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Chapter 4
Synchrotron Radiation X-Ray 
Phase-Contrast Microtomography:  
What Opportunities More  
for Regenerative Medicine?

Ginevra Begani Provinciali, Nicola Pieroni, and Inna Bukreeva

Abstract  In regenerative medicine 3D X-ray imaging is indispensable for char-
acterizing damaged tissue, for measuring the efficacy of the treatment, and for 
monitoring adverse reactions. 

Among the X-ray imaging techniques, high-resolution X-Ray Phase Contrast 
Tomography (XRPCT) allows simultaneous three-dimensional visualization of 
both dense (e.g. bone) and soft objects (e.g. soft tissues) on scale of length ranging 
from millimeters to hundreds of nanometers, without the use of contrast agent, sec-
tioning or destructive preparation of the sample. XRPCT overcomes the problem of 
incomplete spatial coverage of conventional 2D imaging (histology or electron 
microscopy), while reaches a higher resolution and contrast than standard 3D 
computer tomographic imaging.

It can be used as a prominent tool in regenerative medicine field, where a crucial 
step after artificial tissue implantation is to monitor its correct functioning and con-
nection with the surrounding tissue.

1  �Introduction

Regenerative medicine is the application of treatments developed to replace tissues 
damaged by injury or disease. This technique creates living, functional tissues to 
repair or replace tissue function lost due to age, disease, damage, or congenital 
defects. These treatments involve the use of biochemical techniques to induce tissue 
regeneration directly at the site of damage or the use of transplantation techniques 
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using stem cells or differentiated cells, either alone or as part of a bio artificial 
tissue [1, 2].

Although regenerative medicine is a large field and includes several topics as 
stem cell therapy (SCT) and synthetic organs, here we will focus primarily on tissue 
engineering (TE). In particular one of the most promising research areas within tis-
sue engineering is bone substitute biomaterials (BSB) [3, 4]: complex and unique 
tissues, such as the bone, cartilage, and tendons that act as the internal support of the 
body. Since the long-term function of three-dimensional (3D) bone substitute bio-
materials (BSB) is strongly dependent on adequate vascularization after grafting, it 
is crucial to develop imaging methods capable of providing detailed three-
dimensional information on tissue structure.

However, full comprehension of the bone vascularization pathways is still hin-
dered by limitations in the use of imaging techniques to monitor these processes. 
Nowadays, new advanced imaging modes are available. Upputuri et al. [5] recently 
classified the imaging approaches into three groups: nonoptical techniques (X-ray, 
magnetic resonance, ultrasound, and positron emission imaging), optical tech-
niques (optical coherence, fluorescence, multiphoton, and laser speckle imaging), 
and hybrid techniques (photoacoustic imaging). In this regard, high-resolution 
microtomography (microCT) is able to provide much higher-resolution (∼1 μm) 
imaging, than ultrasound (∼30 μm) and MRI (∼100 μm), allowing the 3D visualiza-
tion and quantification of microvasculature and bone tissues.

Within X-rays techniques, we will focus on X-ray phase-contrast tomography 
(XRPC) that overcomes limitations of conventional absorption-based X-ray imag-
ing using alternative X-ray contrast mechanisms. In fact, conventional 2D imaging 
(histology, electron microscopy, etc.) produces an incomplete spatial coverage of 
the sample that leads to possible data misinterpretation, while standard absorption 
3D computed tomographic imaging reaches insufficient resolution and contrast in 
soft tissue visualization. XRPCT enables the 3D imaging of biomaterial and soft 
tissue structures, as well as vascularization, with spatial resolution ranging from 
microns to tens of nanometers, without the use of contrast agents and without 
destructive sample preparation.

XRPCT is very promising in regenerative medicine field, due to the large pene-
tration depth, excellent spatial and contrast resolution and simultaneous visualiza-
tion of calcified and soft tissue. In particular, XRPC allows monitoring the 
regeneration of damaged tissues being able to discriminate between newly formed 
bone and connective tissue.

2  �Physical Principles of X-Ray Phase-Contrast Imaging

The potentiality of X-ray phase-contrast tomography for different biomedical appli-
cations has been proved in numerous studies [6–15]. Since X-ray phase-contrast 
imaging (XPCI) exploits wave coherence, requirements on the X-ray source are 
necessary, despite some specific cases discussed in Chap. 15. In particular, highly 
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coherent X-ray radiation from bright synchrotron sources offers great opportunities 
for many cutting-edge medical applications including regenerative medicine, in par-
ticular for bone regenerative engineering [2, 16–18]. Synchrotron-based XPCI is 
particularly attractive for biomedicine applications since it provides high-resolution, 
high signal-to-noise ratio in the image at shorter acquisition time with respect to 
other conventional imaging techniques. To introduce the principle of XPCI, let us 
start from the optical properties of an object, which can be described by

	 n i= − +1 δ β , 	 (4.1)

where δ is the refractive index decrement responsible for the phase shift of X-ray 
wave propagating through the object and β is the extinction coefficient related with 
X-ray attenuation in the sample. The coefficient β is proportional to the linear atten-
uation coefficient μ:

	
µ

π
λ

β=
4

,
	

(4.2)

where λ is the wavelength of X-ray radiation.
In particular, conventional radiography is based on absorption contrast, i.e., the 

imaginary part of the refraction index, and it is obtained from X-rays attenuation 
through the object. Phase-contrast technique exploits the real part of the complex 
refractive index.

Radiography and tomography for biomedical application require high X-ray 
penetration depth in the (thick) sample, and typically hard X-rays with energies 
E ~ 10–100 keV are used for image formation. Due to the weak interaction of hard 

Fig. 4.1  The phase-attenuation ratio δ/β as a function of energy. The ratio δ/β for carbon (the main 
constituent of biological tissue) increases by a factor of 1000 in the hard X-rays region. The term 
δ is related to the phase variation and the term β is responsible for X-ray attenuation
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X-rays with matter the refractive index is close to one (|n−1| << 1). The values 
of both indexes δ and β are several orders of magnitude below unity (|n−1| ≈ 10−6). 
At energies far from absorption edges δ and β can be approximated as

	
δ

ρ
~ aZ

E2
	

(4.3)

	
β

ρ
~ ,aZ

E

4

4
	

(4.4)

where ρa is the atomic number density of a material, Z is the atomic number, and E 
is the X-ray photons energy [19, 20].Taking into account Eq. (4.3) and Eq. (4.4), the 
phase-attenuation ratio δ/β is given by

	

δ
β
~
E

Z

2

3

	
(4.5)

In the Hard X-ray Region, the ratio of δ/β is in the range of 102–103 (Fig. 4.1) for 
different elements, typically contained in biological tissues. Therefore, at short 
wavelengths phase contrast is a predominant effect over absorption contrast. In par-
ticular, the advantage of phase contrast becomes more evident for low-absorbing 
materials (low atomic number Z) such as soft tissue in biological samples.

According to Eqs. (4.3 and 4.4), phase contrast decreases slower than absorption 
contrast as X-ray energy increases; thus, the absorbed dose and therefore potential 
damage of tissues can be decreased by using higher X-ray energies [11].

3  �Image Formation

Layout of image formation in a XPCI setup includes (1) X-ray radiation source and 
X-ray optics for shaping the beam, (2) rotation and translation stages for the sample 
(the sample is shifted and rotated during tomographic scan), (3) X-ray phase-con-
trast optical equipment (except for free-space propagation mode), and (4) detector 
[21].

3.1  �X-Ray Source

X-ray beam from synchrotron radiation facility is used to investigate object internal 
structure. In synchrotron facilities, the incident beam is formed by incoherent super-
position of waves emitted by synchrotron electrons bunch in the storage ring [22]. 
The transverse coherence of the generated X-ray radiation increases with X-rays 
propagation distance. Due to the small bunch size and long source-sample distance, 
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synchrotron X-ray source has a high degree of transverse coherence. The emitted 
radiation has a specific energy spectrum; crystal monochromator allows to select a 
very narrow band of the spectrum (∆E/E ≈ 10−4) providing high degree of longitu-
dinal coherence when it is required.

3.2  �Object and Transmission Function

X-ray synchrotron radiation, approximated by a plane wave, illuminates the sample 
and passes through the object producing a distortion of the wave front. At the con-
tact plane, the object is characterized by a transmission function (TF) defined as the 
E/E0, the input/output complex amplitudes ratio. We assume a linear relationship 
between the incident wavefield (input signal E0) and the transmitted wavefield (out-
put signal E) [23]:

	 E E= TF 0 	 (4.6)

The transmission function TF depends on both the sample structure and the inci-
dent field. A variety of different processes participating in interaction between 
X-rays and sample significantly complicates the rigorous definition of TF, and some 
approximations are usually applied to simplify the description of X-ray transmis-
sion through the object. Commonly used approximations in phase-contrast imaging 
are weak object approximation, slowly varying phase approximation, and homoge-
neous object approximation [24, 25]. Due to the weak interaction of X-rays with 
matter, it is assumed that each element of the object interacts only with the incident 
wave and not with the refracted one, and diffraction phenomena within the scatter-
ing volume are neglected. In this case the object can be considered thin enough to 
treat the properties of a three-dimensional sample with a two-dimensional transmis-
sion function. In the so-called projection or thin object approximation TF is consid-
ered as a simple object projection into the contact plane [26]:

	
TF , , ,x y A x y ei x y( ) = ( ) ( )φ

	
(4.7)

The amplitude modulation A and the phase shift ϕ are given as the integrals along 
the optic axis:

	
A x y e e

x y z
z,

, , dz

( ) = =
− ( )

−∫12 object
µ

µ

	
(4.8)

	
φ x y x y z, , , dz( ) = − ( )∫

2π
λ

δ
object

,
	

(4.9)

where μz is the projection of the attenuation coefficient μ on the contact plane (x, y, 
z=0) divided by two.
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Week object approximation is valid when both attenuation and phase shift in the 
object are small:

	
µ φz  1 1,

	
(4.10)

For weakly interacting X-rays, the exponential function in Eq. (4.7) can be rewritten 
as a first term of the Taylor series expansion [27], leading to the next simple expres-
sion for TF:

	
TF ≈ − +1 µ φz i

	
(4.11)

The assumption of slowly varying phase is given by the following expression:

	
φ λ φr f r+( ) − ( )z m  1,

	
(4.12)

where r=(x,y) and f =(p, q) are space coordinates at the contact plane and the trans-
verse Fourier space coordinates reciprocal to r, respectively; | fm=(pm, qm)| is the 
highest frequency of the object to be included in the computation, λ is wavelength. 
This approximation partially relaxes the strict weak object condition of Eq. (4.10). 
In particular Eq. (4.12) is used to solve the propagation problem for a pure phase 
object with zero absorption (μ = 0) and for a homogenous object with non-negligible 
absorption (μ ≠ 0) and δ ∝ β [28].

Homogeneous object approximation supposes that the object contains only one 
material and air. In the object with non-negligible absorption (μ ≠ 0), the coeffi-
cients β and δ are proportional δ ∝ β [28]. In this case the projected thickness of the 
object can be found from a single-distance image. More details on this issue will be 
discussed in Sect. 4.1.2.

4  �Phase-Contrast Imaging Techniques

Since detector can only measure the intensity, the phase shift induced by the object 
in the X-ray beam cannot be directly revealed and therefore the phase information 
is lost. In order to detect the phase, different experimental approaches have been 
developed in order to transform the phase modulation into intensity modulation, 
directly detectable by the detector.

In the past years, a variety of techniques have been developed to detect phase 
contrast and to enhance the visibility of small and/or low contrast details in the 
sample image.

Phase-contrast imaging techniques can be grouped into four main categories: 
in-line phase-contrast imaging (ILPC), diffraction-enhanced imaging (DEI), 
analyzer-based imaging (ABI), and grating-based differential phase-contrast imag-
ing (GBI) (see Fig. 4.2) [29–33].
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4.1  �Free Space Propagation Imaging

X-ray in-line phase-contrast imaging (ILPC) or free space propagation imaging 
(XPI) exploits the propagation of a coherent X-ray beam to generate image con-
trast [33]. The experimental setup of X-ray in-line phase-contrast imaging (XPCI) 
is similar to conventional radiography but with larger sample-detector distance. 
The layout of this method includes the in-line arrangement of an X-ray source, the 
sample, and an X-ray detector and does not need any additional optical element. 
The simple experimental setup and high stability make this technique very attrac-
tive for biomedical applications. Because of its simplicity and relatively low sensi-
tivity to misalignments, it is suitable to be combined with tomography techniques.

4.1.1  �Direct Problem: Contrast Formation

Some conventional approaches for analytical and numerical solutions of direct and 
inverse imaging problems in single-distance XPCI are here described.The direct 
problem of wave propagation aims to define the wavefield at a distance z = D, given 
the value of the field at the contact plane (z = 0). The sample induces both amplitude 
and phase variations in the transmitted field, but at the contact plane, only absorp-
tion contrast can be detected. The propagation of the wave in free space transforms 
phase modulation into detectable intensity variations. The image obtained is called 
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Fig. 4.2  Schematic representation of phase-contrast imaging experimental setup (a) analyzer-
based imaging (ABI), (b) grating-based differential phase-contrast imaging (GBI), (c) in-line 
phase-contrast imaging (ILPC), (d) diffraction-enhanced imaging (DEI)
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defocused image: in fact, it is recorded out of focus due to the propagation from the 
sample to the detector. The defocusing distance D expresses the amount of defocus-
ing in the image [34]:

	
D

z z

z z
=

+
1 2

1 2

,
	

(4.13)

where z1 and z2 are defined in Fig. 4.3.
In synchrotron facilities the distance z1 of the sample from the source is much larger 
than the propagation distance z2, and thus the defocusing distance Eq. (4.13) simply 
corresponds to the sample-to-detector distance:

	 2 ,≈D z 	 (4.14)

The analytical description of wavefield evolution in space is based on the solution 
of Maxwell’s equations or electromagnetic wave equation in vacuum [35]. Due to 
the weak interaction of X-rays with matter, the typical refraction angles for hard 
X-rays interacting with the sample are very small. Therefore, X-ray photons of 
highly coherent low divergent synchrotron beam, even after scattering in the sam-
ple, are still propagating at small angle with respect to the z optical axis. This allows 
most theoretical analysis to adopt the paraxial approximation, which assumes 
k k kx y

2 2 2+  , where k is the wave vector number. Wave equation in the paraxial 
approximation for monochromatic wave has the name of homogeneous paraxial 
Helmholtz equation, and it is written as

	
i
dz

E x y z
k

E x y z
∂ ( ) − ∇ ( ) =⊥, , , ,

1

2
02

	
(4.15)

Fig. 4.3  Schematic representation of the setup used to record the defocused image. The incoming 
plane wave is deformed by the modulation of the index of refraction inside the sample. The inter-
ference pattern is acquired by the detector
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The solution of Eq. (4.15) is given by the Fresnel–Kirchhoff integral (Fresnel dif-
fraction integral):

E x y z D
ik ikD

D
E x y z

ik

D
x x y y, , , ,=( )= −

( )
=( ) −( ) + −( )′ ′ ′ ′

exp
exp

2
0

2

2

π
22













′ ′
−∞

∞

∫∫ dx dy (4.16)

Diffraction integral reveals that evolution of the diffraction pattern during the wave 
propagation is characterized with the length scale:

	
D

d
F =

2

λ
,
	

(4.17)

where d is the typical transverse linear size of the object or of the object details we 
want to detect.

Four different diffraction regimes can be distinguished by the parameter DF. The 
diffraction pattern varies with the distance D as it is shown in Fig. 4.4.

	1.	 At the contact plane z = D = 0 only absorbing features of the object are detect-
able. This is the case of classic radiography and absorption-based tomography.

	2.	 At near-field region λD ≪ d2 locally object irregularities at any internal boundar-
ies and interfaces of the sample (where the phase variation in high) form interfer-
ence fringes highlighting the edges. Morphological details of the sample with 
low spatial frequencies are not yet subject to diffraction. In this region the dif-
fraction regime is called edge enhancement because edges produce high con-
trast. The image of the sample at the detector still resembles the direct image of 
the real object (weak defocusing).

	3.	 In the intermediate diffraction region (propagation distance D ≈ DF), the recorded 
image shows more evident diffraction characteristics. The image of the real sam-
ple is almost lost, and distinct interference patterns are produced. This is so-
called holographic regime that can be divided into near and far holographic 
regime for distances D ≈ DF and D > DF, respectively.

	4.	 Far field is reached increasing propagation distance up to D ≫ DF. In far field 
region the interference fringes cannot be associated with a specific sample 

Fig. 4.4  Schematic representation of the diffraction regions according to the distance D from the 
object
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edge, and the resemblance between the original and the detected image is com-
pletely lost. The intensity recorded by the detector is defined by Fraunhofer 
diffraction law.

The wave propagation problem can be solved in different way. The straightfor-
ward approach is the direct analytical or/and numerical solution of Eq. (4.15) or to 
diffraction integral Eq. (4.16). Fourier transform method (FTM) or angular spec-
trum method is another conventional method that has been extensively applied in 
the field of XPCI [27]. Another way to specify the attenuation and the phase shift in 
wavefield propagation relies on the transport-of-intensity equation as the solution of 
Eq. (4.15) [36].

We will discuss two methods commonly used in XPI: FTM-based approach and 
transport-of-intensity equation-based approach.

The simplest solution of Helmholtz equation Eq. (4.15) is the plane wave solu-
tion. Because of the linearity of Maxwell’s equations in vacuum, the general solu-
tion of the wave equation in free space can be obtained by linear superposition of 
elementary plane waves solution. This is the basis for so-called Fourier transform 
method (FTM) or angular spectrum method for the Helmholtz equation. The 
Fresnel–Kirchhoff integral Eq. (4.16) in FTM approach is given by equation [27]:

	
E x y z D ikD F P F E x y z, , , ,=( ) = ( ) ⋅ =( )  

−exp ,1
0 0

	
(4.18)

where F and F−1 are the 2D direct and inverse Fourier transforms, respectively, the 

term P
iD k k

k

x y
= −

+( )











exp
2 2

2
 is the Fresnel propagator. Since the propagation 

distance D is included in the numerator of the phase factor, the Fresnel FTM 

Fig. 4.5  Real (dashed) and imaginary (solid line) parts of the Fresnel transfer function as a func-
tion of the reduced spatial frequency
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approach is more suitable for small distances D ≲ DF. For weakly interacting objects 
(see Eq. (4.11)) the wavefield at a distance D can be written as [27]:

	
E F F Fz≈ ( ) −   [ ] −−1 ∆ f µ χ φ χcos sin

	
(4.19)

where Δ(f) is the delta function. According to Eq. (4.19), the amplitude and phase 
of the transmitted wavefield are filtered by the terms sinχ and cosχ in Fourier space. 
The functions sin χ and cos χ are called the phase-contrast transmission function 
and the amplitude contrast transmission function, respectively, (PCTF and ACTF). 
The terms sin χ and cos χ are shown in Fig. 4.5 as a functions of radial spatial fre-
quency u =  (χ/π)1/2 =  (λD)1/2q. Equation (4.19) and Fig. 4.5 show that phase and 
absorption contrast are mixed in the image. They have different evolution with 
wavefield propagation. In the contact plane when u = 0, phase contrast in the image 
is near to zero, but the absorption image has maximum contrast.

As it follows from Eq. (4.19) for a pure phase object (mz = 0) in the near-field 
diffraction regime u= (λD)1/2 /d ≪ 1, the wavefield intensity at the detector plane is 
proportional to the second derivative of the phase function [37]:

	
I x y z D

D

k
x y, , ,=( ) ≈ − ∇ ( )⊥1 2φ

	
(4.20)

Therefore high spatial frequencies originated from the edges of the object vastly 
contribute to the interference pattern formation. The object interference fringes 
delineate the edges and any internal boundary of the sample.

Increasing spatial frequency, phase, and amplitude CTFs oscillate. The functions 
reach the near holographic regime at u≈ (λDF)1/2 q and the far holographic regime at 
u> (λDF)1/2 q, respectively. As CTF oscillate around zero value, only spatial frequen-
cies far from the zeros of the oscillating functions contribute to the image 
formation.

Transport-of-intensity equation (TIE) [28, 38, 39] is another common XPCI 
approach to describe image contrast formation in free space propagation. Writing 
the homogeneous paraxial Helmholtz equation (Eq. 4.15) in terms of intensity and 
phase of the propagating wave and taking the imaginary part of the final equation, 
one receives the transport-of-intensity equation:

	
∇ ( )∇ ( )( ) = − ∂ ( )⊥ ⊥ ⊥ ⊥ ⊥I r z r z I r zz, , ,φ

2π
λ 	

(4.21)

TIE describes the intensity evolution of a paraxial monochromatic scalar electro-
magnetic wave on propagation, and it relates the phase and the derivative of the 
image intensity along propagation direction. TIE has a unique solution and does not 
require the phase unwrapping.

In general case TIE-based approaches in XPCI assume a short propagation 
distance D<DF to linearize the propagation model and finally to solve the inverse 
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phase problem. In case of pure phase object, TIE gives the same expression for the 
intensity as in FTM approach (see Eq. (4.20)).

Non-negligible absorption in the sample requires addition assumptions for the 
sample properties such as sample material homogeneity or the weak absorption 
approximation. This problem will be discussed in the next Sect. 4.1.2.

4.1.2  �Inverse Problem: Phase Retrieval

Propagation-based imaging combined with computed tomography enables access to 
a sample’s three-dimensional (3D) micro- or nanostructure. However, phase con-
trast, as it is discussed in Sect. 4.1.1, is not directly related with amplitude and phase 
of the object transmission function. The phase retrieval step must be performed to 
recover the sample refraction index.

The phase retrieval problem consists in the object phase estimation from intensity 
measurements accounting a priori information about the object. Different approaches 
are used to solve the phase retrieval problem [25, 40]. At distances close to the near-
field regime, Fresnel and TIE-based methods are commonly used for phase shift 
reconstruction of objects at micro and sub micro-level resolution [28, 38–39, 41–43]. 
In Fresnel diffraction regime, holotomography method for multiple images at dif-
ferent propagation distances proved to be efficient for nanoscale resolution imag-
ing [44]. In far-field zone the iterative image Fourier transform-based reconstruction 
algorithms are broadly applied to create high-resolution diffraction images [45].

Phase-contrast imaging in near field is particularly attractive for different medi-
cal application due to its ability to provide with acceptable resolution the rich-
ness of information about internal features and fine detail in the sample without 
a strong restriction on the sample dimension, as it takes place for other imaging 
techniques. In addition to that, this imaging technique has relative simple experi-
mental setup and enables non-iterative implementation of single-image phase 
retrieval procedure.

In general, image at the detector contains both absorption and phase-contrast 
contribution; therefore information about δ and β is mixed. The different evolution 
of absorption and phase contrast in space allows to untangle these two param-
eters, but, generally, at least two intensity measurements at different distances 
or different energies are required [11]. The high radiation dose is a critical issue 
for biological samples since tomographic scan requires several successive sample 
acquisitions, while it is rotating. Multiple distance/energy measurements of the 
object additionally increase X-ray exposure time, and therefore the dose deliv-
ered to the sample. Thus, single-distance/energy image acquisition for each tomo-
graphic projection is preferable.

Phase reconstruction algorithms for single-distance image acquisition usually 
require a priori information about the object to solve the inverse problem and to 
ensure the unique solution for the problem.
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The most common approximation about object material properties are:

	1.	 Material has no absorption, or the absorption is constant [39].
	2.	 Absorption and phase coefficients β and δ are proportional to each other, then a 

homogeneous object composed of the single material can be characterized by 
ratio δ/β, and the projected thickness of the sample can be found from single-
distance image [28, 41–42].

Since often biological samples produce both phase and absorption contrast, 
the absorption contribution in the material cannot be neglected. Phase retrieval at 
homogeneous object approximation developed by D. Paganin [28] does not impose 
a strong restriction on the absorption phenomenon in the object. Moreover, it was 
shown that the algorithm can be applied for multi-material objects, for objects 
with homogeneous elemental composition, but varying density and for objects in 
which absorption is negligibly weak. The algorithm has been successfully applied 
in large number of experiments, and it gained wide recognition due to its stabil-
ity with respect to noise, computational speed, and simplicity of implementation 
[46–50]. Paganin’s algorithm derivation starts with the transport intensity equa-
tion Eq. (4.21). The method assumes that an optically thin object is composed of a 
single material. For plane wave illumination the intensity and phase of the wave-
field at the object plane is given by the projection approximation. Application of 
TIE in near field allows to find the reconstructed phase map of the object from 
the equation:
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(4.22)

where I/I0 is the ratio between the measured intensity and the reference beam inten-
sity, at distance z = D, F and F−1 are the 2D forward and inverse Fourier transforms, 
p and q are the Fourier coordinates, and D is the object–detector distance.

The Paganin’s algorithm retrieves the phase information at the contact plane 
from two-dimensional phase radiograph images at the detector (called projec-
tions). Application of the phase retrieval algorithm to all radiographs taken at dif-
ferent illumination angles of the object during tomographic scan gives a set of 
projected images at the contact plane, with 2D phase information. These images 
are combined to provide 3D internal structure of the object with appropriate tomo-
graphic reconstruction method. The most commonly used tomographic reconstruc-
tion algorithm is Filtered Back-projection (FBP) method. Different alternative 
non-iterative and iterative algorithms have been proposed for tomographic recon-
struction. This topic is well studied in CT, and a review on this topic can be find 
elsewhere [51].
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5  �Imaging Techniques in Regenerative Medicine

Regenerative medicine holds great promise for the treatment of a multitude of dis-
eases for which there is no cure and that present many complications. Besides 
replacing what is malfunctioning, the aim of regenerative medicine is to provide the 
elements required for in vivo repair. It allows to devise replacements that seamlessly 
integrate with the living body and to stimulate and support the body’s intrinsic 
capacities to heal itself.

Periodic monitoring of a regenerating tissue as it develops is one of the key steps 
as well as challenges. Clinical imaging is indispensable for characterizing damaged 
tissue, for measuring the efficacy of the treatment, and for monitoring adverse reac-
tions [1]. Moreover clinical imaging is able to differentiate pathological and regen-
erative responses to the therapy. A growing emphasis is being placed on noninvasive 
in  vivo imaging techniques to address concerns and limitations with traditional 
histological methods that are time-consuming, painful to the patients, and expensive 
in preclinical studies [52].

Among all the applications of regenerative engineering, we will focus on bone 
engineering because a deeper comprehension of bone formation process is at the 
basis of tissue engineering and regenerative medicine developments.

5.1  �Bone Regenerative Engineering

Bone engineering aims to achieve functional recovery of damaged tissues by 
providing specific cell populations, alone or incorporated in biomaterial scaffolds, 
that enhance the body’s intrinsic healing capacity [1]. The bone is a natural compos-
ite of approximately 70% hydroxyapatite together with 30% collagen fibers in a 
strong, three-dimensional structure.

The traditional bone engineering (BE) approach is often described as a winning 
combination of cells, supportive material (scaffold), and growth factors (stem cells). 
Stem cells are required to establish a bridge between living tissues and scaffold 
materials. They have the potential to differentiate into every type of cell and tissue 
in the body and hold promise in the treatment of cardiovascular, neural, and connec-
tive tissue diseases. Scaffolds instead provide physical and chemical support, while 
damaged tissue is being regenerated [52].

Among the standard clinical imaging technologies and their function within 
regenerative medicine, phase-contrast tomography (PCT) is the most promising 3D 
imaging technique in bone tissue engineering [3], providing morphological and 
anatomical details for in vivo imaging.

The implementation of X-ray microtomography in phase-contrast mode 
(XRPCT) enables the investigation of the soft connective tissues, which are 
invisible to the absorption contrast while are readily observed in phase contrast. 
Thanks to high-resolution XRPCT it is possible to obtain an exhaustive identifi-
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cation of the different tissues participating to the bone regeneration process, in 
particular collagen and mineral materials. The high spatial resolution achieved 
by X-ray scanning techniques allows to monitor the bone formation at the first-
formed mineral deposit at the organic–mineral interface within a porous scaffold. 
The role of collagen matrix in the organic–mineral transition is a crucial issue for 
this process (Fig. 4.6).

In fact the calcification process consists in the progressive deposition of hydroxy-
apatite crystals on collagen fibers [3]. Another XRPCT application in bone regen-
erative engineering is represented by the investigation of 3D distribution of both 
vessels and collagen matrix [4]. Thanks to the high quality of the images is possible 
to investigate the smallest micro-capillary structure without invasive contrast agent 
and without aggressive sample preparation.

6  �Conclusion: Future Prospective

X-ray phase-contrast X-ray imaging (XPCI) is an innovative imaging technique 
that holds great promise for a wide range of nowadays advancing biomedical 
researches including bone regenerative engineering. When classical absorption 

Fig. 4.6  Progressive deposition of hydroxyapatite crystals on collagen fibers matrix. The new-
bone strats to form at the scaffold-pore interface and proceed toward the pore center where we can 
investigate the early steps of biomineralization process. The insets on the right corresponds to 
enlargements of the corresponding region marked with different colors in the image
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does not provide sufficient contrast or demonstrates limited sensitivity, it shows 
great potentiality. In particularly, visualization of weakly absorbing tissue of bio-
medical samples or/and samples with small variations in the specimen’s density or 
composition [6].

Due to its unique ability XPCI allows to monitor the bone formation and identify 
the different tissues participating to the bone regeneration process, in particular col-
lagen and mineral materials. Moreover it allows investigation of 3D distribution of 
both vessels and collagen matrix.

The ideal bone-graft substitute is biocompatible, biodegradable, osteoinductive 
and structurally similar to the bone. Within these parameters, a growing number of 
bone graft alternatives have been implemented. The strategic success lies on the 
delicate balance of native tissue properties addressed in a tissue substitute and its 
complete integration in vivo. In this sense, developing of advanced imaging tech-
niques allows to monitor of bone regeneration processes in vivo is a crucial step in 
regenerative medicine.

References

	 1.	Naumova AV, Modo M, Moore A, Murry CE, Frank JA (2014) Clinical imaging in regenerative 
medicine. Nat Biotechnol 32(8):804–818. https://doi.org/10.1038/nbt.2993

	 2.	Oryan A, Alidadi S, Moshiri A, Maffulli N (2014) Bone regenerative medicine: clas-
sic options, novel strategies, and future directions. J  Orthop Surg Res 9:18. https://doi.
org/10.1186/1749-799X-9-18

	 3.	Cedola A, Campi G, Pelliccia D, Bukreeva IN, Fratini M, Burghammer MC, Mastrogiacomo 
M (2014) Three dimensional visualization of engineered bone and soft tissue by combined 
x-ray micro-diffraction and phase contrast tomography. Phys Med Biol 59(1):189–201. https://
doi.org/10.1088/0031-9155/59/1/189

	 4.	Bukreeva I, Fratini M, Campi G, Pelliccia D, Spanò R, Tromba G, Mastrogiacomo M (2015) 
High-resolution x-ray techniques as new tool to investigate the 3D vascularization of engineered-
bone tissue. Front Bioeng Biotechnol 3:133. https://doi.org/10.3389/fbioe.2015.00133

	 5.	Upputuri PK, Sivasubramanian K, Mark CSK, Pramanik M (2015) Recent developments in 
vascular imaging techniques in tissue engineering and regenerative medicine. Biomed Res Int 
2015:783983., 9 pages, 2015. https://doi.org/10.1155/2015/783983

	 6.	Fitzgerald R (2000) Phase-sensitive x-ray imaging. Phys Today 2000(53):23
	 7.	Lewis RA (2004) Medical phase contrast x-ray imaging: current status and future prospects. 

Phys Med Biol 2004(49):3573
	 8.	Momose A (2005) Recent advances in x-ray phase imaging. Jpn J Appl Phys 44:6355
	 9.	Betz O, Wegst U, Weide D, Heethoff M, Helfen L, Lee WK, Cloetens, P (2007) Imaging appli-

cations of synchrotron X-ray phase-contrast microtomography in biological morphology and 
biomaterials science. I. General aspects of the technique and its advantages in the analysis of 
millimetre-sized arthropod structure. J Microsc, 227:51–71. Williams I, Siu K, Runxuan G, He 
X, Hart S, Styles C, Lewis R (2008) Towards the clinical application of x-ray phase contrast 
imaging. Eur J Radiol, 68:S73–S77

	10.	Zhou SA, Brahme A (2008) Development of phase-contrast x-ray imaging techniques and 
potential medical applications. Phys Med 24:129–148

	11.	Bravin A, Coan P, Suortti P (2013) X-ray phase-contrast imaging: from pre-clinical applica-
tions towards clinics. Phys Med Biol 58:R1

G. Begani Provinciali et al.

https://doi.org/10.1038/nbt.2993
https://doi.org/10.1186/1749-799X-9-18
https://doi.org/10.1186/1749-799X-9-18
https://doi.org/10.1088/0031-9155/59/1/189
https://doi.org/10.1088/0031-9155/59/1/189
https://doi.org/10.3389/fbioe.2015.00133
https://doi.org/10.1155/2015/783983


67

	12.	Coan P, Bravin A, Tromba G (2013) Phase-contrast x-ray imaging of the breast: recent devel-
opments towards clinics. J Phys D 46:494007

	13.	Koehler T, Daerr H, Martens G, Kuhn N, Löscher S, van Stevendaal U, Roessl E (2015) Slit-
scanning differential x-ray phase-contrast mammography: proof-of-concept experimental 
studies. Med Phys 42:1959–1965

	14.	Horn F, Hauke C, Lachner S, Ludwig V, Pelzer G, Rieger J, Schuster M, Seifert M, Wandner 
J, Wolf A, et al. (2016) High-energy X-ray grating-based phase-contrast radiography of human 
anatomy. Proc. SPIE, 9783

	15.	Momose A, Yashiro W, Kido K, Kiyohara J, Makifuchi C, Ito T, Nagatsuka S, Honda C, Noda 
D, Hattori T et  al (2014) X-ray phase imaging: from synchrotron to hospital. Philos Trans 
Royal Soc A 372:20130023

	16.	Campi G, Bukreeva I, Fratini M, Mastrogiacomo M, Cedola A (2014) Imaging tissue regenera-
tion/degeneration by combined x-ray micro-diffraction and phase contrast micro-tomography. 
J Tissue Eng Regen Med 8:66–67

	17.	Giuliani A, Mazzoni S, Mele L, Liccardo D, Tromba G, Langer M (2017) Synchrotron phase 
tomography: an emerging imaging method for microvessel detection in engineered bone of 
craniofacial districts. Front Physiol 8:769. https://doi.org/10.3389/fphys.2017.00769

	18.	Núñez JA, Goring A, Hesse E, Thurner PJ, Schneider P, Clarkin CE (2017) Simultaneous visu-
alisation of calcified bone microstructure and intracortical vasculature using synchrotron x-ray 
phase contrast-enhanced tomography. Sci Rep 7:13289

	19.	Henke BL, Gullikson EM, Davis JC (1993) X-ray interactions: Photoabsorption, scatter-
ing, transmission, and reflection at e = 50–30,000 ev, z = 1–92. At Data Nucl Data Tables 
54:181–342

	20.	Als-Nielsen, J. & McMorrow, D. (2011) Elements of Modern X-Ray Physics. Wiley, 2 edition
	21.	Wilkins SW, Nesterets YA, Gureyev TE, Mayo SC, Pogany A, Stevenson AW (2014) On the 

evolution and relative merits of hard x-ray phase-contrast imaging methods. Phil Trans R Soc 
A 372:20130021

	22.	Bilderback DH, Elleaume P, Weckert E (2005) Review of third and next generation synchro-
tron light sources. J Phys 38:S773–S797

	23.	Wu X, Liu H (2003) A general formalism for x-ray phase contrast imaging. J Xray Sci Technol 
11:33–42 2003

	24.	Langer M, Cloetens P, Guigay JP, Peyrin F (2008) Quantitative comparison of direct phase 
retrieval algorithms in in-line phase tomography. Med Phys 35:4556–4566

	25.	Burvall A, Lundström U, Takman AC, Larsson DH, Hertz HM (2011) Phase retrieval in x-ray 
phase-contrast imaging suitable for tomography. Opt Express 19:10359–10376

	26.	Thibault P (2007) Algorithmic methods in diffraction microscopy. Cornell University, Ithaca
	27.	Pogany A, Gao D, Wilkins SW (1997) Contrast and resolution in imaging with a microfocus 

x-ray source. Rev Sci Instrum 68(7):2774–2782
	28.	Paganin D, Mayo SC, Gureyev TE, Wilkins PR, Wilkins SW (2002) Simultaneous phase and 

amplitude extraction from a single defocused image of a homogeneous object. J  Microsc 
206:33–40

	29.	Bonse U, Hart M (1965) An x-ray interferometer. Appl Phys Lett 6:155–156
	30.	Momose A, Takeda IY, Yoneyama A, Hirano K (1998) Phase-contrast tomographic imaging 

using an x-ray interferometer. J Synchrotron Radiat 5:309–314
	31.	Chapman D, Thomlinson W, Johnston RE, Washburn D, Pisano E, Gmür N, Zhong Z, Menk R, 

Arfelli F, Sayers D (1997) Diffraction enhanced x-ray imaging. Phys Med Biol 42:2015–2025
	32.	David C, Nöhammer B, Solak HH, Ziegler E (2002) Differential x-ray phase contrast imaging 

using a shearing interferometer. Appl Phys Lett 21:3287–3289
	33.	Snigirev A, Snigireva I, Kohn V, Kuznetsov S, Schelokov I (1995) On the possibilities of X-ray 

phase contrast microimaging by coherent high energy synchrotron radiation. Rev Sci Instrum 
66:5486

	34.	Cloetens P, Pateyron-Salome M, Buffiere JY, Peix G, Baruchel J, Peyrin V, Schlenker M 
(1997) Observation in microstructure and damage in materials by phase sensitive radiography 
and tomography. J Appl Phys 81:5878–5886

4  Synchrotron Radiation X-Ray Phase-Contrast Microtomography: What…

https://doi.org/10.3389/fphys.2017.00769


68

	35.	Born M, Wolf E (1980) Principles of optics, 6th edn. Pergamon, Oxford
	36.	Teague MR (1983) Deterministic phase retrieval: a green’s function. J  Opt Soc Am 

73:1434–1441
	37.	Cowley, J. M. (1975). Diffraction physics. Amsterdam: New York: North-Holland Pub. Co., 

American Elsevier
	38.	Groso A, Abela R, Stampanoni M (2006) Implementation of a fast method for high resolution 

phase contrast tomography. Opt Express 14:8103–8110
	39.	Bronnikov AV (1999) Reconstruction formulas for phase-contrast imaging. Opt Commun 

171:239–244
	40.	Hehn L, Morgan K, Bidola P, Noichl W, Gradl R, Dierolf M, Noël PB, Pfeiffer F (2018) 

Nonlinear statistical iterative reconstruction for propagation-based phase-contrast tomography. 
APL Bioengineering 2:016105. https://doi.org/10.1063/1.4990387

	41.	Wu X, Liu H (2005) X-ray cone-beam phase tomography formulas based on phase-attenuation 
duality. Opt Express 13:6000–6014

	42.	Beltran MA, Paganin DM, Uesugi K, Kitchen MJ (2010) 2D and 3D x-ray phase retrieval of 
multi-material objects using a single defocus distance. Opt Express 18:6423–6436

	43.	Gureyev TE, Davis TJ, Pogany A, Mayo SC, Wilkins SW (2004) Optical phase retrieval by use 
of first born- and Rytov-type approximations. Appl Opt 43:2418–2430

	44.	Cloetens P, Ludwig W, Baruchel J, Van Dyck D, Van Landuyt J, Guigay JP (1999) 
Holotomography: quantitative phase tomography with micrometer resolution using hard 
synchrotron radiation x rays. Appl Phys Lett 75(19):2912–2914

	45.	Noh DY, Kim C, Kim Y, Song C (2016) Enhancing resolution in coherent x-ray diffraction 
imaging. J Phys Condens Matter 28:493001

	46.	Mayo SC, Davis TJ, Gureyev TE, Miller PR, Paganin D, Pogany A, Stevenson AW, Wilkins SW 
(2003) X-ray phase-contrast microscopy and microtomography. Opt Express 11:2289–2302

	47.	Paganin D, Gureyev TE, Mayo SC, Stevenson AW, Nesterets YAI, Wilkins SW (2004) X-ray 
omni microscopy. J Microsc 214:315–327

	48.	Turner D, Weber KP, Paganin D, Scholten RE (2004) Off-resonant defocus-contrast imaging 
of cold atoms. Opt Lett 29:232–234

	49.	 Irvine SC, Paganin DM, Dubsky W, Lewis RA, Fouras A (2008) Phase retrieval for improved 
three-dimensional velocimetry of dynamic x-ray blood speckle. Appl Phys Lett 93:153901

	50.	Stevenson AW, Mayo SC, Hausermann D, Maksimenko A, Garrett RF, Hall CJ, Wilkins SW, 
Lewis RA, Myers DE (2010) First experiments on the Australian synchrotron imaging and 
medical beamline, including investigations of the effective source size in respect of x-ray 
imaging. J Synchrotron Radiat 17:75–80

	51.	Herman GT (1980) Image reconstruction from projections: the fundamentals of computerized 
tomography. Academic Press, 2 edition

	52.	Atala A, Allickson J (2014) Translational regenerative medicine. Academic Press, 1 edition

G. Begani Provinciali et al.

https://doi.org/10.1063/1.4990387

	Chapter 4: Synchrotron Radiation X-Ray Phase-Contrast Microtomography: What Opportunities More for Regenerative Medicine?
	1 Introduction
	2 Physical Principles of X-Ray Phase-Contrast Imaging
	3 Image Formation
	3.1 X-Ray Source
	3.2 Object and Transmission Function

	4 Phase-Contrast Imaging Techniques
	4.1 Free Space Propagation Imaging
	4.1.1 Direct Problem: Contrast Formation
	4.1.2 Inverse Problem: Phase Retrieval


	5 Imaging Techniques in Regenerative Medicine
	5.1 Bone Regenerative Engineering

	6 Conclusion: Future Prospective
	References




