interfaces air/soft-tissue has a better definition and the sample morphology is better 

recognized.  

Figures 4.18 (a-b) shows the profile lines obtained for the three propagation distances by 

applying the two algorithms. The profiles are plotted in the same edge position of Figure 4.14. 

The background absorption value at the profile line should be equal to zero. The TIE algorithm 

shows the correct value for this region; meanwhile for the Born it is higher than zero. As it has 

been mentioned above, this can be related to the presence of bones in the sample, a high 

absorbing material, which don’t fulfil the assumption of Born algorithm.  

In the TIE algorithm the difference between the beta of air and beta of lung is higher than for the 

Born method. This means that TIE gives a higher contrast if compared to Born algorithm.        

a b c 
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Figure 4.18: Profile lines for the slices presented in Figure 4.16 and 4.17 obtained for the three SDDs by TIE 

algorithm (a) and Born algorithm (b). 
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Comparison of SNR  

The Signal-to-Noise Ratio (SNR) for area and edge signals (as they are defined in Chapter 3) are 

evaluated. An Area of Interest (AoI) covering a surface of about 4mm2 was defined and used for 

all the analyzed images. The average counts and related standard deviations have been 

calculated for the selected AoI positioned in at last three positions of the lung for each image 

under study. The counts for the calculation of signal are evaluated as the average of the three 

average counts measurements. The noise level of each image is calculated as the average of the 

three standard deviation measurements.  

 The reduction of noise-level at different SDD after retrieving the phase is significant and has 

similar behavior for both phase retrieval algorithms (Figure 4.19).  

 

Figure 4.19: Noise-level of phase-contrast slice reconstructed by FBP algorithm, phase retrieved slices obtained 

using TIE and Born, at three different SDDs 7, 30 and 100 cm. 

Figure 4.20 shows that the evaluated SNR-area values are extremely improved for all SDDs. For 

all the algorithms the increase of SDD brings to a reduction of the scattering contribution and to 

an increase of SNR values. The SNR-area values by applying the TIE algorithm have better 
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improvement rather than the algorithm Born. As Figure 4.14 shows, the TIE algorithm separates 

the phases of different detail of the sample better than Born algorithm. On the other hand, noise 

values are the same for both algorithms. Therefore, the SNRs of TIE algorithm are higher than 

Born algorithm (Figure 4.16 and 4.17). 

 

Figure 4.20: SNR-area of phase-contrast slice reconstructed by FBP algorithm and phase retrieved slices obtained 

using TIE and Born, for the three SDDs. Chosen area A is equal to 0.4 mm2
. 

 

Figure 4.21 shows the SNR_edge evaluated at the three SDDs. Phase retrieval methods give 

SNR_edge values much better than the FBP phase contrast image. This analysis shows that both 

phase retrieval methods increase the contrast for different sample phases and significantly 

improve the SNR_edge.  
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Figure 4.21: Comparison of SNR-edge of phase-contrast slice reconstructed by FBP algorithm and phase retrieved 

slices obtained using TIE and Born, for the three SDDs. Chosen length is equal to 0.2 mm.  

 

The SNR_Area and SNR_Edge have better values at further distances, which is due to reduction 

of the scattering distribution by increasing the sample-to-detector distance and achieve higher 

SNR values.  

4.3.2 Internal structure of wheat (Triticum aestivum) seed as a homogenous sample 

Seeds are a vital component of the world’s diet. Cereal grains alone, which comprise 90% of all 

cultivated seeds, contribute up to half of the global per capita energy intake. Not surprisingly 

then, the seed biology is one of the most extensively researched areas in the plant physiology.  

It is possible to study the micro-structural properties and to evaluate the botanical features of 

seeds in non destructive way by using the phase contrast imaging. This method is suited for 

investigations of living plant organs and has already been applied to several types of seeds 
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[Cloetens et al., 2006; Young et al., 2007], mainly for food preservation purposes. In this section, 

I report on the application of the phase retrieval algorithms to the study of wheat seeds. 

 

 

Figure 4.22: Wheat seed cross-section. 

Sample preparation 

Winter wheat Triticum aestivum cv. Žitarka was selected as a middle late variety most 

commonly used in Slovenia, characterized by its high stability in quality, yields, and high 

resistance against leaning and pathogens. Dried, mature seeds were provided by the Agricultural 

Institute of Slovenia. They were harvested in July 2010 on the experimental field Jable near 

Ljubljana. The soil contained 1.4 mg kg-1 P2O5 and 2.2 mg kg-1 K2O, soil pH was 6.1 and 3.6% 

organic matter. The seeds were stored in dry storage before use. The average dry seed biomass 

was determined at 0.05 g and the germination potential at 91% using eight replicates with 25 

grains germinated for one week before the experiment.  

This experiment was performed using the white beam station in order to achieve higher 

resolution images of details structures. The sample has been mounted at a distance of 5.5 cm 

from the detector. For each tomographic scan 1800 projections of the sample were acquired over 

a total rotation of 180 degrees. The used detector was a Photonic Science XDI-HR 2 CCD 

camera, (see description in Chapter 2) with a pixel size of 2 �-. 
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Results and discussion  

Figure 4.23 (a-b) shows the phase-contrast slice of a wheat seed reconstructed using FBP and the 

corresponding phase retrieved slice obtained by TIE algorithm. In the phase retrieved image, the 

visibility of internal structure is greatly enhanced. For example in the retrieved image, the 

structure of the Aleurone layer is well visible, while it is not clearly identified in the phase-

contrast image, as shown in Figure 4.24. 

 

 

  

Figure 4.23: Phase-contrast slice image of a wheat seed reconstructed by (a) FBP and (b) Phase retrieved slice 

recontructed using TIE. Different features can be recognized as: 1. Aleurone layer, 2. Coat layer, 3. Endosperm, 4. 

Embryo and 5. Scutellum.  

a b 
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Figure 4.24: Root and Scuttellum structure (red arrows) of a wheat seed in (a) phase-contrast and (b) TIE phase 

retrieved slice. 

 

Figure 4.25: Aleurone layer structure (red arrow) of a wheat seed in (a) phase-contrast and (b) TIE phase retrieved 

slice. 

The Figure 4.26 shows the profile line at the Aleurone layer region shown in Figure 4.25. The 

contrast after TIE phase retrieval application is significantly improved and the Aleurone layer is 

segmented while with phase-contrast image, reconstructed using the FBP algorithm, this layer is 

not visible. 

 

a b 
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Figure 4.26: Profile intensity obtained along the indicated red lines for the earlier presented zoomed images of 

phase-contrast and TIE phase retrieved slices. 

 

As mentioned in chapter 3, phase retrieval algorithms produce images which have intensity 

histograms with well separated peaks corresponding to the different phases of the sample. Figure 

4.27 shows the histograms for the phase-contrast and phase retrieved images of the wheat seed. 

In the phase retrieved image histogram, there are 3 separated phases: the region 1 corresponds to 

the Aleurone layer; the region 2 is the Coat and the air-voids; and the peak (3-4-5) concerns the 

Endosperm, embryo and Scutellum. In the phase-contrast image histogram, there is one narrow 

and sharp peak for all intensity distribution of the image. 
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Figure 4.27: Intensity histograms of the phase-contrast and the TIE phase retrieved images of a wheat seed. shown 

in the Figure 4.23(b). The region 1 corresponds to the Aleurone layer; the region 2 is Coat and air-voids and the 

peak (3-4-5) concerns the Endosperm, Embryo and Scutellum. 

 

The main structural details including Embryo, Skutellum are presented also in the 3D volume 

rendering of the phase retrieved data shown in Figure 4.28. The air-voids in the Coat layer and in 

cracks inside the endosperm are well visible. For this sample, the most important advantage of 

applying the phase retrieval technique is the segmentation of the Aleurone layer. 

 

0.0E+00

5.0E+04

1.0E+05

1.5E+05

2.0E+05

2.5E+05

3.0E+05

3.5E+05

4.0E+05

4.5E+05

5.0E+05

0 50 100 150 200 250 300

C
o

u
n

t

Value

Histogram

Phase-Contrat 

Image 

TIE Phase 

Retrieved Image 

2 3-4-5 

1 



Application and Comparison of two Phase Retrieval Algorithms 

74 

 

Figure 4.28: The 3D volume rendering of phase retrieved slices of wheat seed and view of a vertical cross-section. 

 

4.3.3 Microstructure and mineralogical composition of urinary calculi as a high 

absorbing sample 

Mineralized tissues and bio-mineral structures i.e. bones, teeth, shell, fish scale, cockles or 

urolithiasis have been found to be excellent “archives” related to living habits, nutrition and 

exposure to changing environmental conditions. Formation of urolithic concrements represents 

specific biomineralization of living organism. Line scans of the calculi cross-sections may 

provide information about the accumulation history of the elements of interest. This can be after 

statistical evaluation linked to the patient exposition to environmental effects. Together with the 

main components, biogenous and toxic trace elements can be monitored. 

Among all types of urinary calculi that are affecting the populations of industrialized countries, 

the frequency of calcium stone is 70–80%. The primary component of 70–80% of calcium stones 

in the US is the calcium oxalate. The susceptibility of the calcium oxalate stones to the shock 

wave (SW) lithotripsy, which is one of the methods of nephrolithiasis therapy, is varying 

dramatically depending on their fragility. Some homogenous and compact calculi are very 

resistant, and others, with heterogeneous and less compact structure are quite fragile. Modeling 

and optimization of SW lithotripsy need the knowledge of treated stones mineral composition 

a b 
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and structure. The study of urolithiasis requires not only the identification of constituents and 

minerals, but also the knowledge about their internal texture and structure [Kaiser et al., 2010].  

The texture and quantitative mineralogical composition of a heterogeneous urinary stone are 

studied by the phase contrast imaging. As an example, the urinary stone reported below has a 

caramel brown color and has a rough porous surface, being indistinctly granular with coarse 

crystalline incremental zone constituted by oxalate crystals in the surface crust. Central 

crystalline part comprises oxalates with apatite. The sample contains in average 45% of 

whewellite, 20% of weddellite, and 35% of apatite [Martinec and Burysˇka, 2010]. The sample 

has been mounted at a distance of 50 cm from the detector. The 1440 projections of the sample 

were acquired over a total rotation of 180 and the energy of 28 keV was utilized for this 

measurements.  

 

Figure 4.29: The analyzed urinary calculi. 

Results and discussion  

The phase contrast imaging provides the information on the spatial distribution of minerals 

within the volume of urinary calculi. Thus, the result makes it possible to analyze initiation of a 

calculi core formation and a mineral and structural development of the stone with time. Figure 

4.30 shows the effect of applying TIE phase retrieval algorithm for this sample. There is blurring 

effect on the tiny details and at the edges in the sample. The smoothed profile line of TIE phase 

retrieved image in Figure 4.31 (a) obtains this blurring effect. The renal stone is a high absorbing 
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object and doesn’t fulfill the requirement of phase retrieval algorithm mentioned in chapter 1.  

On the other hand, the TIE phase retrieved image’s histogram (Figure 4.31 (b)) has wider values 

compare with the phase contrast image’s histogram and separated better the different phases. 

Therefore, depending on the aim of experiment to have the detail object or phase details better 

distinguished, each one of the phase contrast or phase retrieved image will be used.  

  

   

Figure 4.30: Phase contrast slice of an urinary calculi obtained by (a) FBP reconstruction, (b) TIE phase retreived 

slice. Zoomed views of the same images are reported in (c) and (d).  

a b 

c d 



Application and Comparison of two Phase Retrieval Algorithms 

77 

  

 

Figure 4.31: Comparison (a) profile lines (b) histograms of TIE phase retrieved image with phase contrast image. 
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Figure 4.32: The 3D volume rendering of urinary calculi reconstructed using (a) FBP and (b) TIE phase retrieval 

algorithm. 

The smoothing effect on the different details edges introduced by the TIE algorithm is even more 

visible on the surface of the 3D volumes rendering shown in Figure 4.32. The surface of the 

sample looks like eroded and rubbed.  

Therefore, the application of phase retrieval algorithms on high absorbing sample (like urinary 

calculi) doesn’t obtain further useful information respect to the conventional FBP algorithm 

4.3.4 A quantitative analysis of tissue engineering scaffold 

Since its emergence in the mid-1980s, tissue engineering (TE) has continued to evolve as an 

exciting and multidisciplinary field aiming to develop biological substitutes to restore, replace or 

regenerate defective tissues [Karp and Langer, 2007; Langer and Tirrell., 2004]. Cells, scaffolds and 

growth-stimulating signals are generally referred to as the tissue engineering triad, the key 

components of engineered tissues. Scaffolds, typically made of polymeric biomaterials, provide 

the structural support for cell attachment and subsequent tissue development.  

a b 
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The basic idea behind TE is the implanting of living cells into a three-dimensional (3D) porous 

scaffold and the insemination of the whole construct into the human body to provide a curing 

environment, in order to replace and fix the damaged tissue and ultimately increase the auto-

regeneration of the new tissue. The technique used to produce the scaffold is of great 

significance to guarantee the proper morphological, mechanical and chemical characteristics 

which are necessary to act as temporary backbone for cells and tissues growth. A high degree of 

porosity and interconnection of the pores is needed to assure the transport of cells, nutrients and 

waste products from the peripheries to the core regions of the scaffold. Consequently, critical 

issues for the creating of a scaffold concern pore size, pore geometry, spatial distribution of 

pores and their interconnections. On the other hand, the determination of these structural 

properties is a tricky task. The computed microtomography is one the best ways to obtain an 

accurate assessment of the morphological parameters. 

Two different poly(ε-caprolactone) (PCL) scaffolds fabricated by a conventional technique 

(Solvent Casting Particulate Leaching) and the Additive Manufacturing (AM) technique are 

scanned [Brun et al., 2012]. The AM technique is able to construct scaffolds with square-shaped 

interconnected pores of regular dimension. Therefore, one can predict the final morphology of 

the AM scaffolds and also use the resulting model for the validation of the computed measures.  

Sample preparation 

Cylindrical PCL scaffolds (10mm diameter, 4mm height) were produced with a conventional and 

simple Solvent Casting/Particulate Leaching technique, using PCL/CHCl3 (20/80 wt/wt) 

solutions and NaCl crystals (300-500 µm, diameter range) as porogen [Intranuovo et al., 2011]. 

Cubic PCL scaffolds were produced with an innovative Additive Manufacturing system, the 

BioCell Printing technique (10mm length, 10mm width, 8mm height), and planned using a 

computer-aided design (CAD) software, with a single lay-down pattern of 0/90° and a filament 

distance of 650 µm [Bartolo et al., 2011].  The resulting expected porosity is around the 50% and 

the mean pore thickness is about 350 µm. 
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In-line phase contrast X-ray imaging was performed with 10 keV X-ray energy; sample-to-

detector distance was 10 cm; 1800 number of projections over 180° of rotation and pixel size 

was 9 µm. 

Results and discussion 

A Volume of Interest (VOI) for each considered dataset was first selected and segmented by the 

application of a visually assessed threshold and removing the spurious voxels [Brun et al., 2011] 

by Pore3D. Figure 4.33 and Figure 4.34 represent respectively the TIE phase retrieval slices and 

the volume renderings of VOIs of the PCL scaffolds, which are produced by the AM technique 

(4.5×4.5×4.5 mm3) and with the conventional technique (3.6×3.6×3.6 mm3). 

 

  

Figure 4.33: TIE Phase retrieved reconstructed slice images of PCL scaffolds produced with (a) the AM technique 

and (b) the conventional technique. 

a b 
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Figure 4.34: Volume rendering of the considered Volume of Interest (VOI) of the PCL scaffolds 

produced with (a) the AM technique (4.5×4.5×4.5 mm3) and (b) the conventional technique 

(3.6×3.6×3.6 mm3). 

After VOI segmentation, the basic parameters of porosity and specific surface area can be easily 

determined. The porosity represents the number of voxels belonging to the porous space with 

respect to the total number of voxels in the studied VOI. The specific surface area is the ratio of 

the interface area between the phases (the scaffold and the porous network) and the total volume 

of the VOI. The pore thickness measures were computed using the concept of maximal inscribed 

sphere and a skeleton node/pore correction method (Figure 4.35). All the aforementioned image 

processing and analysis steps were performed with the Pore3D software tool. 

In general, with the pure phase contrast imaging, there is no direct correlation between the gray 

level of a voxel and the material or density corresponding to this voxel. When the tomographic 

reconstruction is performed on the phase projection maps obtained by phase retrieval, the 

reconstructed slices show more “area contrast” rather than only edge-enhancing contrast (as 

mentioned in Chapter 3). This implies that the value of each pixel in a reconstructed slice is more 

related to the material of the object at that specific position. Although the reconstructed images 

from the non-phase retrieved projections can be used as the starting point for the subsequent 

a b 
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analyses, the phase retrieval reconstructed images resulted easier to segment and simple 

thresholding plus an automatic post-processing produced effective results. Without the 

application of phase retrieval, more refined post-thresholding (or even pre-thresholding) 

processing would have been necessary. 

 

 

Figure 4.35: Skeletonization of the pore space of the PCL scaffolds with superposition of some of the maximal balls 

adopted for the pore size distribution assessment. 

 

Considering results of the quantitative image analysis, Table 4.5 and Figure 4.36, the adopted 

image analysis protocol can correctly assess the porosity and the mean pore thickness for the AM 

scaffold as the computed values are coherent with the expected values. It is therefore reasonable 

to retain that also the computed values for the global porosity and pore thickness of the scaffold 

produced with the conventional technique are accurate since the same methodology was applied.  
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Table 4.5: Results of the quantitative image analysis of the considered VOIs. 

 Additive Manufacturing Conventional 

Porosity [-] 0.47 0.89 

Specific Surface Area [mm-1] 4.87 7.45 

Pore size: mean ± SD [mm] 0.357 ± 0.034 0.249 ± 0.080 

Connection density [mm-3] 8.42 25.06 

Coordination number: mean ± SD [-]  4.213 ± 1.344   4.933 ± 3.528   

 

 

 

 

Figure 4.36: Pore thickness distributions and Coordination Number distributions resulting after VOI 

skeleton analysis for the PCL scaffolds produced with the AM technique (on the left) and for the one 

produced with the conventional technique (on the right). (The number of considered pores is 620 for the 

AM case and 837 for the conventional case). 
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To be more specific, one should notice that the standard deviation (SD) of both the pore size 

distribution and the coordination number distribution is lower for the AM scaffold when 

comparing the same computed parameters of the conventional one. This is in agreement with the 

more regular geometry of the AM scaffold as a reduced variability of the considered pores is 

expected. The less regular morphology of the conventional PCL scaffold implies an increased 

degree of interconnectivity both in terms of global number of redundant interconnections and 

mean coordination number. 

For tissue engineering applications, it is essential to obtain an accurate estimation of the 

morphological parameters of the produced scaffolds. Phase retrieval application on computed 

micro-tomography images, presented a comprehensive three-dimensional quantitative 

characterization of two different poly(ε-caprolactone) scaffolds. Such an accurate imaging and 

image analysis methodology are quite beneficial for the design of tissue engineering scaffolds. 
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Conclusion 

With the Propagation-Based Imaging (PBI), it becomes possible to visualize the internal 

structures in optically non transparent materials, with a resolution and sensitivity far superior to 

the conventional X-ray imaging which is based on the absorption. This work aimed to optimize 

and to analyze the application of phase-retrieval algorithms on different biological samples. 

Then, we outlined the derivations, approximations and assumptions of each algorithm for 

different phase-contrast imaging situations. 

PBI is predominantly performed at synchrotrons because of the outstanding brilliance and 

coherence of those sources. PBI is a useful tool for quantitative characterization and its use could 

be more widespread by applying the phase retrieval algorithms. These algorithms offer a number 

of advantages which include the improvement of Signal to Noise Ratio (SNR), removing the 

artificial contrast on the edges of phase-contrast image, having a quantitative image with more 

significant segmentation and obtaining higher resolution images with low radiation dose and 

acquisition time, where the last one is encouraged for biomedical applications.   

In chapter 1, we compared the PBI method with existing phase-contrast imaging techniques. We 

briefly explained the theoretical framework of the image formation process. Among the several 

phase retrieval algorithms proposed in the literature, we chose the two most-studied algorithms, 

which are based on i) Transport of Intensity Equation (TIE) and ii) the Born approximation. We 

described these two algorithms in theoretical conceptions and their validity conditions. The 

theoretical comparison of these two algorithms from literature suggests that the TIE method is 

restricted to the near-field region, whereas, the Born method has strong limitation with high 

absorbing objects.  
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Chapter 3 described the digital image processing methods that were used in this thesis. We 

summarized the tomographic reconstruction by filtered-back-projection (FBP). Further, we 

explained the tomographic reconstruction procedure involving application of phase retrieval 

algorithms. The PORE3D software package for the analysis of the tomographic data was 

outlined. This software is a collection of algorithms and procedures aiming at the quantitative 

description of the microstructure of complex porous media. We showed that phase retrieval 

algorithms noticeably simplify segmentation and thresholding of the reconstructed slice 

images and give more effective post-processing results. Without the application of phase 

retrieval, more refined post (or pre) -thresholding processing would have been necessary. The 

SNR and Figure of Merit (FOM) were expressed with the aim to compare their values by 

application of TIE and Born phase retrieval algorithm.  

In chapter 4, we carried out a detailed study on implementation and experimental comparison of 

TIE and Born phase retrieval algorithms in different experimental conditions and in both planar 

and tomographic modes. The possibility of extracting accurate quantitative sample information, 

e.g. the sample absorption attenuation and refractive index decrement, has been demonstrated on 

the test objects with known materials. On this account, an interesting topic for future research is 

the investigation of these values in clinical imaging of biological tissue for an easier image 

interpretation and a more precise diagnosis. The absorption attenuation of known-material test 

objects, by application of TIE and Born algorithms, has been evaluated. Using the Born method, 

we obtained a very skeptical absorption attenuation values for high absorbing materials. In 

addition, materials with higher difference of delta/beta ratio respect to other materials in the test 

objects, gave less FOM values. It was shown that Born method is highly depended on phase 

and intensity distributions in the object plane, being quite accurate in the case of small 

phase variations and low absorption materials. On the other side, the TIE approximation did 

not impose any direct limitations on phase and intensity distributions in the object or 

image planes but its application is restricted to near-filed region. For this work the 

considered sample-to-detector distances always fulfilled this assumption.  
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The application of phase retrieval techniques on biological samples have been assessed the 

strong ability of these algorithms in improving the visualization of structures and details 

with a complex geometry, as the case of the seed. They also produced images with a better 

separation of the different phases of the sample for an easier and more efficient segmentation. On 

the other side, as expected, the application of phase retrieval algorithms on high absorbing 

sample didn’t give further useful information respect to the phase contrast imaging. 

The SNR values evaluated for phase retrieved images, either for the area and edge signals, 

were significantly improved with respect to conventional phase contrast images.  For both 

algorithms, the noise has been significantly reduced. In general, the application of TIE method produced 

higher SNR in comparison to Born as it is not strongly limited by absorption of the sample. 

We were able to reduce the scattering contributions by increasing the sample-to-detector distance 

and, therefore, higher SNR values were achieved. Using phase retrieval algorithms, the tiny 

details were less defined than in the original phase contrast image because of blurring, but, on the 

final analysis, this was not significant since data were rendered and segmented more 

efficiently.  

For the future development of this work we will consider the possibility to implement a mixed 

TIE+Born approach in order to overcome the limitation of Born approximation about the 

requirement for sample absorption, and restriction posed by TIE to the near-field region sample-

to-detector working distances. 
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