
Fundamental Biomedical Technologies

Alessandra Giuliani
Alessia Cedola    Editors 

Advanced 
High-Resolution 
Tomography in 
Regenerative Medicine
Three-Dimensional Exploration into the 
Interactions between Tissues, Cells, and 
Biomaterials



Fundamental Biomedical Technologies

Series Editor
Mauro Ferrari 
The University of Texas 
Houston, TX, USA

More information about this series at http://www.springer.com/series/7045

http://www.springer.com/series/7045


Alessandra Giuliani  •  Alessia Cedola
Editors

Advanced High-Resolution 
Tomography in Regenerative 
Medicine
Three-Dimensional Exploration  
into the Interactions between Tissues,  
Cells, and Biomaterials



ISSN 1559-7083
Fundamental Biomedical Technologies
ISBN 978-3-030-00367-8        ISBN 978-3-030-00368-5  (eBook)
https://doi.org/10.1007/978-3-030-00368-5

Library of Congress Control Number: 2018961740

© Springer Nature Switzerland AG 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Alessandra Giuliani
Department of Clinical Sciences
Polytechnic University of Marche
Ancona, Italy

Alessia Cedola
Institute of Nanotechnology - CNR
c/o Sapienza University
Rome, Italy

https://doi.org/10.1007/978-3-030-00368-5


Alis volat propriis

It is used as the motto of the US state of 
Oregon and its official English version is 
“She flies with her wings,” in line with the 
tradition of considering countries and 
territories as women.

In fact, this book comes from an idea of the 
two female co-editors and is the product of 
high-level scientists, many of whom are 
young women starting to fly with their wings 
in the complex world of the scientific 
research.
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Preface

In the international scene over the last 20 years, the published papers related to the 
many and varied studies of tissue engineering and regenerative medicine are 
countless. Worthy of note are the two most authoritative journals in the sector, the 
three sets of Tissue Engineering (Mary Ann Liebert Inc., USA) and the Journal of 
Tissue Engineering and Regenerative Medicine (John Wiley & Sons Ltd., UK). Just 
as wide and varied are the books produced. We should mention Fundamentals of 
Tissue Engineering and Regenerative Medicine (Springer, 2009), Tissue Engineering 
and Regenerative Medicine: A Nano Approach (CRC Press, 2012), and the open-
access productions of INTECH, but these are just a few non-exhaustive examples of 
the international offer.

Among these productions, a certain number also contains imaging studies per-
formed using high-resolution tomography, but the information is usually extremely 
synthesized into individual sections of volumes (as in Zhang Zhiyong, Jerry KY 
Chan, and Teoh Swee Hin’s Computer Tomography and Micro-CT for Tissue 
Engineering Application, on Imaging in Cellular and Tissue Engineering, edited by 
Hanry Yu, Nur Aida Abdul Rahim, 2012) or often refers to high-resolution tomog-
raphy analysis of samples of interest for tissue engineering of specific anatomical 
districts (like in Zehbe Rolf, Haibel Astrid, Franziska Schmidt, Riesemeier Heinrich, 
James C.  Kirkpatrick, Helmut Schubert, and Christoph Brochhausen’s High 
Resolution X-Ray Tomography: 3D Imaging for Tissue Engineering Applications, 
on Methods in Tissue Engineering, edited by Daniel Eberli, 2010).

There are also a fair number of books that focus on microtomography technique 
and its applications; two notable examples are MicroComputed Tomography: 
Methodology and Applications, edited by Stock, Stuart R., CRC Press 2009, and 
Advanced Tomographic Methods in Materials Research and Engineering, edited by 
John Banhart, Oxford University Press, 2008. Even in these cases, the information 
related to regenerative medicine and tissue engineering applications is very limited, 
often focused on the sole bone district.

An even more reduced number of scientific studies include results deriving 
from synchrotron radiation experiments. Again, we are predominantly referring to 
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journal papers or to individual chapters within broader treatises related to specific, 
engineered sites that are focused on the techniques based on the use of synchrotron 
radiation or, in numbers still lower, on the specific microtomography technique.

We have personally contributed, over the last 10 years, to some of these volumes 
with chapters related to regenerative studies based on synchrotron radiation 
microtomography. Among these works, we would like to mention Cedola A. et al., 
X-ray Micro and Nano-Probes: Fundamentals and Applications, Recent Res. Devel. 
Applied Phys., 9(2006): 169–196; Fiori F. et  al., Synchrotron Radiation and 
Nanotechnology for Stem Cell Researchers, in Adult and Embryonic Stem Cells, 
2012, New  York, Dordrecht, Heidelberg, London, 81–102; Giuliani A. et  al., 
Synchrotron Radiation and Nanotechnology for Stem Cell Research, in Stem Cells 
in Clinic and Research, 2011, 683–708; and Giuliani A., Analysis of Bone Response 
to Dental Bone Grafts by Advanced Physical Techniques, in Bone Response to 
Dental Implant Materials, edited by A. Piattelli, 2016.

From this fragmentation of information forcefully emerges the need to produce a 
book exclusively dealing with microtomography studies, mainly (but not exclusively) 
based on synchrotron radiation, related to problems of regenerative medicine and 
tissue engineering of several anatomical districts. De facto, there is the lack of a vol-
ume, similarly conceived, in the international scene, putting this book as a novelty in 
the book market.

The goal of this book is even more ambitious: we would like to stimulate the 
reader toward scientific and experimental multidisciplinary paths in regenerative 
medicine. In fact, the project involves, as authors of the various chapters, highly 
selected scientists with great experience at Synchrotron Facilities, some of them 
working for years at the microtomography-dedicated beamlines. Furthermore, the 
authors involved in this project have gained, over the years and within international 
projects of scientific and popularizing character, great educational skills, mainly 
directed at a heterogeneous audience. We believe that this is a solid premise to achieve, 
in the multidisciplinary direction, an easy language that is also understandable for 
readers with different educational backgrounds compared to physics, biology, and 
clinical medicine. In fact, modern science teaches us that, without the creation of a 
common and transversal language between the basic disciplines, further progress will 
not be possible. This is convincingly demonstrated in Chap. 1, authored by Prof. 
Franco Rustichelli, which we strongly wanted to start the full set of chapters, being 
that it is a prerequisite for understanding the rationale behind this project. Indeed, 
Prof. Rustichelli is an eminent scientist who, perhaps among the first in Europe, 
believes in the importance of multidisciplinarity in science and in the role played by 
the huge machines of physics in this context. It is no coincidence that, in the last 
eight years, he scientifically coordinated two European COST Actions focused on 
multidisciplinarity in regenerative medicine, i.e., the MP1005 – From nano to macro 
biomaterials (design, processing, characterization, modelling) and applications to stem 
cells regenerative orthopedics and dental medicine (NAMABIO), and the CA16122 – 
Biomaterials and advanced physical techniques for regenerative cardiology and 
neurology (BIONECA).

Preface
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This book is a key manual for easy consultation that is intended for clinicians, 
biologists, physicists, and biomedical engineers, but also for students who want to 
continue their studies in the field of Regenerative Medicine and for ordinary people 
who are intrigued by the fascinating world that revolves around synchrotron struc-
tures and their possible use in research, diagnostics, and medical therapy.

Ancona, Italy� Alessandra Giuliani
Rome, Italy� Alessia Cedola

Preface
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Chapter 1
The Huge Machines of Physics: The Bet 
of the Multidisciplinary Research Teams 
in Regenerative Medicine

Franco Rustichelli

Abstract  In the last decades the biology and medicine made great progresses 
thanks, on one side to the expoitation of basic discoveries of physical phenomena, 
and on the other side on the development of physical techniques applied to the 
medical diagnostic area, like for instance the Nuclear Magnetic Resonance. This 
chapter presents the Huge Machines of Physics, starting with large accelerators for 
sub-nuclear physics, like the Large Hadron Collider, and continuing with synchro-
trons and free-electron lasers. It will be shown that the last two types of facilities can 
provide very useful information both for biology and medicine. In particular it will 
be emphasized the great help provided by the X-ray synchrotron radiation to the 
regenerative medicine, with examples of tracking of stem cells in investigations of 
pathologies of  cardiological and neurological nature.

Many persons believe that, as the twentieth century was characterized by the splen-
dour of the discoveries in the field of Physics, with their numerous consequences in 
our practical life, the twenty-first century will be characterized by the discoveries in 
the field of biology, with a straightforward impact on Medicine and human health.

Actually already in the last decades, the biology (and as a consequence the medi-
cine) made surprising progresses, very often thanks to the basic knowledges pro-
duced by Physics and to the help provided by the innovative physical experimental 
techniques.

F. Rustichelli (*) 
National Institute of Biostructures and Biosystems, Rome, Italy
e-mail: f.rustichelli@univpm.it

There are more things in heaven and earth, Horatio,
Than are dreamt in your philosophy.

– Hamlet Act 1, William Shakespeare

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00368-5_1&domain=pdf
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2

In this context, we will mention only two examples of milestone discoveries in 
the field of biology, which were possible thanks to the use of a classical physical 
technique, namely, the X-ray diffraction.

The first discovery was performed by Perutz and Kendrew, who were able to 
elucidate for the first time the structure, at atomic level, of a protein, namely, the 
haemoglobin, for which they received in 1962 the Nobel Prize in Chemistry. In the 
same year, the Nobel Prize in Medicine was assigned to Watson, Wilkins and Crick 
for having discovered the double helix structure of DNA, which was based on the 
X-ray diffraction experiment performed by Franklin in the Physics laboratory of 
Wilkins. Also if the paternity of this epoch-making discovery is often attributed 
only to Watson and Crick, we must be aware that without the experimental contribu-
tion of the two physicists Franklin and Wilkins, and in particular without their 
complex mathematical elaboration of the data, this leap forward in biological sci-
ence would have been impossible.

Since the time of Archimedes, humans, fascinated by the unknown, tried to enter 
the mysteries of our real world.

Paradoxically, the scientific instrumentation has become bigger as the objects to 
be studied have become smaller. Thus, the huge machines of Physics were gener-
ated, like tower of Babel or Pyramids in Egypt, which were erected to pursue the 
eternal dream of immortality.

Many advances in the discovery of the physical properties of the world have been 
made in the last few decades by building huge machines, some of which have 
allowed the development of very useful characterization techniques in interdisci-
plinary research, including regenerative medicine, as will be discussed in this book.

Large accelerators built by physicists can be divided into two categories:

	(a)	 Machines for producing high-energy collisions between subnuclear particles in 
order to understand the microscopic world.

	(b)	 Machines for the production of very intense X-rays to perform basic scientific 
experiments and applied in various scientific disciplines, including biology and 
medicine.

Although this book is focused on the second type of machines, we consider it 
useful, for the sake of completeness and in some way for historical reasons, to spend 
some words also on the first category of machines.

Let us consider the Large Hadron Collider (LHC) at the European Organization 
for Nuclear Research Centre in Geneva, Switzerland (Figs. 1.1 and 1.2), which 
has been realized to reach a new knowledge frontier on subnuclear elementary 
particles [1].

It is a huge ring, 27 km long, where protons with incredibly high energy are 
made to turn in opposite directions at nearly the speed of light and are then made to 
collide. The existence of atoms, the first step to understanding the structure of mat-
ter, had been foreseen and advocated already at the time of ancient Greece (BC IV 
sec), but only more than 2000 years later, atomic theory began to encounter scien-
tifically clear evidence.

F. Rustichelli
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Fig. 1.1  The Large Hadron Collider (LHC) at the European Organization for Nuclear Research 
Centre in Geneva. (Courtesy CERN)

Fig. 1.2  Internal view of the LHC in Geneva. (Courtesy CERN)

1  The Huge Machines of Physics: The Bet of the Multidisciplinary Research Teams…
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Now, after a century of unwavering research in atomic and nuclear physics, we 
hope to obtain fundamental information on the interaction forces of particles at 
distances much smaller than the size of atomic nuclei, through these proton 
collisions.

The study of the smallest interaction distance, in fact, can bring us information 
about the most basic features of matter in our universe: the aim is to understand the 
origin of the atomic nuclei components and then of all existing matter.

We still do not know the origin of the mysterious energy associated with mass, as 
described by the hundred-year-old, well-known equation E = mc2. We also have no 
clear idea as to the origin of energy and invisible matter, which contribute to 96% of 
the total mass of the universe. Maybe even our numbers and the present mathemat-
ics are not adequate to describe the infinitesimal forms of our world. So something 
new must happen when these proton collide in the gigantic accelerator of Geneva! 
From such collisions a myriad of unstable elementary particles are obtained. A 
very important experiment was already performed, namely, the discovery of the 
Higgs boson [2], which was foreseen theoretically several decades ago by the physi-
cist, who gave to it his name and who was awarded recently by the Nobel Prize in 
Physics (Fig. 1.3).

Qualitative leaps in physical knowledge have always been the origin of innova-
tive technological applications. Future experiments at the LHC could help us to 
answer important questions and perhaps to understand the fundamental rules gov-
erning the evolution of the entire universe. Probably we will also learn more about 
the nature of space itself, making a qualitative leap in our knowledge of nature.

Fig. 1.3  Image related to the discovery of the Higgs boson at the LHC. (Courtesy CERN)

F. Rustichelli
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Geneva’s machine is indeed an incredible effort to push ahead the frontiers of 
knowledge. Whether you consider it a proud Babel Tower or a cathedral to celebrate 
the mysteries of nature, the researches carried out there will certainly have great 
cultural implications, impossible to foresee four centuries ago when we were dis-
cussing whether the sun was turning around the earth or vice versa.

Now in Geneva, we can make discoveries that are fulfilling at large extent the 
dream of Einstein: I want to know God’s thoughts. The rest are details, also if some-
body like Woody Allen seems to have said: Can we actually know the Universe? My 
God, it’s hard enough finding your way around Chinatown.

However, very important scientific contributions are continuously produced also 
by machines devoted to basic and applied science experiments, through the X-ray 
radiation delivered by large accelerating machines called synchrotrons. A relevant 
example is the European Synchrotron Radiation Facility (ESRF), built in Grenoble 
(France) and shown in Fig. 1.4, constituting the most intense and brilliant X-ray 
source existing today worldwide [3].

ESRF consists in a ring (called storage ring) which is a tube having a circumfer-
ence of 844 m, where the electrons travel for hours at a velocity close to that of light 
(300 km/s). If they travelled around the earth, they would complete the circle more 
than seven times per second. During their ultrafast travel, the electrons emit X-Ray 
radiation of very large intensity, which is extracted through several tens of tangen-
tial beams, as reported in the scheme of Fig. 1.5. In any beam, several experimental 
facilities are installed.

Fig. 1.4  The European Synchrotron Radiation Facility (ESRF) in Grenoble

1  The Huge Machines of Physics: The Bet of the Multidisciplinary Research Teams…
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Synchrotron light in addition to very high intensity and brilliance offer the 
advantage of covering a wide range of frequencies through the electromagnetic 
spectrum from the infrared, through the ultraviolet, to the X-ray region, allowing 
also time-resolved experiments in the sub-nanosecond range.

The ESRF is used by several thousands of scientists every year, coming mainly, 
but not only, from all Europe, operating in the fields of physics, chemistry, biology, 
medicine (in particular in different areas of regenerative medicine as we will see 
below), Earth sciences, material sciences and engineering, nanosciences and 
nanotechnologies.

Another Synchrotron Facility, built very recently, is the Synchrotron-Light for 
Experimental Science and Applications in the Middle East (SESAME). It is located 
in Jordan and is the largest international scientific laboratory existing in this area. Its 
members are Jordan, Iran, Pakistan, Israel, Turkey, Cyprus, Egypt, the Palestinian 
Authority and Bahrain [4].

It is an installation of great social interest because its existence shows that it is 
possible to build scientific and cultural bridges between different countries in a 
region often tormented by violence, conflict and extremism, contributing to a cul-
ture of peace through international scientific cooperation.
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It is expected that, by fostering scientific and technical development in the 
Middle East and neighbouring countries, the brain drain will reverse in the near 
future. The SESAME creation was sponsored by UNESCO, the general director of 
which was present together with the King of Jordan to its inauguration on May 16, 
2017. On November 22, 2017, scientists saw the first monochromatic X-ray radia-
tion, signalling the start of the laboratory experimental program. In SESAME, like 
in ESRF, electrons circulate around a circular tube (having a circumference of 
130 m), guided by magnets and other equipment, close to the speed of light.

The electrons produce X-rays, having an energy of 2.5 GeV, which are extracted 
through tangential beams, where several experimental facilities can be located allow-
ing researches in structure of matter, material science, cultural heritage, archaeom-
etry, biology and medical sciences. In the future 20 beamlines are foreseen but, at 
present, only 3 of them are operative: they are mainly devoted to study living cells 
and tissues, protein crystallography, structure of viruses and developing of drugs.

Another category of huge machines are X-ray free-electron lasers (Fig.  1.6), 
which constitute extremely bright X-ray sources, having an enormous impact also 
on biological research. They generate very short X-ray pulses, of a few hundred 
femtoseconds, which are billions of times more intense than synchrotron radiation. 
The succession of these very short pulses of radiation impinging very rapidly mov-
ing molecules allows to obtain, in spite of their high speed, a series of snapshots 
of them, like they would be frozen in time, as it happens in discotheques when the 
dancers of rock and roll are illuminated by stroboscopic light and appear frozen. 
By using this technique, the Pearson American Dance Company obtained recently 
very impressive effects by showing dancers appearing suddenly in the dark sus-

Fig. 1.6  Inner view of the European X-ray free-electron laser (XFEL) in Hamburg

1  The Huge Machines of Physics: The Bet of the Multidisciplinary Research Teams…
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pended and immobile at a considerable height above the floor, giving the illusion 
of a levitation.

Moreover, the wavelength of the produced X-ray pulses is small enough allow-
ing to obtain pictures of the investigated samples at atomic resolution.

At the end of 2017, the 3.4-km-long European X-ray free-electron laser (XFEL) 
started running near Hamburg (Germany), and it is, at present, the most performant 
one of the world, producing 27,000 pulses per second [5]. The intensity of its pulses 
is so high that they destroy the investigated sample; however, before sample destruc-
tion, enough photons are diffused in the detector, allowing to study the 3D atomic 
structure of the sample.

In a second, it is possible to collect more than 3000 X-ray pictures compared to 
about 100 of other facilities. In structure-determination experiments based on con-
ventional X-ray sources, one must obtain a single crystal of the investigated mole-
cule. Indeed, the pulses of XFEL are so bright that it sufficient to obtain single 
crystals of very reduced sizes, up to the order of magnitude of few nanometres. In 
addition, even non-crystalline clusters of molecules (for instance, in the case of 
proteins difficult to crystallize, like some membrane proteins) are suitable. The 
XFEL facilities allow investigations of the structure and dynamics of atomic and 
molecular systems, previously not accessible. Indeed, by XFEL it is possible to 
obtain movies showing the movements of enzymes and viruses by combining thou-
sands of snapshots and even investigating the dynamical aspects of catalysts.

X-rays are electromagnetic waves, like visible light, but characterized by a much 
smaller wavelength, that is, of the order of tenths of nanometre, which corresponds 
to the atomic diameter.

The nanometre is defined as 1 billionth of a metre. To remember this definition 
and better understand the meaning of many frequently used words like Nanoscience, 
Nanotechnology and Nanomedicine, let us consider the following practical example.

Suppose that shortly before the presentation ceremony of this book at the 
University of Rome by editors Alessia Cedola and Alessandra Giuliani, they receive 
a call from the Ambassador of China to Rome who says that one billion Chinese 
would like to participate in this very interesting event. It is possible to satisfy the 
request by hosting the Chinese in the hills around Rome and using large screens, but 
the problem arises of how to feed them at lunchtime. It is very easy to buy an Italian 
salami “mortadella”, 1 m long, and cut a billion slices, producing an equal number 
of sandwiches. The thickness of each slice is 1 nm!

Using X-ray diffraction it was possible to determine the atomic-level structure of 
the different chemical compounds and therefore also of biological molecules. To 
understand why X-rays can “see” the position of atoms, while radiation with a lon-
ger wavelength, such as visible light, cannot, let us imagine having a row of water-
melons on a table.

If we enter the room with an eye patch so that we cannot see anything and try to 
guess the structure of the line of objects on the table by touching the line with a 
1-m-long bar, we will discover a flat structure. On the other hand, if we use a pencil 
(roughly with the same length as the diameter of the watermelons) as a probe, we 
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will obtain a correct structural information on the curvature and on the position of 
the watermelons.

In practice, the position in space of the different atoms of a given compound or 
molecule is obtained by first recording the X-ray intensities diffused in the different 
directions of space by the electrons belonging to all the atoms contained in the 
sample studied, then performing very complex mathematical treatments.

Figure 1.7 reports the list of Nobel Prizes assigned before 2009 for researches 
using X-rays. The physicist W.C. Roentgen discovered such type of radiation in 
1895 and performed the first radiography on the hand of his wife.

Von Laue and Knipping obtained the first X-ray image diffracted by a crystal in 
1912. Fifty years later, the Nobel Prize in Chemistry was assigned to Perutz and 
Kendrew, as previously mentioned, for having clarified for the first time the struc-
ture of a protein, i.e. the haemoglobin, after a very intense work due to the high 
number of atoms contained in it. Since then, the structure of a large number of 
increasingly complex proteins has been determined.

In the same year, the Nobel Prize in Medicine was awarded to Watson, Wilkins 
and Crick for discovering the double helix structure of DNA.

Several structural biology experiments have been performed at the European 
Synchrotron Radiation Facility (ESRF) over the past 15 years. We will mention 
some examples, in detail what we consider the most brilliant, namely, the determi-
nation of the structure, at the atomic level, of the ribosome, which was awarded 

Fig. 1.7  Nobel Prizes obtained by experiments based on X-rays
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with the Nobel Prize in Chemistry awarded in 2009 to Yonath, Steitz and 
Ramakrishnan [6].

The ribosome has the fundamental role of reading the information contained in 
the RNA messenger and using it to produce proteins.

Ribosomes exist in all living systems, from bacteria to humans, and are ideal 
targets in bacteria for antibiotic drugs. The adventure of this extraordinary discov-
ery began at the end of the seventh decade of the twentieth century, when an Israeli 
researcher, Ada Yonath, decided to bravely face this challenge, overcoming a series 
of problems that were considered impossible to solve by the great majority of the 
scientific community. In fact, the ribosome is one of the most complex proteins/
RNA, consisting of a “small subunit” and a “large subunit”. In the human ribosome, 
the “small subunit” consists of a DNA molecule surrounded by 32 proteins, while 
the “large unit” is made up of 3 DNA molecules surrounded by 46 proteins. 
Therefore, each subunit is made up of thousands of nucleotides and thousands of 
amino acids, for a total of hundreds of thousands of atoms: the challenge for Ada 
was to find for each of these atoms the exact values of its Cartesian coordinates.

The first critical problem which Ada was obliged to solve was the production of 
a single crystal, of good quality, in which the ribosomes must be located in space in 
an extremely ordered way, namely, according to a triply periodic structure along the 
three Cartesian axes. After 10 years of intense research, she succeeded to obtain a 
perfect crystal from the thermophilic bacteria of the Dead Sea.

However, 10 years more were necessary to overcome other important difficul-
ties, also of mathematical–physical nature, for which she took advantage of the 
cooperation with other outstanding scientists. Finally, in 2000, they were able to 
publish the structures at atomic level, obtained at the ESRF, of the “large subunit” 
of ribosome of the Haloarcula marismortui and of the “small subunit” from the 
Thermus thermophilus [6].

It is known that to combat bacteria, which are becoming progressively more 
resistant, it is necessary to produce new antibiotics. Researchers from the various 
pharmaceutical companies take advantage of the knowledge of the ribosome struc-
ture to understand the mechanisms of action of antibiotics and to develop new 
drugs [7].

In addition to the studies mentioned above, related to the structure of the ribo-
some, other researches carried out at the ESRF, many essentially related to the area 
of biology, have allowed the involved scientists to be awarded, some of them with 
Nobel Prizes, as a result of the exceptional experimental opportunities offered by 
this European instrument. For example, the Nobel Prize awarded to Kobilka and 
Lefkowitz for having elucidated the structure of “G-protein-coupled receptors” [8] 
or the Nobel Prize in Chemistry assigned in 2003 to Roderick Mackinnon for struc-
tural and mechanistic studies of ion channels in cell membranes [9].

In the last section of this chapter, I would like to present the potential offered by 
X-ray synchrotron radiation for investigations related to regenerative medicine.

Since the numerous chapters of this book deal with, also from a theoretical point 
of view, the different tomographic opportunities available for the different areas of 
the medical sciences, here only a general sample of these potentials is presented, 
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supported by some examples, with the objective to convince the reader to continue 
the immersion in reading the topics of specific interest.

Most of the examples presented in this book are based on the use of X-ray 
microtomography, in particular in phase-contrast microtomography, for applica-
tions in regenerative orthopaedics, regenerative dentistry, degenerative neurology 
and regenerative cardiology.

A revolution occurred in the area of imaging for medical diagnostic purposes 
when, at the beginning of the 1970s, the first equipment for X-ray computed tomog-
raphy became available in hospitals [10]. The new technique presented enormous 
advantages as compared to the conventional X-ray radiography technique, by deliv-
ering 3D structural information on the investigated organ, as compared to the pro-
jection on the 2D photographic plate of the inner structures of the organ.

The principle of this imaging technique is very simple: hundreds of conventional 
2D projection radiographs are recorded, in correspondence to an equal number of 
rotation angles of the sample with respect to the direction of the impinging X-ray 
beam. The obtained images are based on the absorption contrast. Then, by using 
proper mathematical algorithms, the so-called tomographic image reconstruction is 
performed, delivering volumetric structural information on the investigated sample.

A crucial problem in regenerative orthopaedics is the repair and the regeneration 
of damaged tissues produced by different causes, including diseases like cancer. 
The classical approach for repairing the bone lesions makes use of ceramic scaf-
folds loaded with bone marrow stromal cells (BMSCs). Several studies [11–14] 
have shown that this procedure generates new-engineered bone in a shorter time 
than with cells or scaffold alone.

These experiments had the objective to find scaffolds with ideal characteristics, 
namely, enough large surface area and pores for bone growth and high interconnec-
tivity in order to achieve the blood vessels penetration into the pores [15–25].

Several scaffolds materials were considered: metals, ceramics, glasses, natural 
and artificial polymers, combinations to form composites and recently nanostruc-
tured materials.

X-ray microCT was shown to provide not only interesting images of the internal 
microstructure but also quantitative structural data, applying different parametriza-
tion methods [23–25]. In particular, scaffold surface, volume, pore wall thickness 
and diameter were evaluated.

The microCT technique was also used to investigated in non-destructive way 
tissue-engineered constructs obtaining quantitative information on the newly 
formed bone. Pioneer experiments were performed in small animal models [15, 26]. 
For instance, at the microCT beamlines of ESRF, the kinetics of bone growth in an 
immunodeficient murine model was determined by analysing the structural param-
eters at different time points after implantation.

Moreover, more recently, microCT was also used to quantify the resorption rate 
of the scaffolds by engineered bone [27].

The same team of scientists was able to visualize, without the need for any con-
trast agent, the microvascular network of an engineered bone derived from 24 weeks 
of implantation in a mouse [28]. The used technique, based on phase contrast, is 
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able to image thin low absorbing structures, like blood vessels, which are transpar-
ent when using conventional microCT based on X-ray absorption contrast. 
Figure 1.8 shows the 3D blood vessel network and the histogram of the vessel diam-
eter distribution in comparison with the data obtained by histology.

An application of the phase-sensitive microCT for a clinical investiga-
tion related to regenerative dentistry was recently performed at ESRF [29]. 
Mesenchymal stem cells derived from human dental pulp were seeded on colla-
gen I scaffolds and grafted in human mandible defects. Three years after grafting, 
some biopsies were extracted from these sites and investigated by conventional 
methods and by propagation-based phase-contrast microCT. The regenerated tis-
sue appeared more compact than the control alveolar bone. Figure 1.9 shows a 
microCT 3D reconstruction where the regenerated bone (white) and the blood 
vessels (red) are clearly visible.

It should be noted that both of the dental research mentioned above were con-
ducted in the context of the European Project “MPNS Action COST MP1005  – 
From nano to macro biomaterials (design, processing, characterization, modelling) 
and applications to stem cells regenerative orthopaedic and dental medicine 
(NAMABIO)”.

Fig. 1.8  (a, b) MicroCT imaging of the 3D vessel network and (c) 2D microCT sampling slice. 
(d) Histogram of the vessel diameter distribution measured by phase-contrast-based microCT 
(open circle) and histology (solid circle). (From Ref. [28])
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Another European Project recently funded and deserving to be mentioned in this 
context is the COST Action CA16122 “BIONECA – Biomaterials and advanced 
physical techniques for regenerative cardiology and neurology”.

The principal BIONECA challenge is to establish an intensive interaction among 
the top-level European institutions of different scientific background, with the main 
goal to reduce the number of deaths and costs associated with neurological and 
cardiological diseases.

Indeed, in the field of neurological disorders, cell-based treatment appeared as a 
very promising approach to ameliorate (or at least to slow) the course of different 
diseases. Positive results were obtained by using the primary foetal tissue for clini-
cal trials related to the Parkinson’s disease. Moreover, recent in vivo studies have 
shown that neural stem/precursors cells show a satisfactory survival, counteracting 
different neurological pathologies.

Another type of adult stem cells, the mesenchymal stem cells (MSC), show great 
promise in controlling the inflammatory activity and repairing of damaged tissues in 
the presence of different pathologies, including ALS, Huntington’s, Alzheimer’s 
and Parkinson’s diseases, as well as spinal cord injuries, stroke and multiple 
sclerosis.

In this context, one of the major challenges is the treatment of Duchenne muscu-
lar dystrophy, a pathology inducing severe muscular damage in the affected patients. 

Fig. 1.9  Three-dimensional image of a portion of human regenerated mandible observed by syn-
chrotron radiation-based phase-contrast microCT. The newly formed bone is virtually rendered in 
white and the newly formed blood vessels in red
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Recent pioneering investigations [30, 31] demonstrated that cellular therapy is able 
to produce an improvement of the pathology by repairing the muscle damage. In 
particular, it was observed in muscular dystrophy mice models that a subpopulation 
of human stem cells, through an arterial route delivering, can reach the sites of 
muscle regeneration more efficiently than using myogenic progenitors.

After a first ex vivo experiment [32], another in vivo investigation [33] was per-
formed by using microCT at ESRF, having labelled the injected stem cells with 
highly radiopaque iron oxide nanoparticles. This study allowed to elucidate the 
kinetics of the diffusion of the stem cells from the blood stream to the different 
skeletal muscle sites, obtaining results undoubtedly of great interest to attempt cel-
lular treatment for muscular tissue repair.

Recently, the X-ray high-resolution phase-contrast tomography was also used 
to investigate, in ex vivo conditions, the microstructure of spinal cord in mice [34]. 
In particular, the 3D vascular and neuronal systems were imaged at scales from mil-
limetres to hundreds of nanometres. Similar investigations were also performed by 
comparing the healthy mouse neuronal architecture with one of the mouse models 
of multiple sclerosis [35].

Finally, the same team was able to investigate, by phase-contrast nanotomog-
raphy, the alterations induced by autoimmune encephalomyelitis in the vascular 
and neuronal networks of mice and possible treatments with mesenchymal stem 
cells [36].

Cardiovascular diseases (CDVs), in particular congestive heart failure (CHF), 
are other leading causes of death worldwide, in a population progressively aged.

Indeed, in spite of important advances in the treatment of ischemic and non-
ischemic cardiovascular diseases [37], a poor understanding exists of the basic 
mechanism of CHF, justifying the search for new therapeutic options.

In this context, the regenerative cardiology constitutes one of the most promising 
strategies, where a key role is played by stem cells, with their unique ability of self-
renewal and multipotency. Stem cell-based treatments to regenerate the myocar-
dium can be accomplished by local injection of cells in the myocardium and 
systemic mobilization by cytokines and by tissue engineering strategies [38–42].

Primitive cells, with stem/progenitor characteristics, were isolated and expanded. 
Several clinical trials have shown that they represent a suitable autologous source to 
repair damaged myocardium by cellular therapy [43, 44].

In preclinical research, high-resolution tomographic imaging based on the syn-
chrotron radiation was shown to offer a valid support in cell tracking, as demonstrated 
by a pioneering experiment performed at the ESRF [45]. This study, based on cellular 
therapy [46], showed that X-ray microCT is able to visualize, with high resolution 
and definition, the 3D spatial distribution of rat cardiac progenitor cells inside the 
infarcted heart, in ex vivo conditions and after short time from their injection. Thus, 
microCT imaging represents a considerable stride forward as compared to 2D histo-
logical analysis and constitutes a promising tool in view of future clinical experiments.

All of these studies, most of which will be reported in more detail in the next 
chapters of this book, demonstrate the prospective usefulness of the considered 
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tomographic techniques in the study of the damage induced by various diseases and 
traumas and their repair with regenerative medicine approaches.

In conclusion, a first paradoxical consideration that springs from this first chapter 
is the need to build ever larger machines, the modern cathedrals of these last two 
centuries, to explore the secrets of nature and life on an ever smaller scale.

A second consideration is linked to the importance of X-rays and in recent times 
of synchrotron radiation, to provide experimental instruments more and more suit-
able to produce knowledge not only in the fields of structure and dynamics of matter 
but also in more complex areas such as biology and medicine that even led to the 
awarding of the Nobel Prize in several brilliant discoveries!

The last consideration is for the Physics’ discipline that, beyond the importance 
that it has in the interdisciplinary research, is at the base of all this magical world of 
enormous machines and scientific applications. If we just restrict our considerations 
to the brilliant results already obtained in biology and to the enormous prospects of 
the contributions of synchrotron radiation for clinical progress in the innovative area 
of regenerative medicine, we can conclude that we are operating in accordance with 
the philosophy of one of the first great physicists of modern time, Galileo Galilei, 
who said:

I am looking for the light of science and its benefits.
La Luce della Scienza cerco e ‘l Beneficio
Galileo Galilei
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Chapter 2
Introduction to X-Ray Micro-tomography

Serena Pacilè and Giuliana Tromba

Abstract  X-ray computed tomography (CT) represents one of the most powerful 
3D non-destructive imaging techniques exploited in clinics to help the diagnos-
tic process of many diseases. The progress achieved in the realization of detec-
tors, in x-ray tube technology, and in the computational power of modern hardware 
has led to its translation toward micrometer and sub-micrometer range resolution 
applications.

Micro-CT and nano-CT systems based on conventional micro-focus x-ray tubes 
or newest generation liquid-metal-jet anode (MetalJet) systems are, today, available 
and largely applied in biomedical research for in vitro studies of biomaterials, scaf-
folds, bones, teeth, etc. as well as for morphologic and functional studies on excised 
organs and small animals.

Absorption-based imaging is the basis for the most common modality of CT 
scanners; however, the recent developments of x-ray sources based on synchrotron 
laboratories and capable to reach unprecedented characteristics of brilliance and 
intensity have allowed the implementation of innovative imaging approaches. These 
techniques exploit the refraction of x-rays in the matter instead of their absorption, 
overcoming the intrinsic limitation of conventional techniques and broadening the 
utility of micro-CT.

In this chapter an overview of the basics of micro-CT will be given, starting from 
the sources characteristics, then describing the x-ray interactions with matter, and 
finally addressing the image formation principles. In this latter paragraph, particular 
attention will be reserved to phase-sensitive techniques, highlighting their potentials 
to improve biomedical research.
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1  �Introduction

In medical diagnostics, x-ray imaging is a fundamental tool for observing the inside 
of the human body in a noninvasive way. From the very beginning, shortly after the 
discovery of x-rays in 1895, this technology was used to image bones [1], opening 
the way to a new kind of medical examination. As an evolution of the x-ray radiog-
raphy, where the overlapping structures cannot unambiguously be discerned in a 
single image, computed tomography (CT) has been developed in 1972 by Godfrey 
Newbold Hounsfield (Nobel Prize winner in 1979 for Physiology and Medicine), 
with the first prototype of medical CT scanner [2]. CT was the first method able to 
produce images of trans-axial planes through the human body (slices) without 
being biased by superimposition of distinct anatomical structures. From the first 
clinical CT scanners to date, the enormous technological developments involving 
the x-ray sources and the new detectors have led to substantial improvements, in 
terms of delivered dose and image quality. CT technology has evolved toward 
higher resolution setups, with x-ray computed micro-tomography (μ-CT) systems 
able to reach a micrometric spatial resolution on centimeter-sized samples and a 
sub-micrometer spatial resolution on samples at the scale of 1–2  mm (nano-
tomography). Nowadays, it is employed in a wide range of research areas, from 
medicine to biology and from geology to archaeology and material sciences.

Dedicated μ-CT setups have been developed for preclinical research, involving 
ex vivo and in vivo studies on small animal models. On the other hand, the develop-
ment of new methods for x-ray production based on particle accelerators (synchro-
trons) allowed to obtain sources with new characteristics in terms of high spatial 
coherence and brilliance, opening the way to the use of new imaging approaches, 
the so-called phase-sensitive techniques.

Some basic aspects of x-ray μ-CT are described in this chapter, from the genera-
tion of x-rays to their interaction with matter and image formation.

2  �Basic Principles

During a μ-CT scan, the object is illuminated by x-rays in transmission geometry. 
The beam, after passing through the object, is collected by a detector. A series of 
bi-dimensional projections are taken, usually at a fixed angular increment. While in 
clinical CTs, source and detector are rotating around the patient to produce the dif-
ferent projections, for preclinical and industrial applications, very often source and 
detector are fixed, and the sample is placed on a rotating stage. The total rotational 
angle depends on the system geometry but typically is 180° when a parallel beam is 
used or 360° when a cone-beam geometry is used. Starting from the totality of pro-
jections, the 3D tomographic slices (i.e., images of the internal structure of the 
object in a plane parallel to the beam propagation direction) are then reconstructed. 
The reconstruction process and the visualization of the 3D data are discussed more 
in detail in Chap. 5. The principle on which relies the image formation can be either 
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absorption or phase-contrast effect. In conventional x-ray imaging, the image for-
mation is based on the differences in x-ray absorption of the sample details, i.e., 
dense structures like bones absorb more than lighter elements comprising soft tis-
sues; therefore μ-CT is based on the mapping of the linear attenuation coefficient of 
x-ray crossing the investigated sample [3], and the attenuation depends upon the 
composition and density of the object. However, if structures with a weak absorp-
tion, or with similar absorption properties, are observed, the overall image contrast 
may be insufficient to obtain a meaningful image. Notwithstanding, as x-rays are 
electromagnetic waves, not only their absorption but also the relative phase shifts 
can carry information about an object. Thus, phase contrast becomes an essential 
modality to obtain sufficient image contrast for hard x-ray imaging of soft biologi-
cal tissues and biological samples, where conventional absorption radiography fails 
[4, 5]. There are several techniques able to exploit this latter mechanism; three main 
approaches to x-ray phase-contrast imaging currently attract the most attention, and 
these are propagation-based, analyzer-based, and grating-based imaging [6–9]. 
Recent quantitative studies [10] have shown that all these methods can deliver com-
parable outcomes, depending on the specific parameters of the experiment.

3  �X-Ray Sources and Beam Geometry

According to the x-ray production modality, we distinguish between conventional 
systems based on tubes emitting x-rays with a typical conic emission and synchro-
tron radiation setups typically fed with intense, laminar x-ray beams with a nearby 
parallel beam geometry. Figure 2.1 shows a schematic representation of the main 
components (i.e., x-ray source, sample rotator stage, and detector) of a μ-CT setup 
in both cases.

3.1  �Conventional Sources

The most common way to perform a μ-CT on biological samples employs a conven-
tional micro-focus-based x-ray tube. Like all x-ray tubes, these sources generate 
x-rays when highly energetic electrons are stopped in a solid metal anode: x-rays 
result from the conversion of the kinetic energy attained by electrons accelerated 
under a potential difference into electromagnetic radiation, as a result of collisional 
and radiative interactions. A polychromatic divergent beam is generated, from 
which a conical solid angle is selected. Many benchtop μ-CT systems are today able 
to reach very high-resolution level, in the range of 1 μm with a voxel size below 
0.1 μm. The position of the sample with respect to the source and the detector can 
be changed to adjust the magnification and the resolution; however, as the sample 
has to stay inside the field of view, the optimal position is always a compromise 
between sample size and spatial resolution.

2  Introduction to X-Ray Micro-tomography
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The mainly diffused usage of conventional μ-CT sources is in absorption mode 
as the produced beam is not always enough coherent to obtain phase contrast; how-
ever, more recently, technical developments have enabled the translation of some 
of the phase-contrast techniques to laboratories sources [11, 12], as described in 
Chap. 15.

The detector cameras used for μ-CT systems can be grouped into two categories, 
according to their ability to discriminate x-ray energy or not. In the first case, we 
speak about spectral CT, a promising technique recently introduced in last-
generation μ-CT systems thanks to the progress achieved by single-photon count-
ing detectors [11–13]. In most of the cases, the detector simply integrates all the 
x-ray energies.

In general μ-CT systems adopt digital flat 2D detectors; the most commonly used 
are charged-coupled device (CCD) systems using scintillator screens coupled via 
fiber-optic bundles for conversion of x-rays into visible photons [14, 15].

X-ray point source

Synchrotron X-ray source

Turntable

Turntable

Planar
detector

Planar
detector

Sample

Sample

Cone Beam Configuration

Parallel Beam Configuration

Fig. 2.1  Illustration of different beam configuration geometries
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More recently, new detectors based on complementary metal oxide semiconduc-
tor (CMOS) technology became available and are implemented in systems for 
in vivo imaging of small animals [16, 17]. The following table contains a list of 
laboratory sub-micro and nano-CT systems with resolution and voxel size <1 μm 
(Table 2.1).

An issue limiting the brightness for electron impact x-ray sources is the heat load 
at the anode that can bring to its local melting. This problem has been solved with 
the introduction of the liquid-metal-jet anode (MetalJet) technology that overcomes 
this limit by replacing the traditional anode by a thin high-speed jet of liquid metal 
(Fig. 2.2). In such a way, melting of the anode is no longer a problem as it is already 
molten. Usually, with these systems, the obtained brilliance is one order of magni-
tude higher than a solid anode x-ray tube [19], the electron beam power density can 
be ten times higher, and a sufficient grade of spatial coherence is achieved, thus 
allowing the use of phase-contrast imaging techniques [20].

3.2  �Synchrotron Light Sources and Compact Sources

Synchrotron radiation (SR) is generated by an electron traveling at relativistic speed 
changing its direction of movement. SR covers a large spectrum of electromagnetic 
waves, from infrared to hard x-rays. Its main characteristics are the high intensity 
(three to four orders of magnitude higher than conventional x-ray tubes), the high bril-
liance, and the low-divergence emission. SR is produced in large accelerator-based 
facilities equipped with different magnetic structures (bending magnets and insertion 
devices) optimized to maximize radiation production for the different experimental 
purposes and user requirements (see Fig. 2.3). SR is extracted from the accelerators 
and transported to the experimental stations through the so-called beamlines.

Table 2.1  Overview of laboratory sub-micro and nano-CT-systems with resolutions and voxel 
sizes <1 μm

CT-device

Best 
resolution 
[μm]

Minimum 
voxel size 
[nm3]

Max. sample 
size [mm] Ref./source

GE phoenix 
nanotom m

~1.0 300 250 × 240 www.ge-mcs.com/
download/x-ray.phoenix-x-ray/
nanotom_m_ s_DE_GE1T-0113

Bruker 
Skyscan 2211

~0.9 100 Diameter: 204 
Length: 200

www.skyscan.be/products/2211

Zeiss Xradia 
510 Versa

~0.7− 70 Up to 300 www.xradia.com/versaxrm-510

NanoXCT - 50 Several mm www.nanoxct.eu, demonstrator 
available at RayScan

Zeiss Xradia 
810 Ultra

~0.05 16 0.065 (FOV) www.xradia.com/
zeiss-xradia-810-ultra

Reproduced from Ref. [18]
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Imaging beamlines are made up of several components used for beam shaping, 
focusing/defocusing, filtering, and monochromatization. Experimental stations at 
hard x-ray imaging beamlines are generally located at high distance from the source 
and are, usually, designed and equipped to handle specific experiments, according 
to the samples under study, taking into account the photon flux, the energy range, 
the focus, and the collimation of the x-rays. The SR beam is characterized by a high 
level of spatial coherence; this allows to exploit the phase shift effects occurring to 
transmitted x-ray waves as a further mechanism contributing to image formation.

Contrary to the x-ray tubes, natively synchrotrons provide laminar, nearby paral-
lel geometry, so there is low magnification of the object on the detector, and scatter 
contribution to image formation is negligible. The use of monochromatic x-rays 
makes negligible the beam hardening artifacts, which is fundamental to extract 
quantitative information about the sample (such as composition, density, morphol-
ogy, etc.).

Fig. 2.2  Principle of a solid anode x-ray tube (a) and a liquid-metal-jet x-ray tube (b). (Reproduced 
from Ref. [21])

Fig. 2.3  Sketch of a curved section showing a bending magnet and an insertion device. 
(Reproduced from www.esrf.eu)

S. Pacilè and G. Tromba
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Monochromaticity is also essential for dual-energy applications such as the 
K-edge subtraction (KES) imaging. This technique exploits the large difference in 
x-ray absorption of elements at energies around the K-absorption edge. In biomedi-
cal imaging, since the first application by B. Jacobson in 1953 [22], KES has been 
widely employed in vascular studies where a contrast agent with high Z like Iodine 
is injected into the blood vessels. Two images acquired at two energies, i.e., one 
above the K edge and one below the K edge, are logarithmically subtracted, and an 
image with the iodine distribution is obtained. The KES approach has been more 
recently adopted in preclinical research for lung functional studies on rabbits. In this 
case, the used contrast agent was Xenon gas inhaled by the animal during a con-
trolled respiratory cycle. An updated review of recent results obtained with KES is 
available in [23].

Exploiting the high intensity of SR beam, recent achievements showed the pos-
sibility to shorten as much as possible the scan times, enabling fast, real time studies 
(4DCT) of dynamic processes [24].

In the last decade, a considerable effort has been devoted to the development of 
alternative x-ray sources, less expensive and smaller than synchrotron facilities, 
known as “compact x-ray light sources (CXLS),” able to produce high-intensity 
x-ray beams that mimic the features of SR. Some of these sources are in operation, 
and others are under construction in Europe (e.g., MuCLS, ThomX, STAR) [25–27] 
and worldwide (see Table 2.2). For most of them, the physical principle relies on the 
inverse Compton scattering (ICS), where an ultra-relativistic electron bunch, collid-
ing with a laser pulse, is back-scattered as hard x-rays. The emission cone has an 
opening of a few mrad, and the energy bandwidth is a few percent. The produced 
x-ray beam rises in the same direction as the electrons. The energy required for the 
electrons is of the order of 50 MeV, and accelerator schemes are based on linear 
accelerators or small storage rings less than 5 m in circumference (Fig. 2.4), whereas 
synchrotrons need a circumference of nearly 1000 m [28].

Table 2.2  List of some of the ICS sources in operation or under study/development worldwide

Project/source name Type Energy (keV) Flux (10% bandwidth) Source size(μm)

PLEIADES (LLNL) LINAC 10–100 107 (10 Hz) 18
SLAC LINAC 20–85
Waseda University LINAC 0.25–0.5 2.5 × 104 (5 Hz)
AIST, Japan LINAC 10–40 106 30
Tsinguha University LINAC 4.6 1.7 × 104

LUCX (KEK) LINAC 33 5 × 104 (12.5 Hz) 80
MIT project LINAC 3–30 3 × 1012 (100 MHz) 2
SPARC-PLASMONX LINAC 20–380 2 × 108 − 2 × 1010 0.5–13
TERAS (AIST) Storage ring 1–40 5 × 104 2
Lyncean Tech Storage ring 7–35 1012 30
TTX (THU China) Storage ring 20–80 1012 35
ThomX, France Storage ring 50 1013 (25 MHz) 70

Reproduced from Ref. [29]
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4  �Image Formation Principles (X-ray Interaction 
with Matter)

At microscopic level, the interaction between x-rays and matter occurs in three fun-
damental ways: the photoelectric effect, the Compton effect, and coherent scattering.

The photoelectric effect occurs when an incident x-ray photon, of a certain energy 
E = hν (where h is Planck’s constant and v is frequency), hits an atom in which the 
binding energy of the electrons is lower than E, so that it is absorbed by the atom. The 
interacting electron is raised to a state of the continuous spectrum, i.e., the electron of 
a lower shell is kicked off the atom and travels through the material as a free photo-
electron. Then the photon is absorbed. The hole created in the deep shell is filled by 
an outer-shell electron. Since the outer-shell electron is at a higher energy state than 
the inner shell, the so-called characteristic radiation is emitted. Thus, the photoelec-
tric effect produces a positive ion (the affected atom lacks an electron to be electri-
cally neutral), a photoelectron, and a photon of characteristic radiation (Fig. 2.5).
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High power laser
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Storage ring

Storage ring scheme
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Fig. 2.4  Basic schemes of compact Compton sources. (Copyright 2015, with kind permission 
from Elsevier [29])
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The second interaction, i.e., the Compton scattering, occurs when the x-ray photon 
energy is higher than the electron binding energy. In this case, the x-ray photon frees 
the electron from the atom and is scattered losing a part of its initial energy.

An interaction of this kind produces a scattered photon and a positive ion. The 
photon can be deflected at any angle from 0 to 180°, according to a certain angle 
distribution depending of photon energy and sample composition.

In the coherent scattering, there is not an ionization process. The incident elec-
tromagnetic wave, with its oscillating electric field, induces a momentary vibration 
on the target atom, and the oscillating electrons emit radiation of the same wave-
length (energy) as the incident one. Therefore, the scattered photon has the same 
energy on the primary one.

The overall result of these three interactions is that the x-ray photons, passing 
through a material, are either absorbed or scattered. Scattering is detrimental in the 
image formation as it contributes to increase the noise level.

4.1  �Absorption Law

To describe the image formation, it is necessary to pass from interaction processes 
of a single x-ray photon to the quantitative attenuation of an x-ray beam taking into 
account absorption and scattering. In general, the mechanisms behind x-ray imag-
ing can be explained by the complex refractive index of the sample. At macroscopic 
level, the absorption of a monoenergetic incident x-ray beam in a homogeneous 
material (i.e., with uniform density and atomic number Z) can be described by:

	 I I e x= −
0

µ∆

	 (2.1)

where I is the intensity of the beam after running through the matter and I0 is the 
incident intensity; Δx is the thickness of the material. μ is known as linear attenu-
ation coefficient, and it is given by a linear combination of the photoelectric, 
Compton, and coherent scattering effect. Equation 2.1 is called Beer–Lambert 

x-ray photon

a b

x-ray photon

photoelectron

characteristic
radiation recoil electron

scattered x-ray
photon

Fig. 2.5  Illustration of (a) photoelectric interaction and (b) Compton interaction. (Reproduced 
from Ref. [32])
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law [30]. Clearly, a high value of μ means that materials are able to attenuate the 
x-ray more than objects with low μ values. As an example, in medical imaging, 
x-ray photons are more attenuated by bones (high μ) than by soft tissues (low μ). 
When dealing with a nonuniform object, i.e., an object made of several smaller 
homogeneous elements with different absorption coefficient, the incident inten-
sity of a single element is given by the outgoing intensity of the previous one. 
Applying this concept to every single element repeatedly in a cascade fashion, 
the result is:

	
I I e e e I ex x x x

n nn

N

= … = ∑− − − −
=

0 0
1 2 1µ µ µ µ∆ ∆ ∆ ∆

	 (2.2)

Dividing both sides by I0 and taking the negative logarithm, Eq. 2.2 becomes:
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Assuming that Δx is approaching to zero, the summation in this latter equation can 
be written as an integral over the length of the object in the following way:
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 = ( )∫ln

0

µ dx

	

(2.4)

This equation says that the logarithm of the ratio of the entrance x-ray intensity over 
the transmitted x-ray intensity represents the line integral of the absorption coeffi-
cient along the x-ray path. The term p in CT is usually known as projection: it rep-
resents the starting point for the image reconstruction process that is discussed in 
Chap. 5.

4.2  �Phase-Based Techniques for X-ray Imaging

As specified before, x-ray propagation through matter can be described by mean of 
the complex refractive index, expressed as:

	 n i= − +1 δ β 	 (2.5)

δ represents the refractive index decrement, which is related to the phase shifts of 
the electromagnetic wave in the matter and, therefore, its deviation from the inci-
dent direction [31]. β is the absorption term which is linked to the absorption of 
x-rays into the matter, due to the photoelectric effect and scattering. The absorption 
index is linked to the linear absorption coefficient μ, by means of the following 
relation [33]:
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µ

πβ
λ

=
2

	
(2.6)

where λ is the x-ray wavelength. In the diagnostic x-ray energy range, the refractive 
decrement δ is up to three orders of magnitudes higher than the absorption term β. 
Consequently, the phase shift effects can be much larger than the absorption effects, 
on which conventional techniques are based. Therefore, thanks to the phase shifts 
contributions, the sensitivity of the imaging system can be greatly enhanced, par-
ticularly when the contrast rising from the differences in absorption are not suffi-
cient to distinguish tiny details from the background, as in the case of breast tumor 
lesions embedded in glandular tissue.

Moreover, since phase-based x-ray imaging methods can provide good quality 
images even with low x-ray absorption, energies higher than those typically used in 
radio-diagnostic imaging can be used. This means that, by selecting a suitable 
energy, it is possible to ensure a low radiation dose to the patient (keeping low the 
imaginary part β) and at the same time obtain good phase-contrast images (with 
well-discriminated features), being the refractive index decrement sufficiently large.

In the last 20 years, different approaches for phase-based x-ray imaging methods 
have been explored and are nowadays widely applied. In the following paragraphs, 
the most diffused phase-sensitive methods will be briefly described, namely, 
propagation-based imaging (PBI), analyzer-based imaging (ABI), edge illumina-
tion (EI), and Talbot (or grating) x-ray interferometry (GI). Several reviews partially 
or fully dedicated to these topics have appeared quite regularly in the recent scien-
tific literature, such as Fitzgerald [34], Suortti and Thomlinson [35], Lewis [36], 
Momose [5], Bravin et al. [6], and Zhou and Brahme [37]. Moreover, Olivo [38] 
focused on the patents and intellectual property issues related to phase-sensitive 
techniques; finally, wider more general works were published by Nugent [39] and 
Paganin [40].

4.2.1  �Propagation-Based Imaging Technique

The propagation-based imaging (PBI) is the simplest kind of phase-contrast tech-
nique as no optical elements are needed in the beam, and there is no constraint for 
beam monochromaticity. With this modality, as the beam passes through the object, 
parts of the wave front, having done different deflections, interfere producing a 
characteristic pattern that is registered by a detector placed at a suitable distance 
(Fig. 2.6) from the sample itself [41, 42]. Due to the Fresnel diffraction, the phase 
shifts are then converted into detectable intensity variations [43]. In order to achieve 
interference of the propagating beam, a very high degree of spatial coherence is 
required, and a high-resolution detector is needed to observe the fringes.

The PBI modality can be included in the differential phase-contrast imaging meth-
ods, as the image signal depends on the spatial variation of the phase shift induced 
by the sample rather than directly on it. The image contrast signal in this method is, 
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at a first approximation, proportional to the Laplacian of the phase shift in a plane 
perpendicular to the optical axis. The phase signal is strongly dependent on the effec-
tive propagation distance (called defocus distance) defined as D = z1 z2/(z1 + z2), where 
z1 and z2 are the source-to-sample and the sample-to-detector distances, respectively. 
For z1 ≫ z2 the effective distance is mainly dominated by the propagation distance, 
so D ≃ z2. This is a usual condition found in synchrotron beamlines.

Varying the defocus distance, considering a monochromatic plane wave, and 
considering the transverse characteristic length scale h of the sample (the size of the 
smallest present feature), four regimes can be defined [44, 45]:

•	 Absorption regime: the sample-to-detector distance is close to zero.
•	 Near-field diffraction regime: the effective propagation distance is relatively 

small, such that rF
2 = λD ≪ h2. The term rF is the radius in the sample plane of 

the so-called Fresnel zone, and it determines the finite region in the object that 
contributes to a point P in the image. In these conditions, the contrast is formed 
locally around specific object features. The boundaries of details inside the object 
are strongly enhanced (well-known effect of “edge enhancement”), and a distinct 
interference pattern corresponds to each edge, giving reliable information on the 
object morphology. To express the above condition for the near-field regime, a 
Fresnel number must be defined as NF ≡ h2/(λD), so that NF ≫1.

Fig. 2.6  Comparison between (a) conventional attenuation imaging, where the detector is in con-
tact with the sample, and (b) PPCI, where the detector is placed at a suitable distance in order to 
allow the detection of a typical edge-enhanced image profile. (Reproduced from Ref. [37])
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•	 Fresnel regime: here the defocus distance is rF
2 = λD ≈ h2, which is equivalent to 

NF ≈1.
•	 Fraunhofer regime: the effective propagation distance is quite large and is 

rF
2 = λD ≫ h2, and then NF ≪ 1. In this condition, the interference fringes can be 

well detected, but they cannot be related to a specific edge of the sample, so that 
the sample morphology is not recognized.

Thus, based on the different experimental setups, the Fresnel diffraction pattern 
highlights different features of the object. It can be demonstrated that the image is 
most sensitive to a given frequency range f of a particular phase feature at a distance 
D defined as D  ≈  1/(2λf2). At this distance, the phase-contrast contribution is 
maximized.

In order to retrieve a quantitative information on the absorption and on the 
phase shift caused by the object on the beam, a series of algorithms have been 
studied. This inverse problem is usually solved by coupling a set of Fresnel dif-
fraction patterns recorded at different distances z. A simplified algorithm based 
on the transfer of intensity equation (TIE) and using a single PB distance is 
widely applied, with the near-field regime for homogeneous samples, to decouple 
phase from absorption effects [46–50]. This algorithm is also applied to increase 
image contrast and facilitate analysis in propagation-based images, where the 
obtained edge enhancement effects improve the visibility of structure details but 
hamper further quantitative analysis relying on threshold-based segmentation of 
the data sets.

As an example, an application of TIE phase-retrieval algorithm (PhR) in com-
parison with PBI is shown in Fig. 2.7. The sample was a mouse lung studied at a 
distance of 30 cm at a beam energy of 22 keV. As indicated in the detailed views, 
PBI (Fig. 2.7a) presents strong edge effects when compared with PhR (Fig. 2.7b). 
However, on the basis of gray value histograms, it can be seen that these effects 
prevent a clear image segmentation, while, in the PhR image, different tissue struc-
tures were clearly segmented with respect to air, being the gray level histogram 
clearly composed of two peaks.

4.2.2  �Analyzer-Based Imaging

Analyzer-based technique (ABI) makes use of an analyzer crystal placed between 
the sample and the detector (Fig. 2.8) in combination with a monochromatic and 
collimated x-ray beam. The sample produces a deviation (refraction) of the trans-
mitted beam according to the real part δ of the refractive index. The crystal acts 
as an angular band-pass filter, selectively accepting or rejecting such photons. 
According to its orientation, only a narrow angular range of x-rays, those satisfy-
ing the Bragg law for diffraction, are transmitted to the detector and contribute to 
the image [52]. Thus, working with different orientations of the analyzer crystal 
with respect to the direction of primary beam, different refraction effects can be 
exploited, providing extra contrast in addition to x-ray absorption.

2  Introduction to X-Ray Micro-tomography
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By the nature of the method, ABI produces images of the gradient of the refrac-
tive index in the sample. It has to be noticed that, in Fig. 2.8, all the crystals are used 
in Bragg geometry, but alternative arrangements have been developed using the 
Laue diffraction [53, 54].

The basic principle relies on the fact that, when the analyzer crystal reaches per-
fectly the peak of its reflectivity curve (known as rocking curve), it acts as an anti-
scattering grid, giving a well-defined pure absorption image. According to the 
crystal orientation with respect to the primary x-ray beam, it is possible to study 
additional phase effects. ABI images, indeed, are usually represented by a mixture 
of absorption, refraction, and small and ultra-small angle scattering effects that can 
be extracted by combining images produced at different positions of the crystal 
rocking curve.

4.2.3  �Edge Illumination Imaging

Similar to ABI, edge illumination (EI) method is based on the detection of the 
refraction angles suffered by photons when crossing the sample. Different from 
ABI, EI does not make use of a crystal but is based on two systems of collimated 
slits placed just behind the sample and in front of the detector, to detect refraction 
effects. In the simplest technique implementation used at a synchrotron, shown in 

Fig. 2.7  Reconstructed slice from a micro-CT scan of a mouse lung using PBI (a) and the TIE 
PhR (b). Corresponding profiles in point P obtained are shown together with the overall gray level 
distribution histogram. (Reproduced from Ref. [51])
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Fig.  2.9 [56–58], the setup is composed of a first slit placed before the sample 
(called pre-sample slit), used to collimate the beam, and a second slit, called detec-
tor slit, that is aligned with one pixel’s row of the detector. The two slits have the 
same opening (some tens micrometers), but they are slightly misaligned.

In this way, the beam exiting from the first slit reaches the edge of the detector 
slit and is partially stopped by the second slit (partial illumination condition). If 
there is a sample in the system, the beam is refracted; thus the small portion of the 
beam falling on the detector slit is shifted by the quantity ∆y = zod tan (∆θy), where 
zod represents the distance between the sample and the detector slit and ∆θy is the 
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Fig. 2.8  Sketch of an ABI setup. The rocking curve is obtained with no sample in the beam. When 
the sample is put onto the beam, the rocking curve acts as an angular band-pass filter, and the 
analyzer crystal selectively diffracts photons according to their deviation angle DyR (x,y) upon 
exiting the sample. (Reproduced from Ref. [55])
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component of the refraction angle in the direction orthogonal to the slits. For small 
refraction angles, in the order of microradians, the shift can be approximated to 
∆y ≈ zod (∆θy); the displacement is typically less than few micrometers for propaga-
tion distances of about 1 m. If the beam is shifted toward the aperture, the counts on 
the detector increase and vice versa; if the deviation goes toward the slits, the counts 
on the detector are less. In this way, it is possible to translate the refraction angles 
caused by the object into a modulation of the intensity on the detector. Like for ABI, 
EI produces images of the gradient of the refractive index in the sample. The whole 
image of the sample can be obtained scanning the sample, step by step, in the direc-
tion orthogonal to the slits and then pasting together all the single lines.

A modified setup has been developed for conventional x-ray tubes, as the tech-
nique does not require a coherent source [59, 60]. In this case, the above described 
working principle can be achieved by substituting the two slits with two masks 
(Fig. 2.10), characterized by several apertures, and the vertical sample scan is no 
more needed [61].

4.2.4  �Grating X-Ray Interferometry

Grating-based imaging (GI) system bases its functioning on the use of grating inter-
ferometers. The technique is based on the optical phenomenon discovered by Talbot 
in the 1830s and foresees the use of a phase grating and an analyzer grating [62]. 
According to this phenomenon, under x-ray illumination, the image reproducing the 
grating is repeated at regular distances dT = 2p2/λ, where p is the period of the grat-
ing. The object causes absorption, refraction, and scattering effect on the x-ray 
beam, modifying the interference pattern produced by the grid. Accordingly, the 
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Fig. 2.10  Scheme of laboratory EI setup based on the use of an x-ray tube and a pair of masks. 
(Reproduced from Ref. [29])
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angular shifting can be exploited as an intensity modulation on the detector, measur-
ing the changes in the interference pattern with and without the sample. The second 
grating is placed at a fractional Talbot length distance (dT) and is needed to analyze 
the interference pattern (Fig. 2.11). Allowing a direct registration of the x-ray phase 
shifts, the technique gives access to the measure of sample refractive index and 
produces optimal results for small or smooth phase gradients.

There are two methods to discriminate the different contributions to the signal: 
the phase-stepping technique and the method making use of the Moiré fringes.

Both of them can be used to obtain planar and tomographic images and are able 
to produce information about both real and imaginary component of the complex 
refractive index [64, 65].

The described setup is the one typically used in synchrotron facilities, as it 
requires a high degree of spatial coherence of the x-ray beam. However, the GI 
method can be implemented in conventional x-ray tubes, using a third additional 
grating, called Talbot-Lau interferometer.

Fig. 2.11  Sketch of the typical grating interferometer. (a) Talbot interferometer (two-grating 
setup) used with spatially coherent sources such as synchrotron radiation. (b) Talbot–Lau interfer-
ometer (three-grating setup) used with incoherent radiation, for example, from a standard x-ray 
tube. (Reproduced from Ref. [63])
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Conventional polychromatic x-ray sources can be efficiently used with the 
phase-stepping configuration, as the position of the interference fringes arising 
behind the source grating is independent of the wavelength over a wide x-ray energy 
range [64]. On the contrary, the Moiré configuration allows the use of a moderate 
polychromaticity, as a wide bandwidth of energies decreases the visibility of the 
Moiré fringes and worsens the image quality [66].
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Chapter 3
Role of Benchtop Microtomographic 
Systems in Tissue Engineering

Rossella Bedini, Deborah Meleo, and Raffaella Pecci

Abstract  Microtomographic system for laboratory (microCT) is a miniaturized 
form of the traditional computerized tomography. It allows for three-dimensional 
(3D) investigations of small radiopaque objects, with a high resolution of few 
micrometers, in a noninvasive and nondestructive way. Compared with the conven-
tional electron microscopy techniques that produce only bidimensional images, the 
microCT is used to obtain a three-dimensional analysis of a sample with no need to 
cut and no need of particular surface treatments at all. Therefore, the microCT may 
satisfy the ideal requirements of 3D microscopy.

In this chapter, through a clinical research work of bone tissue regenerative med-
icine, we want to highlight the peculiar characteristics of this laboratory instrumen-
tation for 3D imaging.

Three different bone substitute biomaterials were implanted in the human bone 
in an in vivo clinical study. Subsequently, human bone samples grafted with the 
aforementioned biomaterials were studied by microCT and histology analysis.

Then, 2D histological and 3D microCT images of these samples have been 
obtained, together with morphometric analysis performed on the microCT data. 
Although the microCT analysis shows better results for investigating bone substi-
tute biomaterials implanted in human bone tissue, the histological analysis is still to 
be complementarily coupled for the observation of soft tissues and blood vessels.

Therefore, the main objective of this research work was to provide surgeons with 
the most suitable bone substitute to be used as scaffolds in specific clinical 
applications.

In tissue engineering, the benchtop microCT can then contribute to the design of 
a 3D biocompatible scaffold for the in vitro growth of autologous cells and, more 
generally, for wound repair and tissue regeneration.
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1  �Introduction

In biomedical research, nowadays, with the developing of new electronic techniques 
and the evolution of dedicated software, it is possible through algorithms to virtu-
ally reconstruct an object by means of data acquired by different diagnostic tech-
niques (i.e., X-rays, ultrasounds, etc.).

This is the main feature of the three-dimensional (3D) X-ray microtomography 
(microCT), a technology reproducing 3D images of the inner/outer structure of a 
sample that, in turn, does not need to be treated or cut before the investigation, pro-
viding a more reliable result due to the non-alteration of the sample itself.

In fact, other techniques, such as electron microscopy and histology analysis, 
usually require sample treatment before observation; this may influence its condi-
tions, providing poorly reliable results. Furthermore, in order to observe the internal 
structure of the samples, it is sometimes necessary to cut them, which can lead to 
predictable damaging consequences.

The microCT, on the other hand, allows original sample preservation by running 
of various tests on the same object and, if necessary, by observation of the differ-
ences between its initial and final condition. This procedure is impossible to achieve 
with traditional microscopy methods, because it would be necessary to construct 
different sets of samples, one for electron microscopy observations and another for 
histological analysis.

Moreover, it has been demonstrated that the microCT can provide qualitative and 
quantitative information on 3D morphology and microarchitecture of a sample, 
sometimes in a more effective way than the abovementioned traditional methods.

The microCT is, in fact, similar to conventional computed tomography (CT), but, 
while CT shows images at a maximum spatial resolution of about 0.5 mm, microCT 
can go down to some hundreds of nanometers.

For these reasons, the microCT is used in many studies in order to analyze the 
details of the original structure of different biomaterials and devices, focusing on 
dimensions, shape, internal density gradients, and total porosity and studying the 
distribution and dimension of pores or gaps and their possible interconnections.

However, despite its numerous applications and capabilities, the use of bench-
top microCT has not reached its full potential. Most likely, this is due to the fact 
that researchers in biological sciences are often unfamiliar with the technique 
and its process, including sample preparation, the scanning process, and the 3D 
reconstruction.

Here, we provide the evidence, approaching step-by-step the analysis protocol, 
that the use of the microCT is a valid imaging method, also compared to tradi-
tional ones. More specifically, the final goal is to support the role of benchtop 
microCT technique in the biomedical field of tissue engineering and regenerative 
medicine.
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2  �Bone Tissue Engineering: A Clinical Study Step-By-Step

Since one of the most important issues in bone tissue regeneration strategy is the use 
of scaffolds, an important step to design and optimize this kind of implantable 
devices is to define their morphometric and architectural characteristics through a 
powerful investigative technique like the benchtop microCT [1–15].

Indeed, an ideal bone substitute biomaterial should have the following main 
features: high porosity, large surface area for cell adhesion, and pores large enough 
to achieve the penetration of newly formed vascular structures [6, 14–24].

Here, we describe the microCT imaging and morphometric characterization of 
human bone samples grafted with different bone substitute biomaterials within a 
clinical in vivo study.

Three different cancellous hydroxyapatite biomaterials, commonly used as bone 
substitute, were selected according to the following list:

•	 BS1, bovine hydroxyapatite, (Bio-Oss, Geistlich Biomaterials, Italy);
•	 BS2, dehydrated and deantigenated equine bone (Bio-Gen, Biotek Srl, Milano, 

Italy);
•	 BS3, synthetic bioceramic hydroxyapatite, (ENGIpore, Fin-Ceramica S.p.A, 

Faenza, Italy).

BS1 is derived from the mineral portion of bovine bone and is used by dental and 
oral surgeons in order to generate new bone. This material is used in implantology, 
in periodontology (for diseases affecting the tissue supporting the teeth) and for 
large bone defects in oral and maxillofacial surgery. It supports the body’s natural 
healing processes because it closely mimics the human bone tissue.

BS2 is a biomaterial of equine origin that also acts as osteoconductive material 
to be used in bone regeneration surgery. As it is enzyme deantigenized, it is fully 
remodeled and replaced by patient endogenous tissue. The time required for a com-
plete replacement depends on the anatomical variables (i.e., the ratio between vital 
bone surface and graft site volume) and on other individual factors that vary from 
patient to patient.

BS3 is an innovative synthetic porous bioceramic hydroxyapatite with a trabecu-
lar structure similar to natural bone. It is a ready available bone graft, manufactured 
with highly controlled specifications and free of disease transmission risk. Different 
shapes have been designed to provide surgeons with a full range of products to meet 
the specific bone grafting needs. Its particular structure with highly porosity defines 
its resistance to compression forces, mimicking natural cancellous bone. Once 
grafted in situ, the material rapidly absorbs all bioactive proteins, growth factors, 
and bone precursor cells contained in the physiological fluids. This is the starting 
point of the process leading to an effective bone regeneration.

The clinical in vivo study has been performed on three patients, aged 18–30 and 
in good health conditions, who needed surgical bilateral extraction of totally 
impacted lower third molars.
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An informed consent has been discussed and signed by patients, in accordance 
with the Declaration of Helsinki. The clinical in vivo study was approved by the 
Ethics Committee of the Sapienza University of Rome (Policlinico Hospital 
Umberto I of Rome, Rif.2134/28.04.2011).

Orthopantomography and intraoral pre-surgery examination confirmed the pres-
ence of total inclusion of the lower third molar.

In each patient the post-extraction site of one side was sutured and healed by 
means of clot formation (control site – Ctr), while the other (test site – Test) was 
grafted with chips of one of the bone substitute biomaterials selected for this clinical 
study.

Each biomaterial has been compacted inside the post-extraction socket, pro-
tected on the surface by the application of a collagen sponge (Condress, ABIOGEN 
PHARMA SpA, Pisa, Italy), and the flaps were then closed and sutured into their 
original position.

Sixteen weeks after grafting, after raising a small flap, samples from grafted 
(Test) and non-grafted (Ctr) sites were extracted with a steel surgical trephine drill 
of 3 mm internal diameter (DRILL-300, FMD S.r.l. Medical Devices, Rome, Italy).

Test- and Ctr-samples were obtained in the shape of carrots of bone with a height 
of about 5 mm. They were immediately placed in formalin to be processed through 
microCT.

The benchtop microCT system used in the present investigation is the Skyscan 
1072 (Bruker MicroCT, Kontich, Belgium). This system include a microfocus tube 
generating a cone beam of X-rays, a rotating specimen stub to place the sample onto 
and an electronic detecting system which acquires the images.

The X-ray source was a 10 W microfocus tube (tungsten), which can operate 
at currents up to 98 μA and voltages of 100 kV. The sample can rotate around a 
vertical axis with an angular step normally that was fixed to 0.45° to complete the 
acquisition on 180° in a total time of about 2 h.

Resolution can be chosen ranging from 5 to 20 μm, depending on the sample 
transversal dimensions. In this case, for all Test- and Ctr-samples, a magnification 
(cross-section pixel size) of 95X (corresponding to 3.1 μm) was used to allow 
comparison (qualitative and quantitative) between samples.

This system was equipped with a 1 mm-thick aluminum plate, placed in front of 
the scintillator, used as beam-hardening filter [3, 7–9, 14, 15].

After the microCT acquisition phase, the cross-section axial slices were recon-
structed using the dedicated software Cone_rec (ver. 2.23, Bruker MicroCT, 
Kontich, Belgium), which is based on the cone beam algorithm [25]. The projection 
images, acquired in TIFF format, were reconstructed in slice images in the BMP 
format. Then, these slices were evaluated with the CTAnalyser software (ver. 1.11, 
Bruker MicroCT, Kontich, Belgium) in order to obtain the 3D structure imaging and 
the quantification of the morphometric parameters.

The quantitative analysis requires, with the CTAnalyser software, the binarization 
of the set of slices. The process of binarization requires the choice of a threshold 
value in order to transform the images in new ones composed only of black pixels 
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(bone) and white pixels (non-bone). After binarization, the CTAnalyser software 
allows to calculate the morphometric parameters and to create 3D virtual recon-
structions of the internal structure of the analyzed samples.

An internal region of interest (ROI) was selected for each sample and histomor-
phometric parameters for the corresponding volume of interest (VOI) were calcu-
lated. Primary morphometric indices (volume density – BV/TV and bone surface 
density – BS/BV) [1–18] and secondary indices (trabecular thickness – Tb.Th and 
trabecular separation – Tb.Sp.) were obtained [11, 14, 16, 18] for the quantification 
of bone architecture.

By means of the 3D Creator software (v. 2.5, Bruker MicroCT, Kontich, 
Belgium), it was possible to investigate the inner 3D structure of the samples. This 
software includes several functions for 3D image treatment, achieving by complex 
algorithms an improved imaging of the observed ultrastructures [13, 16, 18]. In 
particular, the range of values corresponding to the gray-scale image varies accord-
ing to the X-ray absorption coefficient of the different structures/tissues, in turn 
linearly dependent, as discussed in the previous chapter, on their mass density. Thus, 
X-rays were more attenuated by high-density materials, which appeared in light 
gray, than by low-density ones, depicted in dark gray in the reconstructed volumes.

After microCT analysis, the bone samples were immersed again in sterile physi-
ological solution for about 10 min for rehydration, and then in 10% formalin, to 
store them for histological investigations.

For histological analysis, each bone sample was embedded in paraffin, and 7 mm 
sections were prepared and stained with hematoxylin and eosin and treated accord-
ing to traditional techniques (no-decalcified samples; hematoxylin and eosin stain-
ing; 100X magnification).

2.1  �Results and Discussion

3D reconstructions of the inner structure have been obtained for each Ctr- and Test-
samples by means of the software 3D Creator. Morphometric parameters were also 
extracted using the CTAnalyser software. The results are reported in Table 3.1.

Table. 3.1  MicroCT-derived morphometric data, expressed as mean (standard deviation)

Parameter
BS1 BS2 BS3
Test Ctr Test Ctr Test Ctr

BV/TV (%) 19.80 (0.05) 28.17 (0.13) 15.07 (0.05) 31.69 (0.13) 23.35 (0.02) 39.25 (0.12)
BS/BV (mm−1) 95.59 (0.05) 90.22 (0.05) 52.25 (0.03) 28.30 (0.03) 84.13 (0.03) 81.06 (0.03)
Porosity (%) 80.20 (0.03) 72.20 (0.05) 84.93 (0.03) 68.31 (0.03) 76.65 (0.03) 60.75 (0.03)
Tb.Th. (mm) 0.08 (0.01) 0.06 (0.01) 0.12 (0.02) 0.08 (0.01) 0.07 (0.01) 0.06 (0.01)
Tb.Sp. (mm) 0.37 (0.03) 0.22 (0.02) 0.70 (0.03) 0.28 (0.02) 0.17 (0.03) 0.09 (0.01)
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The Test-samples showed, for each biomaterial group, BV/TV ratios lower and 
BS/BV ratios higher than the Ctr-samples. Porosity percentages were significantly 
higher in Test-samples than Ctr-samples. Slight mismatches (not significant) were 
obtained comparing the mean Tb.Th., while Test-samples showed higher Tb.Sp. 
values than the respective Ctr-samples.

These data suggest that, after the same grafting time (16 weeks), samples grafted 
with a biomaterial (Test-samples) showed a minor formation of bone than samples 
healed with blood clot (Ctr-samples). This is independent on the bone substitute 
biomaterial origin (bovine, equine, or synthetic) and is possibly explained by the 
healing delay introduced by the scaffold that, on the other hand, guarantees better 
mechanical stability and resistance during the time necessary for a complete healing.

The full 3D reconstruction, in longitudinal (left) and transversal (right) view, of 
the same sample is shown in Figs. 3.1, 3.2, and 3.3 for the BS1, BS2, and BS3 
samples, respectively. In each figure, different colors were selected to discriminate 
structures with different mass density: white to indicate the less radiopaque bone 
portion, pink for the areas that reached a first stage of calcification, and fuchsia for 
the areas that showed a highest level of mineralization.

By comparison of the 3D color maps, it is possible to observe that Test-samples 
showed more areas with high levels of mineralization than Ctr-samples.

This is in agreement with the histological results (data not shown) that evi-
denced an interesting quantity of newly formed bone in Ctr-samples. The newly 
formed bone in Test-samples seems to be lower than in Ctr-samples. Moreover, in 

Fig. 3.1  Bovine-derived hydroxyapatite – BS1. 3D reconstruction, in longitudinal (left) and trans-
versal (right) view, of Test (top)- and Ctr (bottom)-samples
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Fig. 3.2  Dehydrated and deantigenated equine bone – BS2. 3D reconstruction, in longitudinal 
(left) and transversal (right) view, of Test (top)- and Ctr (bottom)-samples

Fig. 3.3  Synthetic bioceramic hydroxyapatite – BS3. 3D reconstruction, in longitudinal (left) and 
transversal (right) view, of Test (top)- and Ctr (bottom)-samples
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Test-samples it was observed also a relevant amount of fibrous connective tissue 
together scaffold residues.

In conclusion, after the same healing time (16 weeks), samples healed with blood 
clot (Ctr-samples) showed a greater formation of bone tissue than samples healed 
with a biomaterial (Test-samples), with widespread areas of mineralization.

This evidence suggests that, regardless of the its chemical and morphometric 
nature, the presence of the biomaterial delays the formation of new bone. This 
result, already known in the literature, thanks to several studies conducted in vitro 
[27, 28] and on animal models [29], is shown in this study on humans with the fun-
damental support of the benchtop microCT.

Furthermore, it is interesting to note that the microCT can also accurately iden-
tify the residues of the biomaterial particles in the grafted bone tissue, especially in 
the case of the use of very radiopaque bone substitutes, such as the biomaterials 
used in the clinical study described above.

3  �Conclusions

The microCT is a 3D imaging technique that was shown, in the experience described 
in the previous paragraph and in several other cases, to be suitable to study the his-
tomorphometric characteristics of a biologic tissue in a nondestructive and noninva-
sive way. It allows the analysis of a sample by means of a stack of 2D slices obtained 
at different sample depths, by means of a software dedicated to the 3D reconstruc-
tion [16, 17].

Using this technique, we have shown in the previous paragraph, step-by-step, a 
clinical study aiming to find the most suitable bone substitute biomaterial for a spe-
cific dental issue.

This clinical study was shown as an example of benchtop microCT technology 
application in biomedical engineering and surgical treatments [6, 7, 26, 29–33].

It has to be stressed that tissue engineering is increasingly oriented toward pro-
duction of 3D biocompatible matrices, allowing the ex  vivo cultivation of stem/
progenitor cells.

Moreover, nowadays, several studies are focused on developing scaffolds doped 
with tissue-inductive factors to increase the graft performance [1–4, 8, 16, 24, 26, 
27, 29]. Indeed, even if the homologous grafts continue to be the gold standard in 
regenerative medicine, the use of heterologous grafts is expected to reduce the 
infection risks in patients.

In this direction, the benchtop microCT could be a powerful tool in selecting the 
best scaffold structure for each tissue engineering application, giving fundamental con-
tribution for the morphometric characterization of the grafted site, also with the final 
goal of supporting the industrial manufacturing of the aforementioned biomaterials.
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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, 

G. Begani Provinciali et al.



55

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 

X-rays

Monochromator

Sample

Sample

Detector

Detector

Detector

Detector

Analyzer
Crystal

Analyzer GratingPhase GratingX-rays

X-raysX-rays

Sample

Crystal
Blade (S)

Crystal
Blade (M)

Crystal
Blade (A)

a b

c d

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
= −

+( )


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







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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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

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



66

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.
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Chapter 5
From Projections to the 3D Analysis 
of the Regenerated Tissue

Francesco Brun

Abstract  Computational imaging techniques such as X-ray computed tomography 
(CT) rely on a significant amount of computing. The acquired tomographic projec-
tions are digitally processed to reconstruct the final images of interest. This process 
is generically called reconstruction, and it includes additional steps prior to or at the 
end of the execution of an actual reconstruction algorithm. Most of these steps aim 
at improving image quality, mainly in terms of artifacts compensation and noise 
reduction. The reconstructed images are then digitally analyzed to derive quantita-
tive data and to support the qualitative visual interpretation. This part involves com-
putational approaches that fall within the generic term image segmentation. Pre- and 
post- segmentation image processing is often required to improve the final quantifi-
cation and extract reliable data from a CT dataset. This chapter presents an overview 
of the reconstruction and segmentation fundamentals for the 3D analysis of high-
resolution X-ray CT data. Better knowledge about artifacts and reconstruction 
issues avoid misinterpretation of the images. Similarly, more insights about the 
limitations of image segmentation and quantification help commenting the reliability 
of the derived numerical values. A deeper understanding of these elements is there-
fore beneficial to optimize the whole workflow that starts from sample preparation 
and leads to CT-based scientific results.

1  �Introduction

Within the whole workflow that starts from the design of a CT-based experiment 
and leads to scientific results, several aspects need to be considered and optimized. 
Different steps or stages are traditionally identified, and each of these involves the 
choice of specific solutions as well as the fine-tuning of the related parameters. 
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In the whole chain that goes from sample preparation to numerical quantitative 
results, every step gives feedback to the previous one, and, coherently, each of these 
steps needs to be tuned having in mind what happens next. There is therefore a 
strong interconnection and interrelation among the stages. Rather than optimizing 
independently each single step, an integrated and thorough approach to the whole 
problem is definitively preferable as it leads to more effective results and a more 
convenient use of the available resources.

Figure 5.1 reports a common workflow of an X-ray CT-based experiment 
with examples of the inherent choices and parameters. Common questions arise 
when designing the experiment, such as: How many samples are required for a 
robust statistical analysis? Should the acquisition protocol favor spatial resolu-
tion or contrast resolution? What amount of noise is tolerated by the segmenta-
tion approach? What is the size of a representative Volume of Interest (VOI) for 
the image analysis protocol? Is there a significant radiation damage that would 
negatively affect further analyses, such as histology? Moreover, when perform-
ing experiments at external facilities such as synchrotrons, the available machine 
time is also a strong constraint to consider when looking for answers to the above 
questions. Most of these points are interrelated, e.g., an accurate knowledge of the 
size of a representative VOI allows optimizing the unavoidable trade-off between 
small pixel size and large field of view (FOV) during projection acquisition. The 
need of a small pixel size (higher spatial resolution) most likely affects the detec-
tor exposure time during the acquisition with further implications for the inherent 
radiation damage.

A CT-based experiment typically involves a research team composed of scien-
tists and researchers having different background and expertise. Although it might 
sound natural to let each member of the team solve their piece of the puzzle and 
produce the best results achievable, a global optimized and effective result is not 
granted without an integrated approach to the experiment.

This chapter focuses on the challenges required by the reconstruction, segmenta-
tion, and quantification stages of a CT-based experiment within tissue engineering 

Fig. 5.1  Common workflow of an X-ray CT-based experiment with examples of some of the 
inherent choices and parameters for each of the involved steps
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and regenerative medicine applications. Special emphasis is given to the case of 
very high-resolution experiments performed at synchrotron facilities where state-of-
the-art imaging and image analysis protocols are investigated.

2  �Reconstruction

Tomography is based on projection measurements described by equations that link 
the radiation source, the interaction of the radiation with matter, and the detector 
[1]. The reconstruction of images from these indirect measurements involves calcu-
lating maps of a characteristic parameter, such as the absorption coefficient or the 
refractive index (as done in phase-contrast tomography) by inverting the measure-
ment equations. Image reconstruction is an inverse problem, in which first the direct 
problem, linking the measurements to the characteristic map, is formulated based 
on physical laws and then the characteristic map is calculated by solving the associ-
ated equations. Roughly, two main approaches are identified when trying to solve 
these equations, i.e., analytical methods and discrete methods.

2.1  �Analytical Methods

Analytical methods rely on a description of the images and measurements by con-
tinuous functions and on a modeling of the physical laws by functional operators. 
They are of particular interest since the inverse operator can be expressed by an 
explicit inversion formula. The algorithmic implementation of these analytical 
methods relies simply on a discretization of this formula. The most commonly used 
analytical method for CT is based on the concept of Radon transform, and the fil-
tered backprojection algorithm is the most widely adopted method for implement-
ing a solution to the inverse problem [1]. Filtered backprojection (FBP) has proven 
to give a fast solution (real time in some applications) for large images even with 
simple hardware resources. From a practical perspective, it requires only minor 
decisions about the specific filtering [2] required (e.g., the so-called Ram-Lak, 
Shepp-Logan, Parzen) and the image interpolation (e.g., linear, bicubic) leading 
therefore to a “ready-to-go” effective solution for the vast majority of practical 
applications. An implementation of the filtered backprojection algorithm is avail-
able in popular computing environments like MATLAB(R). It is also relatively easy 
to replicate and include an FBP implementation in custom software tools. For these 
reasons, filtered backprojection is still the most widely used approach in parallel-
beam CT performed at synchrotron facilities. Similarly, when considering the cone-
beam geometry mainly exploited with laboratory systems based on conventional 
sources, the so-called FDK [3] algorithm is still the most widely used approach [4]. 
FDK is again a convolution-backprojection approach to solve the inverse tomo-
graphic problem.

5  From Projections to the 3D Analysis of the Regenerated Tissue
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Although speed and simplicity are definitely interesting advantages of the ana-
lytical methods, the lack of customization is however an issue when performing 
state-of-the-art CT experiments. When considering applications where the radiation 
dose is a serious concern and/or when only a few and noisy projections are acquired, 
the filtered backprojection approach could produce reconstructed images with inad-
equate quality for practical applications. In fact, analytical methods assume that 
projection data is available for all the angles and the data is free of noise. In many 
practical applications, it is either impossible or undesirable to acquire a large num-
ber of noise-free projections. Moreover, practical CT imaging involves detectors 
that might present miscalibrated pixels (sometimes called dead or hot pixels), and 
rather than correcting these pixels during the acquisition process with information 
coming from the single projection itself, it would be more interesting to simply 
exclude these pixels during the reconstruction process and let the inherent interpola-
tion involved in the reconstruction step compensate for the exclusion of these pixels 
[5]. Unfortunately, the filtered backprojection approach does not offer an easy way 
to perform similar customizations.

2.2  �Discrete Methods

Discrete methods are not based on a modeling of the tomographic problem with 
continuous functions, but they consider the discrete nature of digital images. These 
methods permit integration of prior information on the acquisition process and on the 
images to be reconstructed, and they allow the flexible use of diverse optimization 
criteria. Since an algebraic solution with iterative approaches is typically involved, 
these methods are also referred as algebraic methods or iterative methods. According 
to this approach, the acquired sinogram is represented as a singular column vector

	
p = …( )p pM

T

1, , 
	

and, similarly, the reconstructed image is

	
f = …( )f fN

T

1, , .
	

According to the number and size of each detector column, the number of 
acquired projections and the desired pixel size of the reconstructed image (see 
Fig. 5.2), a M × N weight matrix (also called system matrix), are defined as
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and therefore the algebraic formulation can be modeled as the matrix product
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	 p Af= 	

which means that performing a discrete tomographic reconstruction consists in find-
ing f by, e.g., minimizing the 𝓁2-norm of the projection error:

	
χ 2 2

= −Af p
	

It can be easily noticed that A is huge even for relatively small images and of course 
noise affects the measurements p. Because of this, it is often impossible to use direct 
methods such as singular value decomposition to find f.

Instead, it is more appropriate to use methods in which the projection error is 
iteratively minimized. Different mathematical optimization methods can be used for 
this, leading to different algebraic reconstruction methods. For example, if the pro-
jection error is minimized by using gradient descent steps [6] on the projection 
error, the result is the simultaneous iterative reconstruction technique (SIRT). Other 
examples are the CGLS method where the projection error is minimized by a 
conjugate gradient least square method [7] and the algebraic reconstruction tech-
nique (ART) [8] where the error is minimized by the Kaczmarz method.

Iterative reconstruction methods were originally used by Hounsfield to obtain 
images with the first CT prototype [9]. They were rapidly abandoned when the size 
of the problem rapidly grew with the size of measurements and images. It simply 
became impractical to reconstruct images in a reasonable time with these techniques 
with the hardware available at the time. However, in recent years, massively parallel 
commodity graphics hardware (graphics processing units, GPUs) has led to a redis-
covery of these methods since reasonable execution times are now feasible. 
Nowadays, it is safe to assume that any serious attempt at developing an advanced 
reconstruction algorithm for practical applications requires hardware acceleration, 

Fig. 5.2  The X-ray beam does not traverse each pixel of the image to reconstruct equally. The area 
of the pixel section that has actually been passed through must be included in the system of equa-
tions as a weighting
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often from modern GPUs. CT reconstruction packages supporting GPU operations 
and available with permissive or public domain licenses include OpenRTK [10], 
ASTRA [11], and TIGRE [12].

Despite their computational demand, algebraic approaches are interesting for 
their flexibility when trying to handle realistic acquisitions. For instance, it is 
extremely easy to exclude one or more defective pixels from the system matrix. 
Since algebraic methods use a model of the tomographic problem that includes only 
the projections that are actually acquired rather than assuming that an infinite num-
ber of projections are available, they tend to handle the problem with a limited 
number of acquired images better than analytical methods. Moreover, the effect of 
noise in the projection data can be limited in most algebraic methods by stopping 
the iteration process early, which is a form of implicit regularization. Algebraic 
approaches have proved to be useful when dealing with a reduced number of noisy 
projections, such as in extremely low-dose applications or ultrafast tomography.

2.3  �Hybrid Approaches

It is worthy to mention that in recent years, efforts have been spent to combine the 
advantages of analytical methods, i.e., the computational efficiency, with the advan-
tages of algebraic methods, i.e., a better handling of noise and a limited number of 
projections. Recently, a new reconstruction method called minimum residual fil-
tered backprojection (MR-FBP) has been introduced [13]. MR-FBP is based on an 
algebraic model of the tomographic problem, resulting in a method that can recon-
struct objects with limited data with higher accuracy than analytical methods. The 
linear system to minimize, however, is based on filtered backprojection. Therefore 
the system is much smaller than the ones used in algebraic methods or other 
approaches, leading to a computationally efficient method. Similarly, a method that 
approximates the algebraic SIRT by computing a special filter for the filtered back-
projection called SIRT-FBP has been also proposed [14]. The resulting method can 
achieve a reconstruction quality similar to algebraic method using however existing 
computationally efficient FBP implementations.

Figure 5.3 reports a simple comparison of different reconstruction approaches 
when considering a test object acquired at the SYRMEP beamline of the Italian 
synchrotron (Elettra – Sincrotrone Trieste S.C.p.A.). The test object consists of a 
polyoxymethylene (CH2OH) cylinder, 16 mm in diameter, in which six holes of 
3 mm diameter have been drilled parallel to the cylinder axis. The holes were filled 
with water (H2O), paraffin wax (C25H52), glycerol (C3H8O3), glucose (C6H12O6) 
10 g/50 ml, and glucose 23 g/50 ml, and one of them was left empty. The object was 
scanned with the following experimental parameters: energy  =  21  keV, sample-
detector distance = 300 mm, and nominal voxel size = 9 μm. Only 180 projections 
were considered for reconstructing the images reported in Fig. 4.3. It can be noticed 
that while the most classical approach based on FBP leads to a noisy reconstructed 
image where some of the elements can barely be recognized, refined algorithms are 
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able to reconstruct an image presenting a multimodal histogram where the inclu-
sions within the test object can be more easily segmented. Several applications can 
greatly benefit from a reconstruction workflow where iterative algorithms can be 
used. CT acquisitions with a reduced number of projections can be therefore consid-
ered, thus leading to a minimization of the radiation damage, faster experiments, or, 
simply, more samples per experiment.

2.4  �Artifacts in CT

In addition to noise, practical CT imaging is also affected by specific artifacts that 
might complicate the subsequent segmentation. Several artifacts can be identified 
and classified [15]. For instance, sample-specific artifacts are motion artifacts, pho-
ton starvation (due to strong shape irregularities of the imaged object), and metal 
artifacts. A physics-related artifact called beam hardening might occur with poly-
chromatic sources. However, when imaging a regularly shaped and steady object 
without spurious internal metallic elements and under the assumption of monochro-
matic or quasi-monochromatic incident beam, the most significant and recurrent 
artifacts are called ring artifacts.

Practical CT imaging involves a step called flat fielding where a number of “flat” 
(also called open-beam or white) images are acquired and used as a reference to 
compensate the illumination inhomogeneities as well as camera or scintillator 
imperfections. To collect the flat images, the sample is removed from the field of 

Fig. 5.3  A comparison of different reconstructions when considering a CT dataset with a reduced 
number of projections. From left to right: conventional analytic method (FBP); a hybrid approach 
(MR-FBP); algebraic method (SIRT). The corresponding gray-level histogram is reported below 
each image (the same gray-level window was used for all the images) [Linear scale gray-level 
histogram in black and logarithmic scale in gray]
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view, and a few images are acquired with the same source and detector settings 
further used to scan the object. Each projection is then normalized according to an 
average of these images, and this should compensate for most of the irregularities of 
the source/detector system. Refined flat fielding approaches have been also recently 
proposed to better compensate the beam fluctuations, especially for synchrotron 
radiation tomography where a multilayer monochromator is used [16]. Although 
flat fielding already reduces the effects of ring artifacts, additional image processing 
is commonly necessary to mitigate ring artifacts.

Ring artifacts arise from inhomogeneities in the individual pixel response of 
detector elements. They result from the reconstruction of stripe artifacts in the sino-
gram image; therefore de-striping the sinogram prior to the actual reconstruction is 
a classical way to face the problem. However, if a reconstructed slice is transformed 
into polar coordinates assuming the center of rings as the center of the Cartesian to 
polar conversion, the problem of ring artifacts compensation can be still brought 
back to a de-striping issue. Doing so, de-striping filters may be applied directly to 
transformed reconstructed slices. Several approaches have been proposed to both 
pre-reconstruction filtering and post-reconstruction filtering [17]. Interesting 
approaches involve also handling the ring removal issue within the reconstruction 
process by customizing an algebraic method [18].

Figure 5.4 shows an example of a high-resolution micro-CT slice corrupted by 
ring artifacts. The scanned object is an alginate/hydroxyapatite bone tissue engi-
neering scaffold embedded in simulated body fluid [19]. CT scans were performed 
by means of a cone-beam CT device with a conventional X-ray source and with the 
following parameters: distance source-sample  =  100  mm; distance source-
detector = 400 mm; 1440 tomographic projections over a 360 scan angle; tube volt-
age = 40 kV; tube current = 200 μA; exposure time = 2.6 s; focal spot size = 5 μm; 

Fig. 5.4  Example of ring artifacts and compensation. On the left: reconstructed image without the 
introduction of an additional ring removal. On the right: reconstructed image with an additional 
ring removal compensation
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and resulting spatial resolution = 6.25 μm. Ring artifacts were compensated after 
reconstruction by applying a de-striping method to the polar coordinate converted 
slice [20].

Ring artifacts compensation is still an open problem for several applications. 
When considering also propagation-based phase-contrast imaging where the pro-
jections are digitally processed with a phase retrieval algorithm, three options for 
ring removal can be therefore identified: ring compensation before phase retrieval, 
after phase retrieval (and prior to the actual reconstruction), and after reconstruc-
tion. No general strategy can be suggested. An effective solution is most likely 
acquisition- and sample-dependent [21]. For sure the reconstruction step in high-
resolution CT imaging has to include a solution to handle the ring artifacts.

3  �Segmentation

The key step for the quantitative analysis is called segmentation, which roughly 
implies a classification of the voxels aimed at identifying the interesting objects 
within the reconstructed volume and labels each of them with a single value. 
Segmentation involves reading the grayscale volume and producing an image hav-
ing as many labels as the number of identified objects or phases. It is almost 
impossible to enumerate all the proposed approaches for segmentation. Moreover, 
some of them are difficult to extend to the three-dimensional case and therefore 
will not be taken into account in this chapter. Computational aspects have also to 
be considered as the memory requirement is a serious concern for volumetric 
image processing.

3.1  �Thresholding

The simplest approach to segmentation is based on the evaluation of the gray value 
of each pixel against a single global threshold value: if the gray value falls below the 
specified threshold, the pixel is labeled as 0, otherwise it belongs to a different class, 
and therefore it will be assigned to value 1 (or something different from 0). For 
some applications, the resulting binary volume can be further refined with the appli-
cation of a connected components labeling algorithm [22] in order to assign differ-
ent labels to each separated blob. The result is sometimes represented as 
pseudo-colors in order to visually appreciate the identified objects.

Global thresholding is extremely simple and fast, but it requires an input gray-
scale volume with adequate image quality. A high amount of noise in the image 
might affect the segmentation leading to several misclassified voxels, i.e., “black 
and white” binary noise in the segmented image. To this aim, pre-segmentation fil-
tering, e.g., edge-preserving smoothing [23, 24], or post-segmentation approaches, 
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e.g., morphological image processing [25], might be considered to improve the 
actual segmentation. Figure 5.5 reports an example of alginate/hydroxyapatite scaf-
fold segmented with global thresholding with the addition of a post-processing 
“cleaning” procedure to get rid of misclassified voxels [26].

The key parameter in the thresholding process is the choice of the threshold 
value. The simplest way is to let users manually choose a threshold value. This 
value is usually chosen via visual evaluation of the results produced by a few trials 
with different threshold values. The starting point for this trial-and-error assessment 
is usually the image intensity histogram. In the case of an image intensity histogram 
that is clearly bimodal, with two relatively narrow peaks corresponding to the object 
and to the background, the threshold may be easily determined as the histogram 
minimum between the two peaks. However, the volume to segment may present an 
image histogram that does not consist of two separate peaks. In the presence of such 
a monomodal histogram, more efforts are required. A manual assessment of the 
threshold is subjective, and factors like room lighting, monitor brightness/contrast 
settings, operator fatigue, and limited grayscale shade perception can affect the 
reproducibility of this manual approach.

Automatic thresholding algorithms might be preferable. They overcome the 
subjectivity of manual thresholding, and they can also speed up the analysis pro-
cess as the manual assessment of the threshold might be a time-consuming task for 
some applications, e.g., where a great number of images have to be analyzed. A few 
automatic thresholding methods are hereafter briefly reviewed. Kittler and 
Illingworth [27] proposed a method that consists in arbitrarily dividing the histo-
gram into two parts, modeling each part with a normal distribution, comparing the 
model with the histogram, and assuming as optimal the threshold that minimizes a 
minimum error criterion function. Ridler and Calvard [28] advanced an iterative 
scheme in which at step n, a new threshold Tn is established using the average of 
the foreground and background class means. Iterations terminate when the changes 
|Tn − Tn+1| become sufficiently small. Otsu [29] suggested minimizing the weighted 
sum of intra-class variances of the foreground and background voxels to establish 

Fig. 5.5  Global thresholding with an additional “cleaning” procedure. From left to right: original 
crop of a micro-CT slice; global thresholding; refinement of the thresholded image after the 
removal of misclassified voxels. For the sake of clarity, only a 2D image is represented, but the 
process is performed in the 3D domain
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an optimum threshold. Tsai’s method [30] determines the threshold imposing that 
the first three moments of the input image are preserved in the output image. Pun’s 
method [31] is based on entropic thresholding: an entropy-thresholded image is the 
one that preserves (as much as possible) the information contained in the original 
image in terms of entropy. Kapur et al. [32] improved Pun’s approach considering 
the image foreground and background as two different classes of events. When the 
sum of the two class entropies reaches its maximum, the image is said to be opti-
mally thresholded.

Adaptive (sometimes called local or dynamic) thresholding has been also pro-
posed. Whereas the conventional thresholding operator uses a global threshold for 
all the voxels, adaptive thresholding changes the threshold dynamically over the 
image. A simple approach for adaptive thresholding is Niblack’s algorithm [33]. 
When extended to the 3D case, the idea of this algorithm is to build a threshold 
based on local mean m and local standard deviation s computed in a N × N × N 
neighborhood of each voxel. For each voxel, the threshold T is computed as T = m 
− k ∗ s where k is a constant user-defined “tuning” parameter (the other parameter 
being the “window” size N). Adaptive thresholding of 3D images is in general com-
putationally intensive. Moreover, since some “tuning” parameters have to be 
assessed by means of a “trial-and-error” approach, the total time of the segmenta-
tion might result excessive for some applications.

3.2  �Region-Based Segmentation

The thresholding methods described in the previous section are based on the inten-
sity properties of an image. The logical extension is to consider also the spatial 
properties of the image for segmentation. Region growing takes into account neigh-
boring pixels having similar intensity. However, in practice, constraints, some of 
which are reasonably complex, must be placed on the growth pattern to achieve 
acceptable results. Most of the region growing approaches have to be considered 
semiautomatic segmentation methods as at first user intervention is required to 
select seed voxels.

Two examples of region growing algorithms are here mentioned. Brice and 
Fenema [34] have developed a region growing method based on a set of simple 
growth rules. In the first stage of the process, pairs of pixels are combined together 
in groups called atomic regions if they are of the same amplitude and are spatially 
connected. Two heuristic rules are next invoked to dissolve weak boundaries 
between atomic regions. Adams and Bischof [35] have proposed a seeded region 
growing algorithm in which the user manually selects a set of seeds that placed in 
areas of visual homogeneity. The seeds can be single voxels for nearly noise-free 
images, or they can be small clusters of voxels to provide some degree of noise 
tolerance for noisy images. Then, conventional region growing proceeds with one 
new pixel added to each of the N seeded regions. The process proceeds until adja-
cent regions meet at a common boundary.
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Most region growing techniques have an inherent dependence upon the location 
of seeds for each region. As a consequence, the segmented result is sensitive to the 
location and ordering of seeds. The region growing process is also iterative, and 
therefore it can be computationally intensive for high-resolution volume images as 
μ-CT datasets.

3.3  �Clustering and Multiphase Segmentation

Classification algorithms are based on the assumption that the image to segment 
depicts one or more features and that each of these features belongs to one of several 
distinct and exclusive classes. The classes may be specified a priori by the human 
supervisor (as in supervised classification) or automatically clustered (i.e., as in 
unsupervised classification) into sets of prototype classes, where the supervisor 
merely specifies the number of desired categories. Image classification analyzes the 
numerical properties of various image features and organizes data into categories. 
Classification algorithms [36] typically employ two phases of processing: training 
and testing. In the initial training phase, characteristic properties of typical image 
features are isolated, and, based on these, a unique description of each classification 
category, i.e., training class, is created. In the subsequent testing phase, these 
feature-space partitions are used to classify image features. The description of train-
ing classes is an extremely important component of the classification process. In 
supervised classification, statistical processes (i.e., based on an a priori knowledge 
of probability distribution functions) or distribution-free processes can be used to 
extract class descriptors. Unsupervised classification relies on clustering algorithms 
to automatically segment the training data into prototype classes.

The most commonly used clustering method is the k-means algorithm. It is an 
unsupervised clustering algorithm that classifies the input data points into multiple 
classes based on their inherent distance from each other. The algorithm starts 
selecting K cluster centers. The selection can be performed manually, randomly, or 
by a heuristic approach. Each voxel in the image is then assigned to the cluster that 
minimizes the distance between the voxel and the cluster center. This difference is 
based on gray-level intensity, but it can combine also location measures. Cluster 
centers are then updated by averaging all of the voxels in the cluster. Previously 
steps are repeated until no voxels change clusters.

3.4  �Refinement of Segmentation Results

The segmentation should be able in principle to produce a binary image having each 
object represented by a set of contiguous voxels (connected component). However, 
in some cases this could be hard to obtain due to a limited spatial and contrast reso-
lution or due to an imperfect segmentation process. Moreover, some volumes 
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feature objects physically interconnected which however have to be considered as 
separated, or they are better characterized if they would be separated. Therefore, it 
is sometimes necessary to isolate each region to segment with additional image 
processing in order to achieve an accurate characterization.

The already-mentioned field of morphological image processing with the basic 
dilation and erosion operators [26] might help for the object isolation/separation 
issue. Dilation and erosion might be effective in some cases; however they could 
affect the accuracy of a more comprehensive characterization of the segmented 
phase that includes size and shape descriptors. A way to handle the object separa-
tion issue is by means of watershed segmentation [37]. Figure 5.6 shows an applica-
tion of the automatic separation process performed exploiting an approach based on 
watershed segmentation. The alginate/hydroxyapatite scaffold was segmented with 
global thresholding plus an additional refinement (see Fig.  5.5). Then the single 
interconnected cells were separated for further measurements with watershed seg-
mentation. Only the cells completely included into the considered sub-volume are 
identified and labeled with pseudo-colors.

3.5  �Volume of Interest (VOI) Selection

Instead of segmenting the whole reconstructed CT volume, a Volume of Interest 
(VOI) is typically considered. In the final reconstructed volume, not all the voxels 
are equally significant for further analysis. In addition to the scanned object, the 
background and the sample holder could be part of the images. A VOI within the 
sample has to be identified. Although in principle any VOI size and shape could be 
considered, the representativeness of the VOI should be assessed and discussed 
before performing the quantification. In most cases, a regularly shaped small cube 

Fig. 5.6  A micro-CT sub-volume of an alginate/hydroxyapatite scaffold was segmented with 
global thresholding plus an additional refinement. Then the single interconnected cells were sepa-
rated for further measurements with watershed segmentation. Only the cells completely included 
into the considered sub-volume are identified and labeled with pseudo-colors. A single 2D image 
is shown in the central panel, but the process is applied to the 3D domain as suggested by the vol-
ume rendering in the right panel
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within the imaged object is selected. The adoption of spherical VOIs has been also 
proposed for some applications (e.g., a quantification of the anisotropy); however 
the vast majority of computing tools are designed to handle three-dimensional 
matrices. The size of this 3D matrix is however a critical point. The selected VOI 
should be representative (and therefore sometimes the acronym REV – representa-
tive elementary volume – is used); therefore it should be large enough to compre-
hend all the heterogeneous features of the sample. A common rule of thumb is to 
select a VOI having size one order of magnitude greater than the average size of the 
structures to analyze. However, on the other hand, the VOI should be small enough 
to fit the constraints imposed by the available computing hardware resources, and, 
of course, a smaller VOI reduces the computational time of the subsequent analysis. 
Moreover, the VOI size depends also on the method used for the quantification of a 
specific feature. While a small VOI could be adequate for the computation of, e.g., 
the global porosity, a bigger VOI might be required for the assessment of, e.g., the 
degree of connectivity. A simple method based on the consideration of variable size 
VOIs has been proposed, for instance, in Brun et al. [17] to assess the minimum 
representative size for each of the derived quantitative parameters.

3.6  �Validation of the Segmentation Results

A validation of the applied segmentation is in most of the cases left to user experi-
ence. Although methods for a quantitative assessment of segmentation results might 
consider a cross-check with external data (such as histology), visual inspection by an 
expert supervisor is still the most commonly adopted method to assess the reliability 
of a proposed segmentation. A successful segmentation must be judged by the utility 
of the description that is obtained using the resulting objects. As image enhancement is 
generally subjectively performed, a “good” segmentation is also subjectively assessed.

The choice of the segmentation approach (e.g., the choice of the threshold value 
with the parameters of some additional pre- or post-segmentation filtering) is a criti-
cal step within the whole workflow of a CT-based experiment. Ideally two or more 
reasonable segmentation protocols should be compared in order to assess the range 
of reliability of the final computed values. A possible strategy is to consider a 
slightly under-segmented and a slightly over-segmented volume. Both the images 
are then used as input of the final quantification step, and a confidence interval could 
be defined for the derived numerical values.

3.7  �Segmentation-Oriented Reconstruction

Although reconstruction and segmentation have been presented so far as consecu-
tive separated steps, in recent years an attempt to combine the two has been intro-
duced. In cases where a volume is composed of a few homogeneous phases and the 
primary intention is to distinguish these, the field of discrete tomography can be 
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considered [38]. It consists in reconstructing the volume image with the prior 
knowledge that only a small number of gray levels are expected. By exploiting this 
knowledge, the produced images typically contain fewer artifacts and do not have to 
be segmented, as they already contain one gray level for each composition. Although 
not widely adopted yet, discrete tomography is a promising field since, in general, 
it works effectively also with a reduced number of noisy projections. Provided that 
a robust discrete tomography solution is identified and applied in a reasonable 
amount of time, CT acquisitions with a reduced number of projections seem there-
fore feasible, thus leading to a minimization of the radiation damage, faster experi-
ments, or, simply, more acquisitions per beamtime.

4  �Quantification

The segmented reconstructed VOI is the starting point for the derivation of mean-
ingful measurements of the scanned object. The parameters to quantify depend on 
the specific applications; however a few families of features are commonly identi-
fied and hereafter described.

4.1  �Basic Structural Analysis

A set of basic morphometric indices such as relative density (or porosity) and sur-
face density is used to characterize the segmented object [39]. The computation of 
these values is extremely simple as it is just based on the number of segmented 
voxels in the VOI. In the case of surface density, only the voxels of the surface of the 
identified objects are considered, i.e., the voxels at the interface between the seg-
mented object and the background. In several applications, a simple quantification 
of the amount of regenerated tissue is required, and high-resolution micro-CT com-
bined with VOI selection and segmentation allows to derive reliable values.

Figure 5.7 reports an example where porous glass-ceramic scaffolds for bone 
regeneration [40] were imaged with synchrotron radiation X-ray micro-CT after 
in vitro treatment in simulated body fluid (SBF). Different scaffolds were imaged 
before the treatment, after 2 weeks and after 4 weeks of embedding in SBF. The 
amount of newly formed apatitic phase can be quantified by simply counting the 
number of segmented voxels.

4.2  �Thickness Measurements

In several applications the segmented regenerated tissue is composed of small struc-
tural elements, and a characterization of these might be desirable. An example is 
bone tissue engineering where a quantification of the size of the trabeculae is of great 
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interest as it directly correlates with the biomechanical properties of the regenerated 
tissue. The most interesting and model-independent approach for the characteriza-
tion of the local thickness in a voxel p of a segmented VOI is based on the evaluation 
of the largest sphere, containing the point p and which is completely inside the struc-
ture [41]. The diameter of the maximal inscribed sphere is easily derived from a 
binary VOI by considering the concept of distance transform of the segmented vol-
ume. For each voxel in a binary image, the distance transform is able to assign a 
number that is the distance between that voxel and the nearest background voxel. 
The object thickness is therefore the local maximum of the distance transform within 
an identified connected component. Figure 5.8 reports an example where the tra-
becular thickness of a newly formed bone is assessed after segmentation and compu-
tation of the distance transform. A maximal inscribed sphere can be also overlaid to 
the original image in order to visualize the point where the local thickness is assessed.

4.3  �Anisotropy

Another parameter often used to understand the biomechanical properties of the 
regenerated tissue directly from the segmented images is the geometric degree of 
anisotropy [42]. The anisotropy corresponds to the preferential orientation(s) of the 

Fig. 5.7  Quantification of newly formed bone in glass-ceramic scaffolds. Measurements were 
carried out on the samples for each time step. From left to right: scaffolds as such; scaffolds soaked 
in SBF for 14 days; embedding for 28 days. A crop of the micro-CT slice is presented in the top 
row and a volume rendering in the bottom row. The images show the scaffold material (gray) and 
the newly formed apatitic phase (red). The amount of newly formed bone can be quantified by 
simply counting the number of voxels represented with red color
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elements. It is constituted under the influence of strengths applied to the tissue and per-
mits to establish resistance to these strengths in a given preferential direction. A struc-
ture is isotropic if it has no preferred orientation. Cowin and Laborde [43] introduced 
the term fabric as a description of the local anisotropy, and a fabric tensor was defined 
as any positive-definite second-rank tensor, which quantitatively describes fabric.

A method to derive anisotropic measurements, i.e., the presence of preferential 
orientations, is based on the concept of mean intercept length (MIL) reported in 
Fig. 5.9. The basic principle of the MIL method [44] consists of counting the num-
ber of intersections between a linear grid and the object/background interface as a 
function of the grid orientation ω. The mean intercept length (an intercept is the line 
between two intersections) is calculated as the ratio between the total length L of the 
line grid and the number of intersections. MIL measurements in 3D may be fitted to 
an ellipsoid which can be expressed as the quadratic form of a second-rank tensor 
M [45]. A fabric tensor H is defined as the inverse square root of M. Since the eigen-
vectors (u1, u2, u3) of the fabric tensor H give information about the direction of the 
axes of the ellipsoid, and the eigenvalues (t1, t2, t3) express the radii of the ellipsoid, 
the latter can be used to define the degree of anisotropy, which denotes the ratio 
between the maximal and minimal radii of the MIL. The eigenvalues are commonly 
summarized using the isotropy index I = t3/t1 and the elongation index E = 1 − t2/t1. 
The isotropy index I measures the similarity of a fabric to a uniform distribution and 
varies between 0 (all observation confined to a single plane or axis) and 1 (perfect 
isotropy). The elongation index measures the preferred orientation of a fabric in the 
[u1, u2] plane and varies between 0 (no preferred orientation) and 1 (a perfect pre-
ferred orientation with only parallel observations).

4.4  �Connectivity

When the imaged regenerated tissue features an interconnected pore space, one of 
the goals of the analysis might be a quantification of the degree of connectivity. 
While it was shown in the previous sections that an interconnected pore space can 

Fig. 5.8  Assessment of the trabecular thickness in a newly formed bone. From left to right: origi-
nal image; segmented image; distance transform represented with gray level; overlaid maximal 
sphere. The local maximum of the distance transform can be considered the center of the maximal 
inscribed sphere, and this sphere can be also overlaid to the original image in order to visualize the 
point where the local thickness is assessed. For the sake of clarity, the concept is represented in 2D, 
but it applies to the 3D segmented domain
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be transformed into a “disconnected” set of blobs by means of, e.g., watershed 
segmentation, approaches for the characterization of the connectivity were not 
introduced yet. When this measure is of particular interest, skeleton analysis might 
be a model-independent effective approach. Skeleton analysis is based on the 
extraction of the curve-skeleton of a binary 3D image [46], i.e., a description of the 
binary object in terms of nodes and branches. The curve-skeleton (or, simply, 
skeleton) is a set of idealized connected thin lines that preserve the original topology 
and capture both boundary and region information forming what can be intuitively 
thought as the “spine” (or medial axis) of the object.

Several automatic methods for curve-skeleton extraction have been proposed in 
the literature. Practically, the skeleton is defined in terms of these desirable proper-
ties: homotopy, i.e., the skeleton is topologically equivalent to the original image 
(the skeleton and the original image have the same number of connected compo-
nents, tunnels, and cavities); thinness, i.e., the skeleton is one voxel wide; and medi-
alness, i.e., the skeleton is centrally located within the foreground objects (a skeleton 
should grant this property to be called medial axis). Different skeletonization 
algorithms behave differently in terms of these properties.

By scanning the skeleton, it is possible to extract the number of nodes n and 
branches b. The quantity 𝜒V = n − b provides a measure of connectivity by indicat-
ing the number of redundant connections: the breaking of a single connection will 
leave the network less connected, thus increasing the value of 𝜒V, while the addition 
of a redundant connection will decrease it. In order to normalize this measure with 
respect to the size of the considered volume V, the parameter “connectivity density” 
𝛽 computed as 𝛽 = (1 − 𝜒V)/V is commonly adopted [47]. The connectivity density 
does not carry information about positions or size of connections, but it is a simple 
global measure of connectivity, which gives higher values for better-connected 
structures and lower values for poorly connected structures.

Fig. 5.9  Mean intercept 
length (MIL) method. The 
number of intersections 
(represented in green) 
along randomly generated 
lines (as the ones with 
origin in point P1 and P2, 
respectively) is counted in 
the segmented binary 
volume. For the sake of 
clarity, the concept is 
represented in 2D, but it 
can be easily extended to 
the 3D domain
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Similar to the concept of coordination number used in chemistry and crystallog-
raphy (i.e., the number of atoms or ions immediately surrounding a central atom in 
a complex or crystal), a measure of local connectivity can be also introduced by 
considering the number of branches that spread out from a single node. Due to limi-
tations of the skeletonization process, merging criteria are required to avoid the 
consideration of very small branches connecting two adjacent nodes and derive 
more reliable values for the local coordination number.

Figure 5.10 reports the extracted skeleton where nodes and branches are identi-
fied to derive connectivity density and the local coordination number. By inflating 
spheres (with the same principle based on distance transform used to derive thick-
ness measurements) and looking for an overlap of these spheres, it is possible to 
merge two nodes separated by a very small branch in order to compute a more reli-
able coordination number. The principle is explained in Fig. 5.10 where a skeletoni-
zation algorithm [48] has been applied to the pore space and two nodes having 
coordination number 3 are identified without merging, while a single node having 
coordination number 4 is considered after an overlap of the inflated spheres cen-
tered onto each skeleton node.

5  �Conclusion

In this chapter an overview “from projections to measurements” was presented, 
introducing the most significant computational aspects of high-resolution CT imag-
ing and image analysis. The challenges of reconstruction and artifacts compensation 
were commented, and, most significantly, it was shown how to extract reliable 
quantitative parameters or descriptors directly from segmented CT images.

Fig. 5.10  Assessment of connectivity. The curve-skeleton of the pore space can be extracted, thus 
leading to a model composed of nodes (red) and branches (yellow). While two nodes having coor-
dination number 3 each are identified without merging (on the left), a single node having coordina-
tion number 4 is considered after merging (on the right)
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At the end, the crucial question of how much can one trust the computed values 
arises. The whole process that leads to a quantitative characterization of a sample 
via imaging and image analysis presents several intermediate choices and trade-offs 
that surely affect the reliability and reproducibility of the final results. The final 
results depend on several aspects, and some of them are not directly correlated to 
computation, such as whether the sample to image is adequate and representative 
for the goals of the experiment, whether the desired characteristics of the sample are 
actually detectable by imaging, whether the proper sub-volume of the sample is 
examined, and whether the correct images with adequate quality are acquired. An 
incorrect consideration of these aspects invalidates the results derived via imaging 
and image analysis.

Provided that a representative sample was adequately imaged and the acquired 
images are of a sufficient quality, a characterization of some properties of the sample 
by means of image analysis still presents crucial aspects. The most crucial ones are 
the segmentation of the images and the size of the Volume of Interest (VOI) as well 
as its location within the reconstructed volume. Again, inaccurate segmentation and 
inadequate VOI selection invalidate the final computed measurements. User super-
vision is often required in order to get accurate results. Anyway, with adequate 
software tools and with accurate knowledge of the challenges and limitations of the 
computational aspects involved in CT imaging and image analysis, carefully per-
formed image reconstruction, segmentation, and quantification protocols are indeed 
attractive tools for tissue engineering and regenerative medicine applications.
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Chapter 6
In-Line X-Ray Phase Tomography  
of Bone and Biomaterials for Regenerative 
Medicine

Max Langer

The aim of this chapter is to present recent developments in X-ray tomography 
using in-line phase contrast and their applications to mineralised tissue, whether 
bone or artificial biomaterials, at micro- and nanoscale. Recently, the main efforts in 
reconstruction algorithms for in-line X-ray phase contrast imaging have been to 
push resolution towards the nanoscale and extend the possibilities for quantitative 
imaging to more general objects. The first is made possible by the use of X-ray 
optics and the second by the introduction of more advanced priors in the reconstruc-
tion. We summarise here these developments and outline recent applications of 
these techniques, namely, nano-tomography of the ultrastructure of bone and micro-
tomography of bone formation in artificial bone grafts as well as in healthy growing 
mice. While still relatively little used in the field of regenerative medicine, we hope 
that these examples will stimulate further studies in this field.

1  �Introduction

X-ray computed tomography on the micrometric scale (μCT) is nowadays a stan-
dard technique in the characterisation of biological materials such as bone [1–5]. 
Due to the penetrative nature of X-rays, it is ideally suited to study hard, opaque 
tissues. It is a 3D technique, which allows the precise study of certain structures 
such as trabecular bone, vessels, collagen texture and osteocyte lacunae without the 
need to resort to stereology. Further, if a sufficiently monochromatic beam is used, 
it is a quantitative technique permitting densitometric imaging [6]. This is of special 
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interest in the study of regenerative medicine, since characterisation of, for example, 
bone healing is tantamount to evaluating the progression of mineralisation in the 
newly formed bone tissue.

These properties make X-ray μCT a prime candidate as a characterisation tool in 
biomaterial research and regenerative medicine, especially in the case of miner-
alised tissue. The specific challenges of imaging such samples have proven some-
what limiting, however, due to insufficient sensitivity of X-ray μCT.  Often, the 
structures of interest are lowly contrasted, for example, small mineralisation gradi-
ents in forming bone, or vessels, fat and other soft tissues embedded in hard tissues 
such as bone or mineralised scaffolds. A concrete example is the imaging of 3D 
cultures of bone cells on a mineralised substrate, where ideally newly formed bone, 
pre-bone matrix, bone cells, vessels as well as mineralisation of bone and substrate 
should be quantified. This application will be discussed more in detail below.

While certain structures, e.g. vessels, can be enhanced by the use of contrast 
agents [7, 8], this often poses the risk of altering the structure to be imaged. One 
way to increase the sensitivity of X-ray μCT is to use phase contrast [9]. While 
several ways of achieving X-ray phase contrast exist [10–15], if a sufficiently coher-
ent source, such as a synchrotron, is used, X-ray phase contrast can be achieved 
simply by placing the detector a small distance away from the sample [16]. The 
contrast thus achieved is due to Fresnel diffraction. The resulting imaging modality 
can be several orders of magnitude more sensitive than standard (attenuation-based) 
X-ray imaging depending on the material (particularly in soft tissue, the contrast is 
enhanced). To achieve a quantitative imaging modality, an additional reconstruction 
step has to be performed, however: to reconstruct the phase shift in the object from 
the Fresnel diffraction phase contrast images through a process known as phase 
retrieval [17]. The resulting phase images can then be used in conjunction with 
tomographic imaging to create 3D reconstructions of the refractive index and by 
extension the mass density distribution in the object.

Here, we will show the latest developments of X-ray phase contrast μCT relevant 
to imaging in regenerative medicine and recent applications. Nano-tomography of 
bone ultrastructure shows great promise for the analysis of cellular structure as well 
as collagen and mineral distribution at the ultrastructural level. So far only the proof 
of concept has been reported, but the technique should provide plenty of opportu-
nity for studies, e.g. of bone healing and pathology [18–24]. In micro-tomographic 
imaging, newly developed reconstruction algorithms have provided unprecedented 
insight in bone formation in healthy growing mice [25] and in bone cell culture in 
mineralised 3D substrates [26].

2  �Method

When an X-ray beam passes through an object, it is mainly affected in two ways: it 
might be absorbed in the object (through the photoelectric effect), which changes its 
amplitude, and it might be retarded in the object, which changes its phase. For 
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X-rays we can consider the object completely described by the complex refractive 
index.  Both the attenuation and the phase shift induced by the object can be 
described as projections through the absorption and refractive index distributions. 
This means that both parts of the complex refractive index can be reconstructed by 
tomographic reconstruction if amplitude and phase can be measured or recon-
structed for different angular settings of the sample.

For the relatively short propagation distances we are interested in here, usually 
up to 1 m, the effect of propagation on the exit wave field can be described in the 
framework of Fresnel diffraction. Such an image is referred to as a Fresnel diffrac-
tion pattern or a phase contrast image. Intensity is measurable in essentially every 
plane downstream of the object, but the phase shift is lost and has to be recon-
structed from intensity images. There is a quantitative but non-linear relationship 
between the induced phase and the contrast.

We can distinguish two distinct imaging setups: one for phase contrast μCT and 
one for nano-CT.

In-line X-ray phase contrast μCT uses essentially the same imaging setup as 
μCT but with the detector mounted on a translation stage, or fixed at a position 
downstream of the sample stage, to permit the free space propagation necessary for 
the phase contrast fringes to become visible [27] (Fig. 6.1a). This setup is limited in 
resolution by the scintillating screen used to convert X-rays to visible light and the 
visible light microscope used to image the scintillating screen onto the CCD cam-
era. This gives a diffraction-limited resolution of ~400 nm depending on the wave-
length of the light emitted by the scintillator. This is the same resolution limit as in 
visible light microscopy-based techniques such as histology and histomorphometry.

Fig. 6.1  Imaging setups in synchrotron radiation propagation-based phase contrast imaging. (a) 
In X-ray microscopy, X-rays are taken from an insertion device and then optionally monochroma-
tised depending on the application. The long source to sample distance yields a high degree of 
spatial coherence necessary for good phase contrast fringe visibility. The sample is mounted on a 
translation-rotation stage (standard SR-μCT setup). The detector, consisting of a scintillator, light 
microscope optics and a CCD, is mounted on a translation stage to allow for free space propagation 
of the beam after the sample. (b) In nanoscopic imaging, the incoming (parallel) X-ray beam is 
first focused into a focal spot using reflective optics. The sample is placed between the focal spot 
and the detector in the resulting divergent beam to create geometric magnification. The sample is 
placed on a translation stage (with the detector position kept fixed) to vary the propagation distance 
and magnification [18]
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X-ray in-line nano-tomography uses X-ray reflective (Kirkpatrick-Baez) optics to 
focus the X-ray beam [28]. The sample is then placed behind the focus in the resulting 
divergent beam (Fig. 6.1b). This setup achieves geometric magnification (projection 
microscopy) on the X-ray side. The image formed on the scintillator is thus already 
magnified and is then further magnified by the visible light optics. This setup is in theory 
diffraction limited by the wavelength of the X-rays (0.1–1 nm for hard X-rays) and in 
practice limited by the quality of the X-ray optics and the stability of the imaging setup.

In the microscopic case, the recorded images can be used directly as input to a tomo-
graphic reconstruction algorithm [29]. This gives rise to images that are enhanced at 
the interfaces between different materials in the sample. This is roughly a superposi-
tion of the standard (attenuation) tomogram and the second derivative of the real part 
of the 3D complex refractive index distribution and is often called edge-enhancement 
tomography or sometimes simply phase contrast tomography. In nano-tomography, 
due to the high resolution and the resulting relatively long propagation distance, the 
phase contrast fringes are much too delocalised to be useful in direct reconstruction 
[28]. Here, phase retrieval becomes a mandatory step to achieve useful images.

While edge-enhanced imaging can be an interesting technique in its own right, 
it is often more interesting to consider the quantitative (but non-linear) relationship 
between phase shift induced on the beam by the object and the resulting phase con-
trast. This relationship can be used to reconstruct the phase shift at the exit of the 
sample through a process usually called phase retrieval. Phase retrieval is a nontriv-
ial, non-linear inverse problem and is still the subject of active research [30–38]. We 
focus here on two recent developments of particular interest for imaging in regen-
erative medicine, namely, extension of linear phase retrieval algorithms to include 
multi-material and heterogeneous objects [30, 39] and the use of a non-linear conju-
gate gradient method to improve the resolution in the reconstruction [18].

Due to the physics of the image formation, the transfer of information from 
phase to contrast in the low spatial frequency range is low (this can be understood, 
e.g. through observing that the phase contrast is approximately proportional to the 
second derivative of the phase shift, as mentioned above). Because of this, the 
reconstructed refractive index can be affected by strong low-frequency noise [40]. 
This can strongly inhibit the possibility to quantitatively analyse the reconstructed 
samples. This kind of artefact has been handled by introducing information in the 
low frequency range from the measured attenuation [41, 42].

By assuming that the object is homogeneous, the phase (and equivalently the 
attenuation, considering strict proportionality between attenuation and phase) can 
be estimated from a single phase contrast image [41]. This has proven to be a very 
successful method due to the facility of using a single phase contrast image. Great 
care must be taken when imaging heterogeneous objects, however, especially if 
quantitative (densitometric) results are required: the ratio between the real (related 
to phase) and imaginary (related to attenuation) part of the refractive index must 
vary within a narrow range, and a careful calibration must be performed to correct 
for the bias introduced by the homogeneity assumption [43].

A more recent development seeks to overcome the limitation of homogenous 
objects by using an attenuation tomogram as prior knowledge on the low spatial 
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frequencies of the phase [30, 39]. A tomographic scan at a short distance (depending 
on the resolution; short enough that phase contrast fringes are not too visible) is 
reconstructed and then processed in various ways to achieve an estimate of the low 
spatial frequencies of the real part of the refractive index. This new volume is then 
forward projected and used as a prior in a least square minimisation problem to 
retrieve the phase. This approach has some advantages, namely, it is quantitative 
even for non-homogeneous objects (not for all objects, however; it is somewhat 
dependent on the composition. Some materials, for example, bone, show a conve-
nient quantitative, non-linear functional relationship between attenuation and 
phase). It also permits (somewhat paradoxically) to reduce the imaging dose by 
recording images at several distances, fractioning the dose between the images [44]. 
The disadvantages, on the other hand, are the increased complexity of using several 
distances. Each sample requires somewhat longer total acquisition time (due to 
camera displacements; the exposure time can actually be reduced for a given final 
image quality) and more storage space, and the images at each projection angle have 
to be realigned through image registration (albeit this problem has been thoroughly 
addressed in literature) [45]. Also, this method can clearly not be used in in situ and 
high frame rate imaging due to the requirement of images at several distances.

The two approaches mentioned above are based on linearised versions of the 
forward problem, however. In high-resolution imaging (approximately <1 μm in 
practice), the non-linear contributions start to be important. This presents itself 
mainly as a loss of resolution. Several methods to overcome this problem have been 
suggested [18, 33, 34, 46, 47]. The most successful so far seems to be the method 
based on a non-linear conjugate gradient algorithm [18]. This algorithm must be 
initialised with a reconstruction sufficiently close to the desired reconstruction, usu-
ally with a reconstruction using a linear algorithm, to yield good results. It has been 
shown to improve resolution of the reconstructions in the nano-tomography case, 
although there is no reason to believe it should not improve image quality in the 
microscopic case as well. This would be achieved at the cost of a substantially 
increased computation time (albeit fully acceptable using current computational 
resources: currently around 10 min per projection, fully parallelisable over the pro-
jections due to the independence of the projections in tomographic imaging). It 
should be noted that this type of algorithm does not seem to improve the low spatial 
frequency content of the images. Regularisation-based methods such as the ones 
mentioned above seem to be mandatory to resolve this problem.

3  �Applications

3.1  �Nano-tomography of Bone

Nano-tomography has proven to be a very interesting imaging modality for bone 
imaging. This is due to the ability of X-rays to image the otherwise opaque material 
in 3D coupled with the ability to reach resolutions below 100 nm, which is impor-
tant for the imaging of the osteocyte network, which presents structures down to 
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approximately 100 nm [48]. While imaging of the osteocyte network was the first 
intended application, the first in-line nano-tomography study of bone revealed that 
the high sensitivity of the technique made possible to also study the collagen struc-
ture of bone, as well as mineralisation on the <100 nm length scale [20, 48].

3.1.1  �Analysis of Collagen Structure

Effectively, the lacuno-canalicular network (LCN) can be imaged over a relatively 
large field of view (Fig. 6.2) with very good spatial resolution. The bone matrix 
appears strongly textured, showing an arching structure (Fig. 6.2a–c). This arching 
structure can be identified, by comparison to qBEI [49] and TEM [50] images, to be 
due to the oblique virtual cutting of the mineralised collagen fibrils. The texture due 
to the collagen fibrils is sufficiently contrasted to be studied directly in 3D using 
texture analysis [19].

Using this technique, it can be seen that the mineralised collagen fibrils in this 
sample are organised in a plywood structure, consisting of parallel quasi-planes, 
where the fibrils have the same alignment. The collagen structure in bone has been 
hypothesised to act as a crack arresting boundary and thus protect vessels and nerves 
embedded in canals within the bone [51]. A qualitative validation of the texture 
analysis can be performed by constructing a virtual 3D fibril model, where the local 
orientation is represented by cylindrical stream lines. This model compares well 
with the corresponding sub-volume of the original greyscale image. The arch pat-
tern is clearly reproduced (Fig. 6.3). This illustrates the necessity of 3D analysis: the 
complex arrangement of the collagen fibrils cannot be retrieved from 2D sections.

3.1.2  �Finite Element Modelling of Osteocytes

The porosity in bone is at least as important as the tissue matrix itself, both biologi-
cally and mechanically. In cortical bone, on the micrometric scale, the pore network 
is formed by the osteocyte lacunae hosting the cell bodies and the canaliculi (small 
tunnels connecting lacunae of neighbouring cells [52, 53]. Given the presumed 
importance of the osteocyte in the coordination of other bone cells and in remodel-
ling [54, 55], the LCN has recently received increasing attention. Imaging of this 
pore network is an important, but not yet fully solved challenge.

An unresolved issue with the LCN was the difference in strain affecting bone 
in vivo (thousands microstrains) [56] and the strain required to stimulate osteocytes 
in vitro (tens of thousands of microstrains) [57]. One hypothesis is that there is a 
“strain amplification mechanism” affecting the osteocytes for them to sense defor-
mation, for example, through the morphology of the LCN.

To test this hypothesis, in-line phase tomography was used to image human fem-
oral cortical bone. Imaging provided volumes with 102 μm field of view and 50 nm 
voxel size. Rectangular volumes of interest (VOIs) were selected from the images 
to analyse the LCN and deformations of osteocytes. Each VOI contained a single 
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lacuna with its canaliculi (Fig. 6.4a). The geometry of the pores was extracted using 
an ad hoc segmentation algorithm using thresholding, morphological operations 
and a connectivity enhancement algorithm [58]. In each VOI, the lacuna and cana-
liculi were separated into two distinct compartments, and several morphological 
parameters of both were quantified (Fig. 6.4b). These included volumes, surfaces, 
descriptors of shape as well as number, diameter and spacing of canaliculi.

Case-specific finite element models of the VOIs were created. The models 
included the extracellular matrix surrounding the pores, the pericellular soft tis-
sue matrix in the lacuna and the canaliculi, as well as the cell body and processes 
of the osteocyte (Fig. 6.4c). The osteocytes are not directly visible in the images. 
Therefore, the extent of the cells was extrapolated based on observations using 
electron microscopy [59, 60]. Material properties were modelled as linear elastic 
and isotropic, with parameters assigned based on literature data [61]. A confined 

Fig. 6.2  Nano-tomography of bone. (a–c) Virtual cuts through human cortical bone. The LCN is 
exceptionally well contrasted. The strongly contrasted arching structure in the matrix presumably 
due to oblique cutting of the mineralised collagen fibres, as well as well-resolved cement lines. (d) 
Volume rendering of all LCN porosity in a tomogram showing a relatively large number of lacu-
nae. (e) Zoom on one lacuna and its canaliculi (pink) and the cement line (green). The LCN is 
rendered in unprecedented detail. The spatial relationship to structures such as the cement line can 
be studied
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uniaxial compressive deformation along the direction the longest lacunar dimension 
was simulated in the models, with magnitude set to the physiologically relevant 
1000 microstrains [56].

The finite element analysis showed that the magnitude of the strain at the den-
drite/cell body junction reached up to 70 times the externally applied deformations, 
and further local peaks were observed in the dendrites (Fig. 6.4d). Resulting strain 
magnitudes are in the range reported to stimulate osteocytes in  vitro [57]. This 
means that the shape of the osteocytes contribute to a strain amplification effect. The 
case-specific models predicted higher strain amplification factors compared not only 
to idealised ones [62–64] but also to previously reported case-specific simulations 
using either a different image source [61] or a less fine modelling approach [65].

3.2  �In-Line Phase Micro-tomographic Imaging of Bone 
Formation

A very interesting application of in-line X-ray phase contrast tomography is the 
imaging of mineralised three-dimensional porous biomaterials used as scaffolds in 
bone tissue engineering and more generally for 3D bone cell culture [66, 67]. The 
desired properties of these biomaterials are a surface favourable for cell attachment, 
that they stimulate bone cell precursors to differentiate into mature bone cells and 
that they can contribute to bone regeneration [68]. They should also be resorbable 
by the receiving body and be replaced by new, living bone. While bone formation 
and resorption can, to a certain extent, be quantified by SR-μCT and microdiffrac-
tion [69, 70], these techniques lack the sensitivity to resolve soft and weakly miner-
alised tissue. Imaging of soft tissue in mineralised scaffolds is challenging due to the 

Fig. 6.3  Qualitative validation of a texture analysis approach to quantify mineralised collagen 
fibril orientation. Left: crop of a nano-CT image of a human femoral cortical bone. Grey values 
represent the inverted mass density in arbitrary units. Scale bar: 10 μm. Middle: cylinders repre-
senting the measured fibril orientation if 600 μm thick sections along one line. Right: 3D image 
generated based on extracted orientations with the fibrils shown in blue and the matrix in white. 
The arc pattern in the oblique cut corresponds well to that in the original image (left)
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opacity of the structure to visible light and the necessary trade-off between suffi-
cient penetration and attenuation of X-rays to achieve the necessary sensitivity using 
standard μCT. Quantification of soft tissue formation is important for the characteri-
sation of such biomaterials, since it constitutes the sites where new bone formation 
is possible. The increased sensitivity of phase tomography, however, has enabled the 
analysis of soft issues in mineralised scaffolds [71]. Further, different soft tissues 
can be differentiated in the images, such as collagen, fat, vessels and cells [26].

Fig. 6.4  Quantification of lacunar-canalicular morphology and simulation of strains on the osteo-
cyte. (a) One lacuna and associated canaliculi cropped from the nano-CT image. (b) Surface 
rendering of the segmented lacuna (yellow) and canaliculi (red). (c) Finite element mesh of the 
mineralised extracellular matrix (purple and blue), the pericellular soft tissue (yellow) and the 
canaliculi (red), the cell body (light green) and processes (turquoise). The latter two were inferred 
based on literature data. Parts of the model are transparent to allow visualisation of all compart-
ments. The direction of the compression of 1000 microstrains is also shown. (d) Minimum (com-
pressive) principal strain on the osteocyte by FEM, showing peaks in the deformation (red: >10,000 
microstrains, a strain amplification of at least 10 times) at the junctions of the dendrites and cell 
body as well as at certain locations of the dendrites further away from the lacuna
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3.2.1  �Imaging of Mineralised Bone Scaffolds Cultured with Bone Cells 
In Vitro

As an illustration, we show the imaging of Skelite bone scaffolds seeded with human 
osteoblasts. Skelite is a porous biomaterial consisting of 67% silicon-stabilised trical-
cium phosphate (Si-TCP) and 33% hydroxylapatite (HA). It has an open pore struc-
ture similar to human cancellous bone, with a pore size between 200 and 500 μm and 
a porosity level around 60% [72, 73]. Disks of Skelite measuring 9 mm in diameter 
and 1.2 mm in thickness were seeded with osteoblasts and cultured for 8 weeks. 
Samples were washed in phosphate-buffered saline, fixed in paraformaldehyde, 
stored in 70% ethanol and then dried before imaging. The samples were mounted 
three and three in a Perspex cylinder, separated by fibre tissue paper and lightly com-
pressed with a foam material to take advantage of the 7 mm vertical field of view.

Imaging was performed using undulator radiation monochromatised to 30 keV 
using a single Si crystal monochromator. A 10 μm Gadox scintillating screen, stan-
dard light microscope optics and a FreLoN CCD camera were used for detection, 
set to yield a pixel size of 5 μm. Tomographic data sets comprising 2000 angles of 
view over a 180° rotation were recorded over 3 distances (0.01, 0.33 and 0.99 m), 
with an exposure time of 0.4 s. Phase retrieval was performed using a multi-material 
prior. The two δ/β-ratios were calculated using the XOP software and set to 335 for 
Skelite and 2000 for soft tissue.

The reconstruction is shown in (Fig. 6.5). Attenuation and phase tomograms are 
shown to illustrate the increased visibility of the soft tissue in the phase tomogram. 
This enables segmentation, visualisation (Fig. 6.5d) and quantitative analysis (such 
as volume, volume filling fraction and local thickness) of the soft tissue phase. 
Additionally, sensitivity was sufficiently high to permit segmentation of the osteo-
blasts. These types of measurements can be used to evaluate the osteoconductive 
and osteoinductive properties of different scaffold types, as well as the impact of 
different culture conditions, for example, different biochemical environments or 
microgravity.

3.2.2  �Imaging of Forming Bone in Young Mice

The sensitivity of X-ray phase contrast imaging permits to reveal the main charac-
teristics of the important tissue compartments in forming bones, including the rap-
idly changing soft tissue and the partially or fully mineralised bone regions, while 
revealing subtle density differences in 3D. Growing femur bone midshafts of healthy 
mice at 1, 3, 7, 10 and 14 days postpartum were imaged. It was possible to create 
exquisitely detailed maps of the juxtaposed soft, partially mineralised and highly 
mineralised bone, giving insight into the environment in which bone cells create and 
shape the bone matrix [25].

Growing bone exhibits a complex architecture in 3D, which undergoes exten-
sive reorganisation and restructuring, from the initially deposited bone material to 
the mature bone. Consequently, these forming tissues exhibit a range of very dif-
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ferent morphologies. Different morphologies can be observed in the same skeleton 
during growth or healing, for example, following fracture or biomaterial implanta-
tion. When non-mineralised osteoid matrix starts to mineralise, bone material in 
both formation and healing conditions appears as a highly porous structure, where 
mineralised and soft tissues are intermixed. Such early formed bone tissues gradu-
ally transform and rearrange into solid cortical bone that eventually takes on the 
appearance of the mature tissue [74–81]. The initial tissue morphology is transient 
and contains zones of markedly different morphologies. Different degrees of min-
eralisation can be observed in adjacent sites at the same time. Due to the dynami-
cally changing tissue geometry, mechanical properties are difficult to define and 
measure. Detailed information about both architecture and density is thus neces-
sary for understanding and possibly predicting bone growth and tissue repair.

Fig. 6.5  Phase μCT imaging of mineralised scaffolds. (a) Standard μCT image of a Skelite disk 
seeded with osteoblasts. (b) Phase tomogram of the same disk, showing clearly the deposited soft 
tissue. It can be seen that soft tissue is formed mainly inside the scaffold construct and that the 
volume filling fraction is high. (c) Zoom on the marked area in (b). There is sufficient contrast to 
segment not only scaffold and soft tissue but the osteocytes as well. (d) Rendering of the scaffold 
and the segmented osteocytes

6  In-Line X-Ray Phase Tomography of Bone and Biomaterials for Regenerative…



102

In-line phase tomography was used for the quantification and characterisation 
of the temporal evolution of morphology and mineralisation during bone genesis in 
healthy mice. The left femur was dissected from female wild-type C57BL/6 mice 
aged 1, 3, 7, 10 and 14 days after birth. Skin and muscle was partially removed, 
while the bones remained intact. Samples were fixed and stored in 70 wt% etha-
nol at 4 °C. The samples were imaged in an ethanol atmosphere, mounted within 
small polypropylene cylindrical vials. A filtered “pink” X-ray beam at 26  keV 
was used to record tomographic scans of 3999 images at five sample-to-detector 
distances with an exposure time of 100 ms per image. The detector was a custom-
made indirect system consisting of a 10×/0.3NA Olympus objective combined 
with a thin-single crystal scintillator and a pco.edge sCMOS camera [82]. Phase 
retrieval was performed using the multi-material algorithm outlined in Sect. 2, 
with a delta-to-beta ratio of 429.9 in mineralised bone and 1857 elsewhere. The 
local mass density can be accessed through a simple scaling of the resulting phase 
tomograms [18].

Histogram analysis was used to calibrate slight offsets in the background (air) in 
the density data [20]. The images were segmented into bone and soft tissue com-
partments using standard thresholding [81]. 3D renderings were performed using 
CTVox (Bruker-microCT, Kontich, Belgium) by mapping colour and transparency 
in the transfer functions to tissue density.

Renderings are shown in Fig. 6.6, where blue represents soft tissue, green repre-
sents bone and red represents very high density within the bone (presumably min-
eralised cartilage). Cutouts are shown to reveal what would be masked by the 
encasing soft tissue. During development, the 3D distribution of mineralised mate-
rial changes from a loosely connected foam-like structure (1–7 days) into a con-
densed bone cortex, sandwiched between soft tissue layers. High-density islands 
(possibly mineralised cartilage) seem to be encapsulated within the bone 
compartment.

The mineralised tissue only is shown in Fig. 6.7. The cortical bone develops 
from a highly porous scaffold consisting of mineralised struts into the mature solid 
ring seen in the samples obtained from 14-day-old animals. It can be seen in the 
high-resolution cutouts that the bone morphology changes extensively during mat-
uration, through a redistribution of high-density regions located within the lower-
density bone.
In addition to the qualitative morphological information, the phase tomograms per-
mit quantification of 3D local mass density. The soft tissue was measured to have a 
density of 1.1–1.4 g/cm3 at all ages. These values are slightly higher than published 
values for soft (skeletal) tissue (1.0–1.06 g/cm3) [25]. The observed higher values 
could be due to higher concentrations of mineral precursor phases in the soft tissue. 
Higher density has similarly been revealed by other methods in forming bone tissue 
[18, 71, 76, 83] The amount of bone increases with increasing age and contains a 
high-density component, presumably mineralised cartilage [84–86], much of which 
is later replaced with less dense material (bone).

M. Langer



103

Fig. 6.6  Renderings of the mass density distribution in growing mouse femurs at different time 
points. (a) Soft tissue (blue) surrounds the mineralised bone (green). Islands of high mineral den-
sity (presumably mineralised cartilage) exceeding 1.9 g/cm3 (red) can be seen. (b) The denser 
islands can be better observed on magnified cutouts

6  In-Line X-Ray Phase Tomography of Bone and Biomaterials for Regenerative…



104

Fig. 6.7  3D renderings of the mineralised tissue only from Fig. 6.6. Bone (green) and high-density 
zones (red) with increasing magnifications (a–c) are shown. The high mass density (exceeding 
1.9 g/cm3) is always found within regions of lower density. Note the drastic architectural changes 
from 1 to 14 days, changing from a foam-like open network to a solid tube-like cortical structure
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4  �Perspectives

There is a growing interest in phase sensitive X-ray imaging methods in regenera-
tive medicine. This is mainly motivated by the high resolution and sensitivity offered 
by the technique. We presented here examples of imaging studies using phase 
tomography: nano-tomography of bone and micro-tomography of growing bone in 
healthy growing mice and in artificial bone constructs. Similar approaches could be 
used to study bone tissue growth and maturation in adult animals, during healing. 
Indeed, much remains unknown about the similarities and differences in the 3D 
bone tissue dynamics when comparing bone growth/genesis and fracture and tissue 
healing, for example, in response to implantation of biomaterials. The ability to 
resolve fine density variations in different tissues might allow the elucidation of the 
bone formation process in the tissue engineering scenario.
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Chapter 7
Inside the Bone: Tissue Engineering 
and Regenerative Medicine Applications 
in Orthopedics

Marta Nardini, Maria Elisabetta Federica Palamà, Alessio Romaldini, 
and Milena Mastrogiacomo

Abstract  One of the main problems, not fully resolved in orthopedics yet, is the 
regeneration of large bone defects. The intricate bone composition makes the heal-
ing process very complex when dealing with extensive lesions. Although traditional 
therapeutic approaches allowed significant progresses by proposing new bone sub-
stitutes and prosthetic devices, the obtained results remain questionable. To regener-
ate the bone tissue, tissue engineering focused on the use of mesenchymal cells 
derived from the bone marrow, in the attempt to restore an environment more suit-
able for the restitutio ad integrum of the tissue. This chapter describes and discusses 
the tissue engineering approach in bone repair with particular regard to the new 
investigative tools developed in recent years to monitor the process.

1  �Bone: Micro- and Macroscopic Composition

Bone tissue represents the framework of the body of all vertebrates. It is a connec-
tive tissue with a supporting role composed of mineralized extracellular matrix, 
organic part, and cellular component.

The mineralized extracellular matrix consists mainly of calcium phosphate and 
other minerals that provide compactness. The organic part of the bone tissue is 
made up of type I collagen fibers, proteoglycans, and glycoproteins, mimicking the 
iron of reinforced concrete and giving flexibility to the skeleton.

The cellular components play an important role in the building and maintaining 
of the bone tissue from its origins and during life span of the organism.

The cellular portion is represented by three principal types of cells: osteoblasts, 
osteoclasts, and osteocytes. These three cell types have different, and almost oppo-
site, functions. Osteoblasts are cells responsible for the production of the organic 
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matrix of the bone, and preferentially they tend to work in groups on the deposition 
front of new bone. Osteoblasts are terminally differentiated mesenchymal stem cells 
(MSCs). They are capable to synthetize collagen type I and other important protein 
for the bone formation like osteopontin and osteocalcin that are playing a role in the 
formation of the matrix. Eventually this matrix undergoes a mineralization through 
the deposition of Ca and PO4 salts. The osteoclasts have the opposite function com-
pared to the osteoblasts. These cells maintain, remodel, and resorb the bone, through 
the acidification of the bone microenvironment and the activity of enzymes of exo-
cytosis, like collagenase.

The osteocytes represent the quiescent cell population. They are located in the 
small compartments of the matrix, called lacuna, and are ready “to the starting 
point” in case there would be a trauma or a fracture, to remodel the bone. Osteocytes 
have cytoplasmic extensions useful for the nutrient and waste exchange.

At the macroscopic level, the bone is made of two main domains, a compact por-
tion called cortical that gives strength and a portion that has cavities, like a sponge, 
defined as spongiosa or trabecular. This last portion gives lightness and flexibility 
to the bone tissue. Depending on the type of bone and the function it has to perform, 
this has different percentages of the two domains.

Another very important external part of the bone is represented by the perios-
teum, which has a high number of blood vessels to carry nutrients to the bone tissue 
and nerve endings.

The bone origins from the embryonic mesenchyme, the connective tissue of the 
embryo. The bone cells derive from bone marrow stromal cells (BMSC), a hetero-
geneous population from which originate different types of cells. To start the dif-
ferentiation process to the bone lineage, several different factors are important, such 
as the BMP (bone morphogenetic protein) family, FGF (fibroblast growth factor), 
and TGF-ß1 (transforming growth factor ß1). All factors involved in the process 
lead to gene activation or deactivation. The main transcription factor that activates 
the expression of the osteoblast-specific genes is Cbfa-1 [15, 30]. Its expression 
precedes the start of the osteoblast differentiation process. This transcription factor 
is crucial for the bone formation. Mice that are Cbfa-1−/− have a cartilaginous bone.

These processes are very important during the embryogenesis, but they continue 
to play a role during the life span, since the bone tissue is subjected to a continuous 
structural renovation.

The osteocytes, with their cytoplasmic extensions, work like mechanoreceptors. 
The annexes receive mechanical stimuli from the mussels inserted to the bone. 
Following these stimuli, specific biochemical pathways are activated, and appropri-
ate responses are elicited, in order for the osteoblast or osteoclast to lay down or to 
remove the bone tissue.

2  �Limits to the Bone Regeneration

Given the complexity of the entire structure of the bone, the healing of extensive bone 
injuries is still a difficult goal. The bone itself possesses good regenerative capaci-
ties, but these are insufficient in the case of complex lesions. In the case of complex 
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injuries, several negative factors intervene on an effective self-compensation. The 
three main factors that determine negative effects are: (i) the extended time needed 
to healing process because of proliferation and differentiation of osteoprogenitors 
and deposition of mineralized matrix, (ii) the distance between the marginal break-
age of the lesion; and (iii) in many cases, the absence of an appropriate substrate 
on which the cells can migrate. Nowadays, the prevailing therapy is the osteotomy 
followed by bone distraction (Ilizarov technique) or the use of auto- or allogenic 
bone [3, 7].

The Ilizarov technique has a high rate of success. However, there are a lot of 
disadvantages including the long rehabilitation time, the high frequency of compli-
cations, and the serious discomfort for the patient, due to the presence of the fixation 
apparatus. The use of autologous bone also presents a lot of complications such as 
nonunion and infection consequent to the treatment. Moreover, this therapeutic 
approach requires two different interventions, the first for the bone collection and 
the second for its transplantation.

The allogenic bone graft has the same problems than the autologous bone trans-
plantation, and in addition difficulties related to the donor-receiver match and 
strictly law regulation. The implant of bioceramics proved to be useful only for 
small bone defects [27, 34].

Tissue engineering and regenerative medicine could make a great contribution to 
the field. The first laudable results by a tissue engineering approach, i.e., the com-
bined use of cells, biomaterial, and growth factors, were obtained in the early 2000s 
[21, 29]. In this study, cells expanded ex vivo were loaded on a porous ceramic scaf-
fold, and the construct implanted in three patients with a bone loss of 4–7  cm 
(Fig. 7.1). However, it appears difficult that this approach could be extended, as such, 
to a large number of patients. The recovery from the patient and the expansion of the 
osteogenic cells require special lab facilities and long times of culture and entail high 
costs. Other only partially resolved problems are the choice of the composition for 
the optimal scaffold, the vascularization of the construct after its implantation, and, 
last but not least, the control of the immunoresponse if allogeneic cells are used.

3  �New Approach in Bone Regeneration

3.1  �Osteogenic Cells

According to the “classical” definition of tissue engineering based on triad of cells, 
biomaterials, and signalling molecules, the use of stem cells is requested to achieve 
a successful repair of injured tissue. A postnatal bona fide stem cell is defined as a 
clonogenic primitive (unspecialized) cell able to self-renew and to generate a tissue-
specific terminally differentiated cell progeny (potency). Bone marrow stromal cells 
(BMSCs) represent an established in vitro heterogeneous population of progenitor 
cells isolated from patient’s bone marrow. BMSCs have been broadly used as source 
of osteogenic cells for bone tissue engineering procedures in preclinical and clinical 
studies [8, 13]. Caplan [9] termed cultured BMSCs as “mesenchymal stem cells” 
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Fig. 7.1  X-rays and CT scan at different follow-up times of the first patient whose long bone 
defect in the proximal tibia was treated by the implantation of a porous ceramic scaffold seeded 
with in vitro expanded autologous BMSC. On the preoperative radiograph, a 4-cm long gap of the 
bone is shown. At 6 months, a good integration between the implant and the tibia was already 
observed. CT-scan analysis at 7  years showed a complete healing of the gap, but the non-
reabsorbable HA ceramic scaffold was still present
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(MSCs) since these cells were able to differentiate into osteoblasts, chondrocytes, 
and adipocytes. Dominici et al. [14] recommended the new designation “multipo-
tent mesenchymal stromal cells” for MSCs and defined a standard set of criteria for 
identifying these cells: plastic adherence; CD105, CD73, and CD90 expression; lack 
of hematopoietic and endothelial marker expression; and in vitro trilineage mesen-
chymal – osteogenic, chondrogenic, and adipogenic differentiation. Based on this 
definition, cells derived from different adult and fetal tissues were described in the 
literature as MSCs, isolated from other than bone marrow tissues such as adipose, 
periosteum, placenta, or amniotic fluid [14, 25]. Moreover, it was also reported that 
bone marrow MSCs have a perivascular origin, and it was hypothesized the same 
for all types of MSCs [10, 25]. Sacchetti et al. described the existence of a subset of 
progenitors within BMSCs with a specific osteogenic potential [31]. In particular, 
these cells were defined as CD146+ colony-forming unit fibroblasts (CFU-Fs) and 
in situ corresponded to adventitial reticular cells, which reside in bone marrow sinu-
soids. Upon subcutaneous transplantation into immunocompromised mice, single 
CD146+ CFU-Fs were able to recapitulate the bone organogenesis and to generate 
a heterotopic ossicle (bone and bone marrow stroma) with host-derived hematopoi-
etic tissue and blood vessels within it. From such ossicle, it was possible to harvest 
CD146+ CFU-Fs, which could be secondarily passaged and serially transplanted. 
Considering these evidences concerning multipotency and self-renewal, CD146+ 
clonogenic cells derived from bone marrow were clearly committed to skeleto-
genesis and were named skeletal stem cells (SSCs) [5, 31]. So far, the presence 
of skeletogenic stem cells within MSCs derived from other tissues has not been 
definitely demonstrated. The proven commitment to skeletogenesis and the easy 
isolation from patient’s bone marrow designate BMSCs as excellent candidate for 
bone repair by tissue engineering. It should be also noted that the proposed use of 
BMSCs in clinical trials obtains faster approval by regulatory authorities because of 
the affinity between the cell tissue of origin and the target tissue.

3.2  �Biomaterials

One of the critical issues, in the regeneration of large bone defects, concerns the 
need to have a support that drives the regenerative process. Therefore, the first step 
in the realization of an engineered tissue is the design and construction of a support 
structure, called biomaterial or scaffold [17]. This acts as a substrate for the growth 
of the cells that will give rise to the new tissue. During the 2nd Consensus Conference 
on Definitions in Biomaterials organized by European Society for Biomaterials, a 
biomaterial is described as “a material intended to interface with biological systems 
to evaluate, treat, augment or replace any tissue, organ or function of body” [35]. 
It is a sort of three-dimensional “platform,” able to attract osteoprogenitors, which 
colonize the support and begin to generate a new tissue by proliferation, differentia-
tion, and deposition of extracellular matrix. The scaffold structure has to allow the 
transport of nutrients, metabolites, and regulatory molecules to and from the cells. 
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The mechanical properties of the scaffold should ideally correspond to those of 
the tissue target, to provide mechanical integrity, resistance to pressure, and other 
physical parameters responding to the characteristics of the tissue in vivo.

A biomaterial must have some basic properties to be used in the field of tissue 
engineering [17]:

•	 Biocompatibility: it is the first property to consider for every type of scaffold 
designed for clinical application. After implantation, the construct must elicit a 
negligible immune reaction to avoid severe inflammatory responses, which could 
lead to a reduction of healing or the rejection by the organism [33].

•	 Biodegradation: scaffolds and constructs are not intended as permanent installa-
tions. The scaffold must therefore be reabsorbable to allow the cells to produce their 
own extracellular matrix. The by-products of this degradation must also be nontoxic 
and eliminated by the organism without interference with other organs and tissues.

•	 Structural organization: this characteristic affects cell migration, nutrient’s diffu-
sion within the construct, elimination of waste products outward the scaffold, 
and degree of vascularization [26, 28].

•	 Mechanical compatibility: the production of scaffolds with adequate mechanical 
properties is one of the major challenges in this field. The implanted scaffold 
must have sufficient mechanical integrity to function from the time of implantation 
to completion of the remodeling process.

Regarding specifically bone tissue regeneration, there are other requirements that 
are necessary in order to produce biomaterials suitable for the purpose:

•	 Osteoconductivity: the ideal material should guarantee the adhesion and prolif-
eration of cells that generate bone tissue, as well as the formation of new vessels. 
In this regard, not only the composition but also the structure of the biomaterial 
is particularly important. For this reason, it must contain sufficient space for 
vascularization and cellular colonization. In the case of bone reconstruction, the 
penetration of the vessels is possible only in the presence of at least 100 μm 
pores. Therefore, the macroporosity of the material must be higher than this 
value. Optimization of cellular colonization is achieved with interconnected 
porosity and pores ranging from 50 to 300 μm [6, 24].

•	 Osteoinductivity: the material should stimulate osteoprogenitors in situ to dif-
ferentiate into osteoblasts. This characteristic is higher if the biomaterial is similar 
to the extracellular matrix of the original tissue [2].

In general, biomaterials are designed on the model of the extracellular matrix of 
the tissue that needs the treatment, since it guarantees the interaction between the 
cells and the stability of the tissues through the adhesion molecules. One of the 
approaches, for the regeneration of bone defects, involves the use of the demineral-
ized bone matrix, produced by cortical bone decalcified and treated with radiation 
and chemical agents in order to eliminate the cellular component. The result is a 
bone matrix consisting only of denatured proteins, an osteoconductive substrate to 
be used in case of structurally stable bone lesions.

Among the most common biomaterials commercially used as bone substitutes in 
regenerative medicine, there are those made of ceramics and polymers.
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The ceramics are biomaterials composed by calcium phosphates (some examples 
are hydroxyapatites and tricalcium phosphate). They are widely used in the regen-
eration of bone tissue, for their chemical and structural similarity with the mineral 
component of the native bone. The ceramic materials are produced from extremely 
pure powders and with crystallites of dimensions <1 μm to guarantee the maximum 
control of the microstructure of the finished material. In biomaterials, in fact, micro-
structure plays a fundamental role, much greater than the chemical composition. 
This is the element that allows interaction with the host tissue as well as determining 
its mechanical strength. An optimal colonization is obtained with pores of diameter 
between 50 and 300 μm [16].

The optimum porosity of the material is around 50–70% in order to have a good 
osteoconductivity [24]. Also the reabsorbability of the biomaterial depends on the 
microstructure.

The microstructure also influences the mechanical properties of the material, 
which will be better in a dense material and worse in a porous one; materials with 
pores larger than 500 μm cannot be used because they are too fragile. The disad-
vantages associated with the use of these materials are mainly related to mechani-
cal properties: the fragility is superior, while the elasticity is lower than the 
original bone.

The development of advanced surface properties (such as extension, charge, and 
ability to alter the absorption of chemical species) is being studied to evaluate if 
they can be used to promote cellular response and proliferation, to induce neo-
osteogenesis and osteoinduction. Since bone substitutes consisting of a single com-
ponent do not reflect all the characteristics of an ideal substitute, research in recent 
years has been focusing on combinations of materials.

3.3  �Signalling Molecules

Signalling molecules have been broadly used to achieve a complete and long-lasting 
repair of bone lesions by a tissue engineering/regenerative medicine approach. In 
general, the function of such molecules is to regulate the cell behavior and to pro-
mote a desired cell fate. In particular, signalling molecules have been used to stimu-
late in vitro proliferation and/or commitment of osteogenic cells before to be loaded 
on biomaterials or to create in situ an osteogenic microenvironment in order that 
locally resident osteoprogenitors could migrate to the injury site and biomaterial-
loaded osteogenic cells could differentiate toward all skeletal tissues (bone, adipose 
tissue, fibroblasts).

As example, in accordance with the first approach, it was reported that fibroblast 
growth factor-2 (FGF-2) promoted in vitro proliferation of BMSCs maintaining their 
osteogenic potential and FGF-2-expanded BMSCs, associated with hydroxyapatite 
ceramic, in  vivo formed bone [23]. Concerning the second approach, bone mor-
phogenetic proteins (BMPs) were used to treat bone defects, especially nonunion 
fractures, in association with absorbable carriers. Physiologically, BMPs, which 
are members of TGFβ superfamily, are secreted and function as matrix-associated 
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proteins regulating developmental skeletogenesis. In preclinical studies, it was shown 
that BMPs were able to induce bone formation (osteoinduction) and angiogenesis 
[4]. BMP2 and BMP7 are currently used as FDA-approved adjunct to standard thera-
pies for bone repair [4, 32]. However, there are some concerns regarding BMP use 
[8]: (i) unprotected BMPs are in situ deteriorated or chemically modified reducing 
used dose and their biological efficacy; (ii) BMPs have a short time of residence at 
the injury site; (iii) the efficiency of BMP delivery systems is poor and has to be 
increased; and (iv) the cost of treatment is still very high [8, 32]. Moreover, several 
large-scale studies confirmed the frequent occurrence of adverse events in patients 
treated with BMP-2, including life-threatening cervical spine swelling. Indeed, the 
FDA issued a warning of the potential life-threatening complications of BMP-2 [18].

4  �New Technologies

To monitor the healing process, the tissue engineering approach in bone repair took 
a great advantage from the new investigative tools developed in recent years to 
monitor the process. Analyses concerning the structure of natural and engineered 
bone, and, in particular, the integration of the engineered bone and the ceramic scaf-
fold highly benefited two techniques based on X-ray radiation, namely, microto-
mography (microCT) and microdiffraction [8].

Bulk 3D information, with micro-resolution, is mainly obtained by microCT, 
whereas at interfaces useful information on atomic scale can be provided by 
microdiffraction with sub-micrometer spatial resolution. For both techniques most 
of the published results were obtained using synchrotron radiation, in particu-
lar at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). 
Synchrotron light is the electromagnetic radiation emitted when charged particles, 
usually electrons or positrons, moving at velocities close to the speed of light, are 
forced to change direction under the action of a magnetic field. Synchrotron light is 
unique in its intensity and brilliance, and it can be generated across the range of the 
electromagnetic spectrum: from the infrared, through the ultraviolet, to the X-ray 
regions to investigate the structure of matter. Three successive generations of SR 
facilities have resulted in beam brilliances 11–12 orders of magnitude greater than 
the standard laboratory X-ray tube (www.esrf.it). Considering the SR contribution 
to the recent extraordinary revolution in biology with special reference to the field 
of protein structural studies in terms of crystallography and diffraction [1], the 
idea to use this technology in the study of bone regeneration was applied.

4.1  �Synchrotron Radiation MicroCT (SR microCT)

The ESRF offers a flux, energy range, and resolution unachievable with conven-
tional (laboratory) radiation sources. A revolutionary discovery in the field of medi-
cal imaging with X-rays occurred at the beginning of the 1970s when the first 
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equipment for computed tomography (CT) was developed. This method of imaging 
avoids several important limitations of conventional X-ray radiology and allows a 
three-dimensional and nondestructive reconstruction much better than that of a con-
ventional radiograph [12].

Unlike conventional CT systems which typically have a maximum spatial 
resolution of about 0.5 mm, MicroCT is capable of achieving a spatial resolution 
up to 0.3 μm (www.esrf.fr), i.e., about three orders of magnitude lower. Use of 
synchrotron X-rays has several advantages compared to laboratory or industrial 
X-ray sources such as (i) a high photon flux which permits measurements at 
high spatial resolution; (ii) the X-ray source is tunable, thus allowing measure-
ments at different energies; (iii) the X-ray radiation is monochromatic, which 
eliminates beam-hardening effects; and (iv) parallel beam acquisition allows the 
use of exact tomographic reconstruction algorithms. MicroCT allows accurate 
nondestructive 3D examination of samples, and it was first driven by the need for 
having a highly precise means of reconstructing the complex architecture of bone 
tissue at a high resolution.

Traditional methods for evaluating osteointegration of tissue-engineered con-
structs are based on 2D techniques such as histology. Martin et al. [22] described a 
computer-based method for the automated quantification of bone tissue in 2D histo-
logical sections of decalcified specimens, but this method didn’t allow to quantify 
the volume of the scaffold.

More recently, taking advantage of microCT associated with SR, the kinetics 
of bone growth into tissue engineering constructs was investigated in an immu-
nodeficient murine model on scaffolds seeded with cells. Newly formed bone 
was quantified by microCT at different times after implantation. When the pre-
implant scaffolds were analyzed, only one peak in the X-ray absorption histo-
gram was observed corresponding to the biomaterial used for the manufacturing 
of the scaffold itself. Instead, in the implanted samples, an additional peak was 
observed at lower X-ray absorption values, which corresponded to the newly 
formed bone [19]. MicroCT investigations of scaffold microstructure provided 
3D images and, when appropriate mathematical algorithms were used, also sta-
tistical, quantitative data, with a spatial resolution on the order of a few microns. 
This method is now a standard method for the assessment of structural and physi-
cal properties of scaffolds, particularly precious in the development of new fab-
rication technologies.

4.2  �Synchrotron Radiation X-Ray Microdiffraction

X-ray diffraction is one of the most powerful techniques used to study the hierarchi-
cal structure of a biological material such as bone. In particular, it plays a crucial 
role in studying, within the nanometer scale, the distribution of organic fibers (col-
lagen) and crystalline mineral nanoparticles (HA) that influence the mechanical 
optimization of bone. It has been demonstrated [11, 36] that the combination of 
WAXS and SAXS provides a quantitative description of the crystallographic 
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orientation distribution as well as the morphological orientation distribution of the 
plate-shaped nanoparticles of bone. On the basis of the difference in electron den-
sity between the crystals and organic phase, scattering contrast of SAXS reveals the 
size, shape, and orientation of the mineral crystals. Bone is a nonhomogeneous 
composite whose local characteristics change at the micrometer level. For these 
reasons, scanning SAXS and WAXS setups are developed using X-ray focusing 
optics, which deliver micrometer or even sub-micrometer-sized beams. In this case 
the sample can be locally investigated by scanning it through the small X-ray beam. 
Usually, acquisition of SAXS patterns requires dedicated experimental conditions, 
quite different from those used for WAXS experiment.

A setup has been developed [20] to perform simultaneous acquisition of WAXS 
and SAXS patterns for each investigated point. The scanning SAXS and WAXS 
techniques are combined with the rotation of the sample, so that, for each chosen 
position, the sample is rotated around the vertical axis, and for each rotation, 2D 
SAXS and 2D WAXS patterns are collected for the same volume element of the 
sample. At the end, the data are collected in a figure analysis.

This method, which applies the principle of the tomography to the X-ray dif-
fraction, provides a 3D quantitative description of the crystallographic orientation 
distribution as well as the morphological orientation distribution of the plate-
shaped nanoparticles, both with respect to the orientation of the investigated tra-
becula. The combination of scanning SAXS and WAXS has been applied to the 
investigation of newly formed bone in engineered construct of scaffold and cells 
in  vivo. Three different regions are identified according to the results of histo-
logical analysis: the soft tissue, the newly formed bone, and the scaffold based 
on their microdiffraction patterns. Monitoring these regions at different times of 
implantation was studied the organization of the HA mineral crystals and in par-
ticular their orientation with respect to the scaffold. For tissue-engineered bone, 
X-ray microdiffraction provides combined microstructural information about both 
mineral and organic phases allowing the production of microscopic maps studying 
the interface between scaffold and newly formed bone. This technique provides 
a relevant perspective to study the growth model of bone according to the tissue 
engineering approach.

5  �Conclusions

The intricate bone composition makes the healing process very complex when deal-
ing with extensive lesions and in particular when traditional therapeutic approaches 
don’t allow significant progresses. To regenerate the bone, a tissue engineering 
approach suggested the use of mesenchymal cells derived from the bone marrow to 
restore an environment more suitable for the restitutio ad  integrum of the tissue. 
This chapter discusses this approach in bone repair demonstrating that new investi-
gative tools developed in recent years to monitor the process are important to shed 
new light on bone regeneration.
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Chapter 8
Bone Regeneration: Experiences 
in Dentistry

Serena Mazzoni

Abstract  In recent years, there has been an increasing interest in a novel approach 
to evaluate craniofacial bone sites by means of high-resolution X-ray microtomog-
raphy (microCT). Conventional histological evaluation and corresponding histo-
morphometric measurements provide only bidimensional information with the 
consequent risk that the selected slices do not properly represent the entire bone. 
Three-dimensional imaging methods, like microCT, are indicated to explore the 
dynamic and spatial distribution of regenerative phenomena in such complex ana-
tomic structures. However, homogeneous tissues with a low attenuation coefficient 
or heterogeneous materials with a narrow range of attenuation coefficients produce 
insufficient contrast for absorption-based imaging. For such structures, the imaging 
quality can be enhanced through the use of phase-contrast microtomography (PhC-
microCT). In addition, whereas PhC-microCT is usually based on a single distance 
between the detector and the sample, holotomography (HT) involves imaging at 
several distances and then combining the phase shift information to generate 3D 
reconstructions. HT is helpful when the material of interest has very small varia-
tions in attenuation coefficients, which lead to unsatisfactory imaging results even 
with phase-contrast techniques.

In the present chapter, the most recent breakthroughs in regenerative dentistry 
will be shown, demonstrating the unique capabilities of the microCT in offering not 
only an advanced characterization of biomaterials that are promising scaffold can-
didates but also to investigate the growth kinetics of regenerated bone in different 
grafted sites in human jaws.
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1  �Introduction

Dentistry has witnessed impressive advances in all its branches over the past three 
decades. In particular, large bony maxillofacial defects are nowadays a worldwide 
emergency.

Craniofacial tissue engineering (CFTE) has risen as a promising methodology 
for the repair and recovery of tissues, in particular bone, that were lost, damaged, or, 
as a rule, functionally traded off because of injury, damage, sickness, or aging [1, 2].

In this scenario, one of the key objectives is the enhancement and guidance of 
osteogenic differentiation of stem cells within three-dimensional (3D) scaffolds, in 
a way that would enable the in  vitro engineering of clinically applicable bone 
constructs.

The use of a scaffold is fundamental for the fruitful building of bone tissues as it 
favors appropriate conditions for osteogenic cells to move, multiply, divide, and 
promote new bone development, giving also a solid substrate to mechanical stresses 
during bone recovery [3]. The ideal scaffold must be biocompatible and degrade 
with time in nonpoisonous substances. It ought to likewise be profoundly permeable 
and penetrable for cell seeding (in vitro) and invasion (in vivo), growth factor trans-
port, tissue ingrowth, and vascularization. Moreover, the scaffold should be mechan-
ically steady, with properties mimicking those of the local bone also in terms of 
osteoconductivity (attracting bone cells from the hosting sites), osteoinductivity 
(favoring bone cells growth), and osseointegrativity (achieving the stable connectiv-
ity of the local bone) [1, 4].

An extensive variety of commercially available and experimental materials 
have been examined for bone tissue designing/engineering and its repair; for 
the most part, they can be divided into three categories: polymers, ceramics, and 
composites.

Polymers, with their regular grid mimicking bone collagen, probably provide the 
best solution in terms of osteoinduction and osteogenesis; however, they have low 
mechanical modulus, preventing an adequate support to cell colonization inside [5].

In this context, maybe ceramics demonstrated the best performances [5, 6] 
because of their inorganic nature and ionic portion: calcium phosphates (like 
hydroxyapatite, tricalcium phosphate, etc.) are widely known and used for their 
capacity to promote and strengthen bone recovery [7, 8].

Although the stimulatory impact of ceramics on bone tissue growth has been 
demonstrated, new materials are actually under investigation to find ideal settings, 
with special reference to bone engineering in craniofacial regions.

A key option is given by the use, as scaffold, of heterologous natural bone. 
Collagenated bone substitute biomaterials (BSB) of porcine origin [9–11] are an 
interesting solution because of their composition, mainly consisting of carbonated 
nanocrystalline hydroxyapatite (HA) and organic material.

Another possible option is the use, as scaffold, of anorganic bovine bone (ABB). 
ABB is a deproteinized bovine bone, with high degree of porosity and large con-
nectivity that, together, facilitate angiogenesis and cells migrations [11–13].
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Moreover, direct transplantation of cells/stem cells is often necessary when, 
attempting to repair large bone defects, there are not enough endogenous cells in the 
surrounding sites or their migration time to the defect would take too long [14]. In 
these cases, cells isolated by a donor biopsy are expanded in vitro and then seeded 
on a scaffold that, in turn, is normally implanted into the damaged site.

However, the identification of cell location, the duration of their survival and 
fate, and the qualitative and quantitative evaluation of bone growth longitudinally in 
time require the use of nondestructive characterization techniques.

Nowadays, a crucial role is assumed by the imaging techniques, not only used for 
the characterization of scaffold properties and function but also increasingly 
involved in the investigation of conduction, induction, and cell transplantation bio-
logical processes.

Histological evaluations are often complemented with different two-dimensional 
(2D) imaging technologies in biological events occurring at the interface between 
tissues and biomaterials [14, 15]. The use of high-resolution 3D imaging technolo-
gies is required in case of opaque biological structures, which light and electron 
microscopic methods can only investigate at surface levels [16]. Moreover, sample 
slicing studied with the previously mentioned techniques commonly results in a 
significant alteration and destruction of the biopsy, practically inhibiting the qualita-
tive and quantitative analysis.

The introduction of computed tomography (CT) in medical imaging has strongly 
improved research based on imaging methods, in particular in bone districts. CT 
maintains a strategic distance from possible misinterpretations due to superimposi-
tion of structures, inherent to radiographic 2D imaging. Conventional CT and high-
resolution X-ray computed tomography (microCT) differ only in terms of spatial 
resolution: the former reaches values of maximum 500 μm, the latter easily achieves 
values up to 0.2–0.3 μm. Therefore, the impact of microCT has been revolutionary, 
enabling to investigate samples in 3D, including engineered bone, with unprece-
dented precision and high resolution and in a nondestructive way [17].

2  �Laboratory Versus Synchrotron X-ray Sources

Laboratory-based microCT systems have become an important tool in several sec-
tors of dental research, like in the measurement of enamel thickness, the study of 
root canal morphology, and the evaluation of root canal preparation and of dental 
implants [18]. However, their use was initially a challenge in bone engineering, as 
shown in Ref [19], where the authors studied by microCT the bone formation in a 
15 mm defect in the rabbit radius after the implantation of a tissue-engineered con-
struct. Three-dimensional reconstructions allowed for greater spatial resolution than 
radiography, but did not allow for imaging of the implanted scaffold material or the 
surrounding, nonmineralized tissue.

More recently, Meleo et al. [20] studied the qualitative aspects of two bone speci-
mens, retrieved from a human jaw 4 months after grafting an ENGIpore scaffold 
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(first sample) and from a coagulation healing site (second sample). Laboratory-
based microCT was able to detect in the first sample a high biomaterial persistence 
and a relevant amount of new-formed bone tissue with a few areas of high mineral-
ization. After the same time, the second sample revealed a more important bone 
tissue formation with many mineralized areas, possibly indicating that the biomate-
rial slows down the bone neoformation process.

However, despite its capacity of efficiently computing the diverse morphometric 
parameters, the physical qualities of the photon beam produced by laboratory X-ray 
sources often prevent reliable analysis of bone mineral densities and of the bone 
mineralization process itself. Indeed, these microCT systems do not permit the tun-
ing of photon energy, hampering the discrimination of the different mineralization 
degrees [17].

Third-generation synchrotron facilities could be extremely useful for overcom-
ing the limits of the previously described microCT laboratory devices. Indeed, syn-
chrotron sources produce brilliant photon beams, with spatial and temporal 
coherence properties, providing new opportunities for advances characterizations 
[17]. Thus, a reliable analysis by microCT of regenerated bone sites and of their 
mineralization process can be valorized when supported by synchrotron-based 
exploratory methods, some of which described in previous chapters.

Image quality and quantitative analysis can be sensibly improved by the use of 
phase-contrast (PhC) microCT. The PhC approach is different from conventional 
X-ray imaging where the images are exclusively based on attenuation contrast. 
Indeed, when X-ray beam propagates through a tissue, both its amplitude and phase 
are modified, also originating the phase contrast.

The effect of the X-ray beam passing through a tissue is usually described by the 
refractive index n:

	
n ir r( ) = − ( ) + ( )1 δ β r

	
(8.1)

where δ is the refractive index decrement and β is the attenuation index.
The δ value is much larger than the imaginary part β when studying weakly 

absorbing substances: indeed, it can be 1000 times greater than β in the energy 
range appropriate for the study of soft tissues. δ is actually proportional to the mean 
electron density, which in turn is almost proportional to the mass density.

In particular, this method is sensitive to light elements of soft tissues (like hydro-
gen, carbon, nitrogen, and oxygen), and, unlike conventional attenuation-based 
imaging methods, it is able to discriminate tissues with similar attenuation charac-
teristics, with a greater differentiation in the level of gray.

Decrease of the refractive index-based image contrast is less rapid with the 
increase of X-ray energy compared to attenuation-based setups, allowing to achieve 
a substantial reduction of the delivered radiation dose [21].

Moreover, the phase retrieval normally implies the reconstruction of the two dif-
ferent real-valued 3D distributions, δ(r) and β(r) in Eq. (8.1). This is generally 
achieved performing tomographic acquisitions of (at least) two different 2D 
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projection series. The acquisition can be restricted to a single series, when the 
distributions of the real and imaginary parts of the refractive index are proportional 
to each other, i.e.:

	
β ε δr r( ) = ⋅ ( ), 	

(8.2)

where the constant value ε does not depend on r. This simplification is possible only 
in two experimental cases: when investigating very weakly absorbing pure-phase 
objects or for samples consisting predominantly of a single material but with spa-
tially varying density [22, 23]. One case is represented by the engineered bone of 
craniofacial districts, being at the early stages of bone formation, with a slow varia-
tion of the mass density (“monomorphous” sample).

3  �Synchrotron Radiation-Based Analysis of Engineered Bone

Several interesting microCT studies have been performed on different biomaterials 
that have previously been indicated as optimal candidates for bone substitutes in 
dental districts.

Successful maxillary sinus elevation was recently reported using biphasic cal-
cium phosphate materials [24, 25], with morphologies of the scaffolds in shape of 
granules or structured blocks, used either in an acellular strategy (colonization of 
the scaffold by endogenous cells) [24] or seeding the biomaterial with cells [26].

Previous studies have usually been based on single time points; long-term kinet-
ics on the same biomaterials were recently fully investigated in a clinical study [27], 
quantifying the regenerative kinetics of blocks versus granules in biphasic calcium 
phosphate scaffolds by synchrotron radiation-based microCT. Twenty-four bilateral 
sinus augmentations, previously grafted with (nr.12) granules and (nr.12) blocks of 
β-TCP/HA (70/30%), were retrieved after 3, 5/6, and 9  months from grafting. 
Synchrotron-based microCT was performed to quantitatively evaluate bone regen-
eration, graft resorption, and neovascularization. Significant quantities of regener-
ated bone, together with a good rate of biomaterial resorption and neovascularization, 
were found in the retrieved biopsies. Similar results were obtained before 5/6 months 
from grafting but, 9 months after grafting, microCT revealed that the sites grafted 
with blocks (Fig. 8.1, panels a–c) mimicked the healthy native bone of the maxillary 
site slightly better than those grafted with granules (Fig. 8.1, panels d–f).

The previous study contributed to confirm that not only the chemical composi-
tion of the scaffold but also its morphology and morphometry influence long-term 
kinetics of bone regeneration.

A promising alternative to biphasic calcium phosphate materials is the naturally 
produced bioceramics. Their interconnected porous morphology, the resistance to 
compressive forces, and the good biocompatibility and resorbability make corals a 
promising candidate as a scaffold for bone engineering in dental sites [11, 28]. 
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Biocoral® is a relevant example of ceramic biomaterial, made of coral-derived cal-
cium carbonate. Synchrotron radiation microCT was recently used within a com-
parative study with β-tricalcium phosphate and biphasic calcium phosphate scaffold 
grafts in human maxillary defects. By microCT, 6 months after grafting, a huge 
amount of newly formed bone was found in the retrieved Biocoral-based biopsies, 
together with a good rate of the scaffold resorption and the formation of a homoge-
neous vascularization. The morphometric parameters were comparable to those 
obtained in the biphasic calcium phosphate grafts at the same time point, confirming 
the good in vivo performance of the biocorals but also demonstrating that graft suc-
cess is strictly dependent on scaffold morphology [29].

Successful bone regeneration was also obtained using collagenated porcine-
derived biomaterials. Special morphologies of 3D scaffolds, preserving both the 
cancellous and cortical bone structure, achieved very efficient systems to be used in 
combination with stem cells. Two studies [30, 32] quantitatively demonstrated, by 
synchrotron radiation PhC-microCT and other comparative methods, the osteoin-
ductive properties of a cortico-cancellous porcine-derived scaffold cultured with 
human periodontal ligament stem cells (hPDLSCs). In particular, hPDLSCs demon-
strated in vitro a good capacity of bone regeneration, with high proliferation rates 
and immunomodulatory properties, especially in xeno-free media [32]. Briefly, 
populations of hPDLSCs, obtained from the alveolar crest and the horizontal fibers 
of the periodontal ligament, were seeded onto demineralized cortico-cancellous 

Fig. 8.1  MicroCT 3D reconstruction of (a) block-based TCP/HA scaffold before grafting, (b, c) 
block-based TCP/HA scaffold 9 months after grafting, (d) granule-based TCP/HA scaffold before 
grafting, and (e, f) granule-based TCP/HA scaffold 9 months after grafting. (b, e) Residual scaffold 
after 9 months from grafting. White phase: scaffold; pink phase: regenerated bone; green phase: 
regenerated vessels (From Ref. [27])
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scaffolds and cultured in vitro for 3 weeks. Three-dimensional images were obtained 
by PhC-microCT at several time points during the culture process, using a phase-
retrieval algorithm based on the transport of intensity equation (TIE), fully described 
in the previous chapters. This experimental method was first demonstratively 
applied for the 3D characterization of the constructs in not xeno-free media [30], 
quantitatively monitoring the early stages of bone formation in basal and differenti-
ating conditions; subsequently, the same experimental protocol was used for study-
ing xeno-free cultures [31]. Interestingly, it quantitatively showed a significant 
acceleration of the mineralization process in the xeno-free environment, regardless 
of basal or differentiating conditions. Indeed, PhC-microCT easily discriminated 
the newly formed mineralized bone from the demineralized biomaterial. Figure 8.2a 
shows a scanning electron microscopy image of the cortico-cancellous scaffold 
before cell seeding. Its interactions with the hPDLSCs and the media produced, 
over 3 weeks of time from culture starting, microCT images in which, because of 
their different refractive indexes, two phases appeared, the demineralized scaffold 
and the newly mineralized bone.

Figure 8.2, panels b–e show the samples cultured in basal (CTR) or differentiat-
ing (DIFF) media for 1 and 3 weeks. A significant quantity of newly mineralized 
bone, in shape of spots or fibrils, was already visible after the first week of culture 
both in CTR and in DIFF media. This finding seems better than results previously 
obtained in the non-xeno-free media where the newly mineralized bone was detect-
able only after the second week of culture. All the investigated morphometric 
parameters, within the spongy volume of the samples, showed that no significant 
differences were present between CTR and DIFF cultures at identical time points 
but that a significant increase of the mineralized volume was detected between the 
first and third week of culture in both the culture media.

Interestingly, PhC-microCT studies revealed an overall significant increase in 
trabecular thickness in both media, from the first to the third week of culture, but 
only a slight increase (not significant) of the mean thickness in the mineralized 
portion. This seems to indicate that the porcine-derived biomaterial resorption is 
well compensated by cell growth.

Fig. 8.2  (a) Scanning electron microscopy image of the porcine-derived cortico-cancellous bio-
material before cell seeding. (b–e) Synchrotron radiation PhC-microCT 3D images of the same 
biomaterial cultured with hPDLSCs in xeno-free media in (b, c) basal (CTR) and (d, e) osteogenic 
(DIFF) conditions. The scaffold interacted with cells and media producing 3D microCT images 
with two different phases, having different δ (refractive index decrement) values: the demineral-
ized porcine-derived scaffold (shown in translucent gray) and the newly formed mineralized bone 
(color map of bone thickness distribution at the bottom of the figure); (b, d) at week 1 and (c, e) at 
week 3 (From Ref. [31])
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Porcine-derived heterologous bone was also recently used to fill human post-
extraction sockets, supporting the healing process. Indeed, the management of 
extraction sockets is nowadays a challenge because bone dimensional changes nor-
mally occur after tooth extraction [32]. Horizontal and vertical bone loss have been 
observed, with the greatest bone volume decrease in the period between 3 and 
6 months after extraction [33, 34]. Thus, the regenerative potential of this biomate-
rial was recently investigated by synchrotron radiation microCT and histology in 
order to quantitatively evaluate the kinetics of healing and compare that with control 
post-extraction sockets, spontaneously healed after 12 months [35]. MicroCT mor-
phometric analysis performed on the retrieved biopsies showed an overall increase 
of bone volume for the grafted sites with the healing period. In agreement with the 
literature [33, 34] and with histology performed on the same samples, the more 
significant bone growth was found between 3 and 6 months from grafting, when a 
marked dimensional growth of the bone and a consequent decrease of marrow 
spaces were observed (Fig. 8.3). The microCT quantitative analysis clarified that 
this growth was not strictly due to the increase in trabecular thickness but to a sig-
nificant growth of the number of trabeculae. Indeed, both microCT and histology 
revealed that the newly formed bone progressively surrounded residual biomaterial 
granules, originating new trabeculae. Moreover, they also showed that the bone con-
tinues to grow, even if at slower rate, after 6 months from the biomaterial grafting, 
with the same dynamics of the previous period. After 12 months from grafting, the 
socket filled with the biomaterial showed the presence of more trabeculae (although 
slightly reduced in thickness) than the control post-extraction socket, spontaneously 
healed after 12 months. As the strength of a bone depends also on the microscopic 

Fig. 8.3  (a–d) Subvolumes of the microCT 3D reconstructions. Legend: white tissue →residual 
scaffold; pink tissue → bone under remodeling; red tissue → fully mineralized bone. (e–h) Selected 
histologic sections. Toluidine blue and acid fuchsin. Original magnification ×100. (a–e) 
Spontaneously healed socket retrieved after 12  months from extraction; (b–f) porcine-derived 
bone retrieved 3 months after socket preservation procedure; (c–g) porcine-derived bone retrieved 
6 months after socket preservation procedure; (d–h) porcine-derived bone retrieved 12 months 
after socket preservation procedure (From Ref. [35])
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pattern of the trabecular network [36], the increased number of trabeculae resulting 
from the interactions between the biomaterial and the surrounding native bone tis-
sue is expected to increase the structure’s connectivity, improving also its biome-
chanical performances under loading.

In the last few years, it has been demonstrated that PhC-microCT presents a 
better soft tissue contrast than conventional absorption-based microCT, allow-
ing to study in 3D several tissues and organs: lung [37], esophagus [37], brain 
[38–40], liver [37, 41], kidney [42], breast tissues [43, 44], cartilage [45–47], and 
vessels [48].

These findings led some authors to investigate the 3D vascularization of the engi-
neered bone in dental sites. Indeed, 3D imaging and quantitative description of the 
complete vascular network in such districts is crucial for monitoring the relationship 
between bone formation and vascularization. Very recently, the osteogenic potential 
of the woven bone (WB) formed by human dental pulp stem cells (hDPSCs) after 
40 days of culture in standard medium was tested using synchrotron-based PhC-
microCT [49].

PhC-microCT, using a polychromatic beam and a single-distance setup, easily 
distinguished in 3D the newly formed bone phase from the hDPSC culture, produc-
ing images in which two different phases, with different refractive indices, appeared: 
the WB tissue and small clusters of mineralized bone that were also quantified, as 
shown in Fig. 8.4. However, it was not possible to detect any vascularization using 
the PhC-microCT technique based on a single sample-detector distance.

In this regard, another phase-contrast technique that provides additional informa-
tion is holotomography (HT). HT, unlike PhC-microCT based on a single sample-
detector distance, is based on tomographic scans at multiple propagation distances 
(Fig. 8.5a), followed by a method of phase retrieval that has recently been fully 
described in [50].

Fig. 8.4  (a) 2D slice non-processed with phase-retrieval algorithms: the edge-enhancement signal 
prevents the quantification of the woven and newly mineralized bone phases. (b) The same 2D 
slice after phase-retrieval processing; (c) 3D reconstruction of the human dental pulp stem cells 
culture in standard medium (40 days) after processing by phase retrieval. Woven bone → translu-
cent white; newly formed mineralized bone → magenta. Bottom inset: morphometric analysis of 
the mineralized bone: BV/TV (%)→ volume ratio of the newly formed mineralized bone (BV) to 
the total woven bone volume (TV); BS/BV (mm−1) → newly formed bone specific surface; BTh 
(μm) → mean thickness of the bone clusters. Data are expressed as mean ± standard deviation 
(From Ref. [49])
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Fig. 8.5  Synchrotron radiation-based phase-contrast holotomography (HT) [48]. (a) HT 
setup at the ID19 beamline of the European synchrotron radiation facility (Grenoble, France). 
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HT analysis allowed to achieve a nanometric 3D reconstruction of the WB 
(Fig. 8.5b1, b2), also assessing the presence of new vessels (Fig. 8.5b3). This last 
finding confirmed deductions derived from the evidence that hDPSCs strongly 
expressed high levels of VEGF and PDGF-A which correlates with vessel formation 
in the WB [49].

Another recent study performed by synchrotron radiation HT has confirmed 
hDPSCs properties of differentiating into osteoblasts when seeded on collagen I 
scaffolds [51]. The stability and the quality of the regenerated bone and vessel net-
work were assessed, with conventional procedures and in-line HT, 3 years after the 
grafting intervention.

A representative histological slice is shown, as a reference, in Fig. 8.5c1, while a 
sampling subvolume of the 3D reconstruction deriving from the HT scan is reported 
in Fig. 8.5c2 ,c3, where the unminiralized tissues were virtually suppressed for a 
better visualization of bone (rendered in gray) and its neovascularization (rendered 
in red). The same representation is used to show a sampling subvolume of the man-
dible control (Fig. 8.5d1–d3). As clearly appears from these figures, it was found 
that the hDPSCs generated a compact rather than a spongy bone; thus, a type of bone 
completely different from normal alveolar bone. Therefore, grafted DPSCs seemed 
to not pursue the local environmental signals produced by the alveolar hosting site, 
demonstrating that the HT technique could be an important method with which to 
investigate the still unknown cellular events involved in bone regeneration.

4  �Conclusions

MicroCT, in conventional absorption or in several phase-contrast setups, was found 
to be very useful in delivering reliable 3D quantitative information in dentistry and 
in particular in craniofacial bone engineering. It was extensively used to investigate 
the growth kinetics of regenerated bone in different environments: in vitro, onto 
scaffolds cultured with stem cells, and in vivo, onto constructs, composed of the 
same cells and scaffold, retrieved from animal models or humans.

Furthermore, it must be highlighted that these studies, making use of the 
microCT, produced significant results on statistical samples, often narrower than 
those involved in the histologic evaluation, practically making the calculation of the 
statistical power no longer necessary [35, 52]. In the studies previously reported, 
microCT often allowed to achieve significant results in spite of the limited number 
of samples (in vitro constructs, animals or patients) that, perhaps, would not have 
been sufficient in other experimental protocols, exclusively based on histology. 

Fig. 8.5  (continued) (b) Histological (b1) and HT (b2, b3) analysis of the woven bone (WB) 
formed by hDPSCs after 40 days of culture in standard medium. (c) Histological (c1) and HT (c2, 
c3) analysis of a human hDPSC-treated mandible. (d) Histological (d1) and HT (d2, d3) analysis 
of a human mandible control. Histological sections (panel 1): H&E staining, as reference; HT 
reconstructions: all phases were virtually deleted except for bone and vessels (panel 2), or exclu-
sively except for vessels (panel 3). Yellow arrows: neovascularization. Scale bars = 250 μm
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The reason for this is linked to the 3D nature of microCT acquisition, based on the 
stacking of at least 1000 successive 2D sections (each with the same thickness of a 
histologic slice). This is of fundamental significance, as it allows to perform clinical 
trials on a reduced number of patients and, in animal model studies, makes it pos-
sible to restrict the number of sacrifices to a minimum, in accordance with the most 
recent ethical regulations.
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Chapter 9
The Challenge of the Vascularization 
of Regenerated Tissues

Michela Fratini

Abstract  Tissue engineering (TE) technology combines different aspects of 
medicine, biology, and engineering to generate, repair, or replace human tissues. In 
particular, the bone TE approach may be used to induce new functional bone regen-
eration via the synergistic combination of implanted porous ceramic scaffold with 
bone marrow stromal cells (BMSC) in vivo. The efficiency of an artificially implanted 
construct depends on the timely delivery and exchange of nutrients from blood ves-
sels to the BMSC and the contemporary removal of the metabolism waste products. 
Therefore, the control of the angiogenesis of the microvascular network with proper 
spatial organization is a key step to obtain tissue regeneration and repair (Carano 
and Filvaroff, Drug Discov Today 8:980–989, 2003). In this review, we discuss the 
fundamentals of bone tissue engineering, highlighting the most recent advances in 
the understanding of the relation between bone formation and vascularization.

1  �Introduction

Biomineralization (BM) is the widespread and fascinating process by which 
living organisms form mineral materials, in organized crystals. In the BM process, 
ions in solution are converted in solid composites (biominerals) thanks to chemical-
physical transformations performed by the cellular activity. The process creates 
sophisticated composite materials, composed of organic and inorganic compounds, 
with a wide range of properties depending on the many different functions they 
have to carry out. These include the mechanical functions of exo- and endoskeletons 
and free-ion regulation or sensing. The research goals in BM are to understand the 
underlying mechanisms that organisms use to control mineral formation. Only the 
full comprehension of the morphology and functionality of the biomineralized 
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tissue (i.e., shell, bone, and teeth) will provide the opportunity to mimic nature for 
the development of bio-inspired materials. Bone provides an important and intriguing 
model system to investigate the mechanisms involved in BM.

In particular, a deeper comprehension of the BM process is at the basis of tissue 
engineering (TE) and regenerative medicine developments. Several in  vivo and 
in vitro studies were dedicated to this purpose via the application of 2D and 3D 
diagnostic techniques. However, due to the complexity of the process, a complete 
and exhaustive explanation, still far to be reached, requires the synergy of different 
advanced experimental techniques.

The scaffold plays a crucial role in tissue regeneration since it acts as a guide and 
it stimulates the bone growth creating living biocomposites [2, 3]. The physical 
characteristics of the scaffold are represented by a high porosity, maximal surface 
area for bone growth, and an interconnected pore space, with pores having a suffi-
ciently large size to allow the penetration and diffusion of the blood vessels [4]. In 
addition, the efficiency of an artificially implanted construct (scaffold) depends on 
several factors, such as the rate of exchange and removal of substances (as nutrients 
and metabolism waste, respectively) from the surrounding blood vessels to the bone 
marrow stromal cell (BMSC, see Fig. 9.1) loaded in the scaffold. The control of the 
angiogenesis of the vascular network by providing an appropriate template for its 
spatial organization is a key step to obtain tissue regeneration and repair [1]. In this 
framework, the formation of vascular networks with tissue-appropriate structure is 
crucial to tissue engineering (TE) [5, 6]. Thus, a quantitative analysis of the 3D 
vasculature arrangements in TE is essential to the evaluation of the success of a 
given strategy. However, to image blood vessels using conventional high-resolution 
techniques based on X-ray absorption is challenging and often requires the intro-
duction of contrast agents or corrosion casts that generate absorption contrast. In 
turn, this can result in a nonuniform filling of the vessels and possibly in the need to 
destroy the rest of the tissue. Complete reliance on absorption contrast thus leads to 
significant challenges when attempting to simultaneously identify multiple tissue 
features in a single sample (e.g., microvascular and soft tissue structure).

Recent works [7, 8] demonstrated the capability of synchrotron X-ray phase-
contrast micro-tomography (SXPCmT) to visualize the 3D neuronal network 
architecture and vascular network in the central nervous system at scales spanning 
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from millimeters to hundreds of nanometers, without contrast agent and without a 
destructive sample preparation, which could lead to data misinterpretation.

The potential of SXPCmT was also confirmed in recent works [9], where it was 
applied to the visualization and analysis of the 3D microvascular networks in bone-
engineered constructs, made of porous ceramic scaffolds loaded with BMSC, in an 
ectopic bone formation mouse model. Samples seeded and not seeded with BMSC 
were compared, with or without the use of contrast agents. Thanks to the high qual-
ity of the images, it was possible to simultaneously investigate the 3D distribution 
of both vessels and organic collagen matrix. This approach represents a valuable 
tool for quantitative studies of angiogenesis in TE and for any other preclinical 
investigations wherein a quantitative analysis of the vascular network has an impor-
tant role. In this framework, in the following paragraph, we present the most recent 
advances in the understanding of the relation between bone formation and vascular-
ization using high-resolution imaging techniques.

2  �Vascularization

An active blood vessel network is an essential prerequisite for the development of 
TE bone and for its integration with the existing host tissue. Various scaffold con-
structs have thus been developed with the specific goal of promoting angiogenesis, 
in turn stimulating bone regeneration [10, 11].

Indeed, the greatest amount of new bone formation occurs in the most vascular-
ized areas, whereas an inadequate vascularization at bone defect sites is associated 
with decreased bone tissue repair and regeneration and has been identified as the 
main hindrance to successful bone TE (BTE) [11]. Specifically, until the timely 
onset of construct vascularization (typically on the order of hours to days), seeded 
cells in an implanted bone TE construct rely on diffusion for the uptake of nutrients 
(i.e., oxygen, glucose, etc.) and the clearing of metabolic by-products. However this 
transport mechanism is only efficient over short distances (i.e., less than 200 μm) 
[12]. These diffusional constraints result in viable cells being located only superfi-
cially (i.e., at the periphery of the constructs) and thus limit the success of BTE 
throughout the entire thickness of the defect. To remedy this obstacle, scientists 
have proposed several methods to accelerate the onset of neovascularization for 
survival and integration of BTE with host tissue including (1) scaffold design, (2) 
inclusion of angiogenic growth factors, (3) in  vitro pre-vascularization (i.e., co-
culture of endothelial and osteogenic cells), and (4) in  vivo pre-vascularization. 
Although it is still unclear which method is the best for successful in vivo applica-
tion, a combination of these methods may prove to be most effective.

The achievement of a full understanding of the processes of angiogenesis, osteo-
genesis, and tissue engineering strategies would offer exciting future therapeutic 
opportunities for skeletal repair and regeneration in orthopedics.

In this framework, the ability to quantitatively analyze, in three dimensions, 
the vascular structure in TE is essential for the evaluation of the success of a given 
strategy. In the following, we will present the imaging techniques most used to 
evaluate the vascularization in the scaffold.
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3  �Assessment of BTE Microvessel Detection by Imaging 
Approaches

Different imaging methods are available to monitor the vascularization. In particu-
lar, it is possible to classify the vascular imaging approaches into three main groups: 
nonoptical techniques (X-ray, magnetic resonance, ultrasound, and positron emis-
sion imaging), optical techniques (optical coherence, fluorescence, multiphoton, 
and laser speckle imaging), and hybrid techniques (photoacoustic imaging) [13]. 
In the first group, great interest is focused on X-ray imaging methods, which are 
based on X-ray attenuation by the different tissues and have been successfully used 
to visualize large blood vessels.

In addition, micro-tomography [14] is able to provide higher-resolution imaging 
(about 1 μm) than ultrasound (about 30 μm) and MRI (about 100 μm), enabling the 
visualization and quantification of microvasculature. However, this level of perfor-
mance can normally be obtained only with the use of contrast agents [15]. A recently 
emerging method, synchrotron phase-contrast micro-tomography, could help over-
come this limitation. This method permits to combine 3D imaging with the analysis 
of microvascularization and bone microstructure [16], enabling the simultaneous 
identification of multiple tissue features without using contrast agents. This is due 
to the increased sensitivity of phase-sensitive X-ray imaging techniques. Indeed, 
this technique also overcomes the intrinsic limitations of conventional tomographic 
approaches, often unable to reliably reconstruct the full vascularization network in 
case of an incomplete filling of microvessels by contrast agents [17]. In addition, 
conventional characterization techniques have other limitations: 2D imaging, such 
as histology, yields incomplete spatial coverage with possible data misinterpretation, 
whereas conventional micro-CT does not achieve sufficient resolution and contrast.

4  �X-Ray Phase-Contrast Tomography

The advent of synchrotron radiation supported the development of advanced 3D 
imaging techniques, such as X-ray phase-contrast tomography. Classical radiogra-
phy and tomography are based on absorption, and they are well-known tools for 
imaging objects with hard X-rays. For studies of weakly absorbing materials, such 
as biological samples, the attenuation in the sample becomes often too small to give 
detectable contrast. In these cases, a better contrast can be achieved by imaging the 
phase modulation induced by an object in a coherent beam, which makes phase-
based methods attractive for studies of weakly absorbing samples, both in materials 
and life sciences.

Various techniques have been developed to exploit phase contrast in the X-ray 
range. They can be classified into five main categories: propagation-based imag-
ing (PBI) methods, analyzer-based imaging (ABI) methods, interferometric 
methods based on the use of crystals, and grating interferometric and grating non-
interferometric methods [18]. These methods differ not only for their experimental 
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setup and for their requirements in terms of the X-ray beam spatial and temporal 
coherence but also for the nature and amplitude of the provided image signal and for 
the amount of radiation dose that is delivered to the sample.

A simple yet effective phase-contrast method for hard X-rays is based upon in-
line imaging after free-space propagation. When synchrotron X-rays illuminate the 
sample, variations in the optical path length produce slight local deviations (refrac-
tion) of the X-ray beam from its original path (Fig. 9.2).

In absorption radiography, the detector is generally placed close enough to the 
sample that these variations are unnoticed. On the contrary, when a larger free-space 
propagation distance is allowed between the sample and detector, the recorded 
image contains the refraction information in the form of interference fringes appear-
ing at the interfaces between different materials within the sample (edge-
enhancement effect) [19]. The fringes thus enhance the visibility of low-absorbing 
features. Nevertheless, the image captured by in-line propagation always contains 
mixed absorption and phase effects. Therefore, specific algorithms have to be used 
to recover the morphological distribution of absorption and phase within the object 
[20, 21]. Strictly speaking, the quantitative estimation of the object-projected thick-
ness is possible only for mono-elemental samples under monochromatic illumina-
tion [20]. On the other hand, although the refractive indices of different soft tissues 
are very similar for hard X-rays, a semiquantitative phase imaging is still possible 
taking into account the specific interfaces between tissues [21].

The phase retrieval algorithm is applied to all projections of the tomographic 
measurements, using the code ANKAphase [20], based on Paganin algorithm (see 
Chap. 5). The algorithm produces the projected thickness of the object which is 
proportional to the refractive index decrement if the object is homogeneous. When 
applied to all tomographic projections, the retrieved phase maps can be fed to a 
standard filtered back-projection algorithm to obtain phase tomograms.

5  �Experience in Bone Tissue Using X-Ray Phase-Contrast 
Tomography

Conventional X-ray micro-CT is a technique that enables a good visualization of the 
structure of mineralized bone and of biomaterials, but it fails when attempting to 
discern soft tissues at high resolutions. On the contrary, SXPCmT, based on 

Fig. 9.2  Pictorial view of the X-ray phase-contrast micro-tomography experimental approach
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propagation-based settings, presents a better soft tissue contrast than conventional 
CT, clearly discriminating neural and vascular structures [7]. These results enable 
the investigation of the 3D vascularization of BTE. Detailed imaging and a quantita-
tive description of the complete vascular network in such constructs are indeed cru-
cial for monitoring the relation between bone formation and vascularization, and 
phase tomography was shown to efficiently discriminate between tissues with simi-
lar absorption coefficients (like collagen fibrils and blood vessels) [22–25]. In addi-
tion, the high quality achieved for the 3D images obtained by SXPCmT enabled the 
extraction of quantitative pieces of information (number, section, and distribution of 
the vessels crossing each section) for all the different sample preparations. In this 
framework, we have investigated by SXPCmT the 3D imaging of a vascular net-
work in samples that underwent different preparations. Details on the sample prepa-
ration and animal treatment can be found in [9]. In particular, samples seeded with 
BMSC and perfused by the radiopaque medium MICROFIL were compared with 
samples seeded with BMSC and unstained, thus obtaining evidence that a high-
resolution imaging of the vascular network is also possible without any previous 
staining treatment (Fig. 9.3a, b).

In addition, we also investigated samples not seeded with BMSC to study how 
such seeding affects vascularization process (Fig. 9.3c).

In particular, we have explored a central cube volume of 1.4 mm side, for all the 
samples. The precision of the selected volume was assured by the precision of the 
experimental setup, which allowed to illuminate equal portions of the samples. 
Exploiting the 3D character of the tomographic approach, we systematically ana-
lyzed the virtually selected sections (each 640 nm thick) of the samples, perpen-
dicular to any chosen direction, studying the number, diameter, and distribution of 
the vessels crossing each section. To get insights on the structure of the vascular 
trees in the recovered implants, we first plotted the number of vessels of the vascular 
network reaching the system at different depths, and then we investigated the depth 
distribution of vessels with different sizes.

We observed that the major difference lies in the average number of branches 
forming the vascular trees. The sample not seeded with BMSC was poorly ramified, 
while the other three samples displayed thriving trees with many branches. It is 
important to emphasize that the histological studies performed on samples unseeded 
with cells also show a poor vascularization (Fig. 9.4).

Even though SXPCmT was able to visualize the 3D vascularization network 
inside the scaffold without any sample sectioning and preparation, the use of a 
coherent, highly brilliant X-ray synchrotron source was mandatory in order to 
achieve a high image quality with sub-micrometer spatial resolution.

This could certainly limit a possible future use of this technique in the clinical 
routine; however, this remains a highly valuable experimental approach in preclini-
cal researches such as those involving the investigation of the vascularization pro-
cess in different scaffolds.
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Fig. 9.3  The scale bar corresponds to 30 μm. (a) Sample A was prepared with MICROFIL®, and 
it was pre-seeded with BMSCs. The vessels in sample A are rendered in red, the scaffold in blue, 
and the soft tissue in yellow and green. (b) The 3D volume of sample B is reported. The segmenta-
tion renders the vessels in red and the scaffold in blue. The soft tissues were computationally 
removed from the 3D rendering to highlight the vessel distribution inside the scaffold. Sample B 
was also pre-seeded with BMSCs, but it was left unstained after the recovery of the scaffold from 
the animal. (c) Sample C was not BMSC seeded, but it was perfused with MICROFIL. The vessels 
are rendered in red and the soft tissue in yellow and green (Figure adapted from Bukrreva et al. [9])

Fig. 9.4  Histological studies of (right side) scaffold skelite without cells; (left side) scaffold with 
cells. The arrows indicate vessels marked by MICROFIL. Acquisition by Zeiss Axiovert 200 M. sk 
skelite, ft fibrous tissue, b bone tissue, m MICROFIL; 40×, scale bar 100 μ micron. (Figure adapted 
from Bukrreva et al. [9])
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6  �Imaging Vascular Segmentation Method

SXPCmT provides an excellent investigation tool for soft tissues, in particular the 
mapping of the cellular and vascular distribution in biological samples without any 
casting preparation and with resolution in the 1–10 μm range [7]. Moreover, the 
capability to distinguish the vascular network without contrast agents has already 
been demonstrated [7, 26, 27], for example, in the case of the liver or for tumors and 
for the central nervous system [7, 27, 28]. Even in the visual inspection of tomogra-
phy data, image segmentation is a crucial step for obtaining quantitative informa-
tion. In particular, the purpose of any segmentation method is to classify the voxels 
of a particular feature in order to further assess significant parameters, thus provid-
ing a better visualization of the region of interest. Several approaches exist in order 
to reach this goal, including intensity- and model-based algorithms [29–31].

A simple intensity-based segmentation method, which can be employed, for 
example, to detect the vascular network, is based on the gray levels of the image, 
by considering the result of different threshold values in the image histogram. In 
intensity-based segmentation, indeed, the extraction of the voxels to be assigned 
to the different features (e.g., to the vessels) is based on the analysis of the image 
histogram. In particular, the image histogram is characterized by a multimodal dis-
tribution with slightly asymmetric tails on both sides of the modal value. It is easy 
to recognize that the main peak is to be assigned to the scaffold, so that it should not 
to be included in the segmented volume if we want to isolate only the vessels. On 
the other hand, voxels compatible with vessel lumen or walls and connective tissues 
have to be included and are located on gray levels identified by two small peaks at 
both sides of the main one, respectively. The result of the threshold application to 
the whole tomographic volume is shown in Fig. 9.5. Segmentation is able to repro-
duce the spatial arrangement of the different features in the vascular network, and it 
is possible to skeletonize and quantify the different features.

Unfortunately, the usage of a simple intensity approach presents several 
drawbacks.

Since no assumption on the continuity of the detected structure is considered, 
voxels with a local contrast decrease will not be included even though they repre-
sent part of the vessel.

In order to overcome this limitation, “undecided” voxels can be attached to seg-
mented ones using different approaches [32]. Overall, intensity-based segmentation 
provides a good starting point to obtain fast and quantitative results.

7  �Conclusions

SXPCmT is able to visualize the 3D vascularization network inside the scaffold 
without any sample sectioning and preparation. However, in order to achieve a 
higher image quality with sub-micrometer spatial resolution, the use of a coherent, 
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highly brilliant X-ray synchrotron source was mandatory. While this could certainly 
limit a possible future use of this technique in the clinical routine, PCmT remains a 
highly valuable experimental approach in preclinical researches such as those 
involving the investigation of different scaffold vascularizations. We therefore 
propose our approach as a tool for angiogenesis studies in TE and for any other 
preclinical investigations where the quantitative analysis of the vascular network 
is required.
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Chapter 10
Synchrotron X-Ray-Based Functional 
and Anatomical Lung Imaging Techniques

Sam Bayat, Christian Dullin, Marcus J. Kitchen, and Goran Lovric

Abstract  Lung diseases are a major burden of public health especially in 
developed countries and therefore continue to be an active interest in preclinical 
and clinical research. Due to the complex structure and motion of the lung, an 
in vivo or in situ analysis would be very beneficial. However, this is very challeng-
ing for virtually all imaging technologies in small animal models of lung disease 
due to the small size of the organ and its rapid breathing motion. To study lung 
disease in detail, the interaction of molecular events, anatomical alterations, and 
changes in the lung function need to be assessed in parallel. The use of synchro-
tron light sources has enabled the development of several lung imaging techniques 
such as phase-contrast CT, 4D lung imaging, virtual histology of lung tissue, 
k-edge subtraction imaging for measuring regional lung ventilation and perfusion, 
as well as speckle-based airflow measurements. The application of these tech-
niques has allowed to gain more insight into anatomical alterations as well as 
functional parameters in small animal lung disease models, which will be demon-
strated in this chapter.
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1  �Introduction

The lung is an anatomically and functionally complex organ composed of a branch-
ing airway tree leading to terminal airspaces where gas exchange occurs. Lung dis-
eases are one of the major health burdens worldwide [15]. Many lung diseases are 
induced or exacerbated by exposure to airborne environmental microorganisms and 
pollutants. Better understanding of lung structure and function remains therefore 
highly important for developing new therapies and diagnostic approaches. However, 
the deep location of the lung within the body, its constant motion with breathing and 
cardiovascular pulsation, and its high porosity pose extreme challenges for imaging 
especially in preclinical lung disease models in small animals such as mice, rats, or 
rabbits.

To date virtually only X-ray-based imaging methods provide the necessary spa-
tial and/or temporal resolution. Here we will present different synchrotron radiation-
based imaging methods: (i) free propagation phase-contrast zoom tomography [10], 
(ii) high-speed lung imaging [34], (iii) k-edge subtraction imaging [2], and (iv) 
speckle-based lung imaging [27]. Those techniques can be used to address morpho-
logical alterations [14], study ventilation and perfusion patterns [56], perform 2D 
and 4D elastography [24, 35], or track the migration of immune cells [13]. Due to 
the adverse effects of ionizing radiation such as X-rays onto biological tissue, not all 
these methods have potential applications in patients or living laboratory animals; 
thus the chapter is structured as follows: (i) in situ/ex vivo techniques and (ii) in vivo 
application of phase-contrast lung imaging.

2  �Applications of Phase-Contrast Imaging for In Situ/Ex 
Vivo Analysis of Lungs in Small Animal Lung Disease 
Models

The use of a synchrotron as X-ray source with a comparable small source size, a 
very high photon flux, and a large source-to-sample distance allows to exploit the 
wave nature of the X-ray beam rather than only focusing on its attenuation as source 
of image contrast like in classical CT [42]. One way of doing this is to place the 
detector at a larger distance behind the object allowing the X-ray wave fronts that 
have passed through the object and have been deformed by its internal structure to 
interfere and cause strong edge enhancements on the recorded radiographs [55]. If 
this imaging scheme is combined with the application of “phase retrieval” algo-
rithms, images with a strongly increased contrast-to-noise ratio can be obtained [44] 
which inherit the potential for significant reduction in X-ray dose [22]. This so-
called propagation-based imaging (PBI) technique has proven to be especially 
suited for lung imaging due to the strong (sharp) interference fringes caused by the 
air-to-tissue surfaces in the lung microstructures [14, 29, 35, 45].
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2.1  �In Situ Phase-Contrast Imaging of Entire Mouse Lungs

The application of PBI enables quantification of subtle morphological alterations in 
small animal lung disease models. Moreover, the gain in image quality can be 
exploited to study, for instance, the fate of contrast agent-labeled macrophages in 
situ [13] as shown in Fig.  10.1. Alveolar macrophages clear the airways from 
inhaled pathogens and are one of the main effector cells in asthma [39]. Using PBI 
we demonstrated that macrophages can migrate from the airspace back into the 
bronchial walls, a previously unknown effect that may aid to a better understanding 
of the underlying pathomechanisms of asthma.

Fig. 10.1  (a) PBI image (9 μm pixel size) of an in situ mouse lung inflated with air at a constant 
pressure of 30  cm water column. (b) shows the level of detail that can be achieved with that 
approach. (c, d) displays the 3D rendering of volumes of interest from (c) and asthmatic and (d) a 
healthy mouse. Both mice were injected with 6 × 106 barium sulfate-labeled alveolar macrophages 
(violet). It can be seen that both morphological alterations like the symptomatic bronchial wall 
thickening in asthma (white arrow head) and migration sites of the macrophages can be analyzed 
simultaneously
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2.2  �Zoom-In Tomography for Localized High-Resolution 
Analysis Within the Lung

In contrast to lung disease like asthma that usually displays homogenously distrib-
uted morphological alterations within the lung, other lung diseases like idiopathic 
pulmonary fibrosis (IPF) [11] or especially lung cancer are characterized by a 
patchy appearance or only a few local foci. Despite the importance of an early diag-
nosis which could also benefit from the application of PBI, to study the local envi-
ronment around a lung nodule, for instance, would be of great interest. Such an 
approach obviously requires a high spatial resolution. Thus, a zoom-tomography 
approach can be applied that uses a low-resolution scan to localize sites of interest 
and places a local area high-resolution scan at that position as demonstrated by [28].

2.3  �Virtual Histology of Lung Tissue

Another important aspect in which synchrotron phase-contrast CT can be beneficial 
for lung research is to improve histological analysis. Histology can be considered 
the gold standard in tissue analysis especially in combination with immunohisto-
chemistry. It allows to specifically highlight certain tissues or cell types and there-
fore study a pathology in detail. The main disadvantage of histology is that the 
specimen needs to be sectioned and is therefore destroyed within the process. 
Moreover, the sectioning is done in a blind manner and can only hardly be targeted 
to sites of interests. Phase- contrast CT allows to study embedded lung tissue prior 
to sectioning without the need of additional staining protocols and with strongly 
reduced radiation dose [49]. This so-called virtual histology technique even though 
it doesn’t allow for specific highlighting of cells can aid classical histology by pro-
viding 3D analysis and can be used to guide the sectioning process to sites of inter-
est [1]. Moreover, stored paraffin-embedded tissue samples that have been processed 
with the standard workflow for histological analysis and are associated with a veri-
fied clinical diagnosis could be analyzed, paving the way for setting up computer-
aided decision systems in clinical pathology.

3  �In Vivo Applications of Synchrotron X-Ray Imaging

3.1  �K-Edge Subtraction Imaging

One of the most challenging goals of X-ray imaging is to quantitatively map the 
distribution of contrast agents within living tissues and organs with enough sensitiv-
ity, temporal and spatial resolution, and to enable the assessment of dynamic phe-
nomena such as blood perfusion, microvascular permeability, or regional lung 
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ventilation. The ability to image the underlying morphology simultaneously is 
valuable for studying regional organ function, disease mechanisms, or the distribu-
tion of theranostic or toxic nanoparticles.

K-edge subtraction (KES) imaging is based on the sharp increase in the attenua-
tion coefficient of an element, when the energy of incident X-rays exceeds the 
K-edge. Because synchrotron radiation flux is several orders of magnitude higher 
than a standard X-ray source, virtually monochromatic X-ray beams can be sepa-
rated from the full spectrum while maintaining enough flux so that images can be 
acquired with short acquisition times on the order of ~1 ms. Separate maps of den-
sity distribution due to tissue and inhaled Xe gas or iodine injected in the blood can 
be obtained [2, 56]. The method can be extended to multi-K-edge and spectral 
K-edge imaging, where either multiple discrete energies or a range of energies span-
ning across multiple elemental K-edges is used [60]. A comprehensive review of 
K-edge and multispectral X-ray imaging techniques can be found in Thomlinson 
et al. [57].

3.1.1  �Applications to the Investigation of Regional Lung Structure 
and Function

The distribution of regional ventilation is inhomogeneous in normal lung, and this 
inhomogeneity increases dramatically under pathologic conditions. Although 
classically attributed to the effect of gravity on lung expansion, the causes of this 
ventilation inhomogeneity both in normal lung and in pathologic conditions still 
remain a matter of debate. Experiments performed in microgravity [47] and using 
positron emission tomography [12] and hyperpolarized helium magnetic resonance 
imaging [43] have shown that in normal lung, a large share of ventilation heteroge-
neity arises independently of gravity and beyond the spatial resolution of these 
imaging modalities. A unique feature of KES imaging is that it allows quantitative 
measurements of ventilation distribution, down to sub-acinar spatial resolutions 
which enables the study of mechanisms leading to ventilation inhomogeneity at 
length scales that other imaging modalities cannot investigate.

The uneven distribution of ventilation has major fundamental and clinical impli-
cations. Ventilation heterogeneity affects the matching of regional ventilation and 
perfusion leading to less efficient gas exchange and can significantly affect the 
apparent degree of mechanical obstruction. Moreover, ventilation distribution 
importantly determines the distribution of inhaled medications and inhaled environ-
mental pollutants.

One of the lung diseases where ventilation distribution inhomogeneity is 
enhanced is asthma. Asthma is characterized by the exaggerated contractile response 
of airways to various stimuli. For asthma diagnosis, airway responsiveness is often 
investigated using pharmacological substances that directly stimulate the airway 
smooth muscle. In asthmatic individuals however, airway constriction is indirectly 
induced by stimulation of inflammatory cells such as mast cells and eosinophils 
that release constricting mediators. Using KES imaging, it was demonstrated in 
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anesthetized rabbits that when airway constriction is induced by the inhalation of 
histamine mimicking an asthma attack, regional ventilation becomes very heteroge-
neous with development of patchy areas of reduced ventilation [5, 6, 48]. It was 
further shown that the kinetics of airway response to histamine is very different in 
central versus small peripheral airways, with faster constriction and recovery in the 
lung periphery, while central airways were slower to reach their maximal constric-
tion [5], occasionally showing paradoxical dilatations [6]. This phenomenon may 
be due to the dynamic tidal expansion of proximal bronchi when distal airways 
constrict downstream [5] or serial airway interdependence [59].

The mechanism through which airway smooth muscle constriction is induced 
results in radically different patterns of airway constriction [7]. In rabbits sensitized 
to ovalbumin, airway constriction was induced either non-specifically by methacho-
line, which acts directly on the airway smooth muscle, or specifically through an 
allergen such as ovalbumin following allergic sensitization, which constricts the 
airways indirectly by triggering the activation of mast cells and eosinophils. While 
methacholine induced mainly central airway constriction, the allergen caused a 
much more heterogeneous pattern of ventilation distribution in the lung periphery 
(Fig. 10.2). The inhomogeneous airway reaction in allergic animals may have been 
due to the local heterogeneity of the distribution of immune cells involved in the 
allergic reaction itself [30]. Moreover, the inhomogeneous distribution of an inhaled 
aerosol containing environmental antigens or constricting agonists can result in an 
inhomogeneous peripheral airway response. Recently, the regional deposition of 
aerosol particles containing iodine was quantitatively mapped in rabbit lungs [47]. 
Ventilation distribution using KES imaging during Xe wash-in and the lung airway 
branching morphology, both critical parameters in determining aerosol transport 
and deposition, were also imaged. This study showed that the deposition of aerosol 
particles of a median aerodynamic diameter of ~3 μm was strongly heterogeneous 
(Fig.  10.3), decreased following methacholine-induced airway constriction, and 

Fig. 10.2  Left panel: images of specific ventilation in one representative sensitized rabbit at base-
line, during methacholine (Mch) infusion, on recovery, and after ovalbumin provocation. Right 
panel: images of regional ventilation in one representative control rabbit after Mch aerosol inhala-
tion. Black color indicates zero specific ventilation (From Bayat et al. [6])
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that deposition distribution could be imaged repeatedly with KES to obtain data on 
the kinetics of regional deposition or to determine how interventions can change the 
deposition pattern of aerosol particles.

Patients with acute respiratory distress syndrome (ARDS) invariably require 
mechanical ventilation in order to manage the work of breathing and improve gas 
exchange. In this condition, inflammation leads to high microvascular permeability 
edema and widespread patchy regions of alveolar flooding and collapse interspersed 
with normally aerated lung regions, which reduces the volume of aerated lung and 
leads to significant mechanical heterogeneity. Positive pressure ventilation in this 
condition imposes mechanical stresses on the parenchyma that can worsen lung 
injury, a condition known as ventilator-induced lung injury (VILI) [12, 43, 54]. 
Both excessive mechanical strain on the pulmonary alveoli due to large volume 
excursions in alveoli that remain aerated and tidal recruitment and decruitment of 
peripheral airspaces, referred to as “atelectrauma” [53], are thought to contribute to 
this process. Overall measurements of lung function do not allow assessing the 
functional behavior of the lung periphery under mechanical ventilation. Using KES 
imaging, positive end-expiratory pressure (PEEP) was shown to improve aeration in 
collapsed lung regions but not to eliminate overventilation of normal lung units in a 
model of experimental lung injury in rabbit [3]. Combined measurements of lung 
aeration based on tissue-density images, and regional ventilation based on Xe wash-
in, allow distinguishing regions of alveolar collapse that are tidally ventilated, 

Fig. 10.3  Three-dimensional rendering of the regional deposition of iodine expressed as concen-
tration (mg/ml) versus the duration of inhalation in a representative control (top row, whole lung) 
and an MCH animal (bottom row, 35 mm vertical height). Gray color: surface rendering of lung 
and conducting airway morphology; dark gray shows the projection of segmented conducting air-
ways. Values below 1.5 mg/ml were not represented in order to better reveal focal areas of strong 
iodine deposition. Note the strongly inhomogeneous pattern and increasing amount of deposition 
with time in the control animal and a similarly inhomogeneous pattern but less overall deposition 
in the MCH animal
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exposing them to concentration of mechanical stresses [38], or regions with full or 
partial gas trapping, while static CT images do not allow this distinction [3]. 
Moreover, the administration of exogenous surfactant [4] or the impact of different 
modes of mechanical ventilation such as volume control or pressure-regulated 
modes on regional lung function can be assessed by KES imaging [46].

3.2  �Time-Resolved Tomographic Microscopy (4D Imaging)

3.2.1  �General Aspects About Microscopic 4D-CT

Time-resolved synchrotron-based tomographic microscopy (4D-SRμCT) allows for 
the study of rapid evolving processes that occur at microscopic resolutions (microm-
eter and below) and in all three spatial dimensions. To describe dynamic processes, 
tomograms are then taken at consecutive time points to create 4D type of movies. 
With the steady improvements of both acquisition protocols and X-ray instrumenta-
tion, it is nowadays possible to acquire single tomograms at a micrometer-sized 
spatial resolution in just a fraction of a second. Due to fast data streaming, the total 
acquisition time and hence the number of subsequent tomograms can be increased 
almost to an arbitrary extent [41]. This makes the technique available to a wide 
range of scientific disciplines (materials and geoscience, soft matter physics, func-
tional biology, etc.) [40]. A further increase in temporal resolution is possible by the 
utilization of gating, i.e., by imaging different time points within the phase of an 
essentially periodic process. In that case, the tomographic projection images are 
then prospectively or retrospectively re-sorted in order to derive full tomographic 
datasets. Applied to the study of dynamic microscopic features under living condi-
tions, and in particular microscopic aspects of pulmonary inflation, we have to con-
sider several typical physiological aspects, which both determine the acquisition 
protocol in use and define the ultimate limitation of the technique.

3.2.2  �Biological Aspects

The transition from standard μCT (with typical pixel sizes of 10–100 μm) toward 
high-speed tomographic microscopy is mostly characterized by the time scale 
required to capture the motion. We typically refer to “fast” tomographic acquisi-
tions when they take less than a second at the micrometer scale. The smaller the 
microscopic feature of interest, the shorter the exposure time to capture its motion 
has to be. This not only requires a highly brilliant source like a synchrotron (high 
flux and coherence) but, in addition, a flexible imaging endstation that offers 
advanced signaling and precise triggering of all components that are part of the 
image acquisition process [37]. In the case of lungs, even small pressure oscillations 
of up to Δp = ±0.1 cmH2O (caused by heart motion) lead to motion blurring in the 
CT-reconstructed images and render the distinction of individual alveolar septa 
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impossible. Although the breathing motion of the lung can be externally “adjusted,” 
both in amplitude and frequency, by means of mechanical ventilation (MV) and 
deep anesthesia, the heartbeat frequency is determined by the instantaneous physi-
ological condition of the living animal and is subject to strong variability. This is 
manifested in the variation of each beat-to-beat interval (R-R interval), the so-called 
heart rate variability (HRV), and alters the condition of strict motion periodicity, 
which on the other hand represents a prerequisite for standard gating techniques. 
Against this background, however, any attempt to image the lung in vivo with alve-
olar and septal spatial resolution in 3D must ensure the precise capturing of the lung 
motion at identical heartbeat and respiratory phases. While this problem is theoreti-
cally solvable by acquiring abundant tomographic data, the approach is further 
complicated by the fact that the X-ray exposure can easily exceed the tolerizeable 
radiation dose. Immediate effects from radiation on the investigated sample are then 
possible, being particularly the case when investigating biological materials with 
pixel sizes close to a few microns [8].

3.2.3  �Technical Aspects

To overcome the aforementioned physiological aspects, a range of experimental 
conditions have to be met. For addressing the heartbeat aperiodicity, ultrashort 
single-projection exposures in the order of a few milliseconds (ms) as well as a 
precise adjustment of the time point within the cardiac cycle (R-R interval), at 
which the imaging takes place, are essential for obtaining artifact-free images. 
Subsequently, the imaging and X-ray exposure on the detector’s side have to be 
adequately synchronized with all bio-signals that are monitored in the animal (e.g., 
respiration, ECG, anesthesia, and/or contrast agent administration), hence requiring 
an accurate (in the order of microseconds) signaling of all involved components. As 
an example of a typical case, we consider a prospectively heartbeat-gated technique, 
where each heartbeat triggers the image acquisition of one single tomographic pro-
jection. The interplaying components as well as the resulting tomographic slices at 
three different pressures are depicted in Fig. 10.4. First, after detecting the QRS 
complex, a trigger is fired that initiates the opening sequence of the X-ray shutter; 
consider the shutter’s opening time to be very small (in the order of milliseconds or 
even microseconds), the detector should start the image acquisition only after the 
shutter is fully opened; likewise, once the detector’s chip has been exposed (and 
detector’s readout is en route), the shutter has to be closed instantaneously; taken 
that this process is conducted under a continuous rotation (in contrast to a snap and 
step technique, where each tomographic exposure is followed by an angular motion 
of the high-precision rotation axis), additionally, the explicit angle of the tomo-
graphic projection angle has to be recorded as well, being necessary for attributing 
the non-equidistant angular sampling during the CT-reconstruction phase; finally, 
the process is repeated until the desired number of tomographic projections has 
been recorded.
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Following from that example, the total acquisition time and hence the total num-
ber of tomographic projections are both determined by the heartbeat rate of the 
investigated animal. The whole process can be conducted prospectively or retro-
spectively, but due to the stochastic nature of varying HR beat-to-beat intervals, the 
“prospective” approach is more dose-efficient. With the latter, pixel sizes of 1–3 μm 
have been reached in a murine and rat animal model [36]. The application of a more 
advanced anesthesiologic protocol might also appear favorable to stabilize the HRV 
and selectively increase or decrease HR. Under these conditions it has been possible 
to study different grades of pulmonary inflation, e.g., under pathologic states and/or 
other disease conditions. Up to date, however, the accumulated dose rates necessary 
to acquire multiple tomographic datasets at different time points or intrapulmonary 
pressures go beyond the scale of grays and thus are compatible only with acute 
(terminal) experiments. A number of studies conducted in the field of radiation ther-
apy [16, 50, 51] have shown that acute radiation doses in the range of 20–90 gray 
(Gy) allow for a time window of at least a week before immediate effects from the 
radiation on the investigated biological samples will be present. Due to the very 
small fields of view (FOV), the dose is typically centered in a small part of the lung 
volume. As such, the technique does not only allow to study the functional effects 
of certain conditions on the alveolar scale but also different routes of intervention on 
shorter time scales. Taken that future developments of highly sensitive optical sys-
tems and detectors are on the way, it cannot be excluded that at a latter point in the 

Fig. 10.4  Tomographic slices of rat lung at three different pressures: (a) 5 cmH2O, (b) 10 cmH2O, 
and (c) 15 cmH2O. A schematic of all interacting beamline components is shown in (d), where 
DAQ stands for the data acquisition module, and in (e) the order (from top to bottom) of all trig-
gering signals is shown during a full 180° rotation. (The images are adapted from Lovric et al. 
[36])
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future, longitudinal experiments might be at reach, allowing for more complex lung 
disease models to be studied in vivo.

3.3  �Measurement of Lung Structure and Function 
from Phase- Contrast Speckle

The air/tissue interfaces within the lung produce stronger phase gradients than any 
other pair of materials that naturally occur within mammalian tissues. In this way 
the air serves as a natural contrast agent when employing phase contrast and pro-
vides orders of magnitude greater image contrast than is possible with conventional 
X-ray imaging [25, 34]. Figure  10.5 shows an example of a propagation-based 
phase-contrast projection image of the thorax of a rabbit kitten. It has been shown 
that this type of imaging can readily reveal individual alveoli at the periphery of 

Fig. 10.5  (a) Illumination of a random phase object by partially coherent radiation creates a cha-
otic speckled intensity pattern upon propagation through space to the detector as a result of inter-
ference effects. The many airways in lung tissue can serve as a random phase screen for X-rays, 
resulting in a speckled pattern such as that shown in (b). This phase-contrast image of the lungs of 
a newborn rabbit kitten was acquired at beamline 20B2 of the SPring-8 synchrotron. Beam energy, 
24 keV. Object-to-detector propagation distance, 1 m. Image size, 22.9 × 23.7 mm2. A 256 × 256 
pixel region of interest indicated by the black square is shown magnified in (c), which reveals the 
speckle detail. (d) The two-dimensional (2D) power spectrum of (c) (log scale). (e) Azimuthal 
average of (d) showing the raw data fit with a Pearson type VII function for measuring the position 
of the peak in the power spectrum caused by the speckle. The peak centroid at 6.2 ± 0.4 mm−1 
reveals that the dominant length scale of this region of lung speckle is 159 ± 10 μm. (From Kitchen 
et al. [23], © Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP 
Publishing. All rights reserved)
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the lung [19]. In Fig. 10.5 we see that where there are many alveoli overlapping in 
projection, a seemingly random pattern of bright and dark spots (speckles) arises. 
These speckle patterns are not random noise, but instead encode information about 
the underlying structure of the lung tissue. Simulations have revealed that the speck-
les arise due to local focusing effects, whereby the multiple overlapping alveoli act 
as aberrated compound refractive lenses [27]. The knowledge that these complex 
patterns can be explained in simple terms of geometrical optics (i.e., focusing of 
X-rays) has enabled techniques to be developed to extract information about the 
structure of the lungs from single-projection images without the need for tomo-
graphic reconstruction and the associated increase in radiation exposure and data 
acquisition time.

3.3.1  �In Vivo Measurements of Regional Lung Air Volume

Unlike the three-dimensional (3D) images of CT shown in section (“Applications of 
Phase-Contrast Imaging for In Situ/Ex Vivo Analysis of Lungs in Small Animal 
Lung Disease Models” – (Sect. 1 in this chapter)), which provide volumetric infor-
mation, two-dimensional (2D) projection images are generally considered to have 
no depth information.

However, imaging objects comprised a single (monomorphous) material imaged 
with X-rays using phase or absorption contrast; it is possible to digitally recover the 
quantitative projected thickness of the material using a single-projection image 
[44]. Such calculations require a priori knowledge of the energy-dependent com-
plex refractive index of the material. However, any voids within the material will be 
lost (collapsed) in the recovered projected thickness maps. Hence when imaging the 
isolated lung with phase contrast, it is possible to accurately determine local varia-
tions in projected lung tissue thickness, but the information on lung air volume is 
lost [26]. However, recent studies have shown it is possible to recover this informa-
tion by addition of a single extra source of information.

Kitchen et al. [24] showed that by simply placing a small animal in a tube of 
water during imaging, it is possible to accurately measure changes in regional lung 
air volume at least as small as 25 μL. This technique measures volume change via 
fluid displacement by measuring changes in X-ray attenuation through the sample. 
As the lungs aerate, water is displaced out of the tube and away from the chest, 
which increases the intensity of the X-ray beam through the lungs. The Beer-
Lambert attenuation law then enables the regional changes in projected water vol-
ume to be calculated, and the volume change of air inferred, under the assumption 
that the whole object has the same complex refractive index of water. While the 
soft tissues are effectively comprised of water, the complex refractive index of the 
overlapping bones is clearly very different to the surrounding tissues. However, if 
the volume of bone tissue does not move within a chosen region of interest (ROI), 
then the relative change in lung air volume can be accurately measured within that 
ROI [24]. Motion of the lungs and bones during breathing restricts the ROIs to rela-
tively large areas, typically into four lung segments, for quantitative measurement. 
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To enable volume measurement down to the pixel level, Leong et al. developed a 
temporal subtraction algorithm that isolated the lung tissue from the bones using a 
calibration image recorded of a thorax with unaerated lungs [32]. An alternative 
approach for absorption contrast imaging is to simultaneously acquire two 
images at dual energies and mathematically segment the ribcage via logarithmic 
subtraction [9].

More recently, Leong et al. [33] exploited the information within the lung speckle 
patterns to enable quantitative absolute measures of lung volumes within small 
ROIs that also negates the strong influence of the bones. They exploited the fact that 
lung speckles are all of similar size and hence produce a strong peak when dis-
played in Fourier space as a power spectrum (Fig. 10.5). Leong et al. [33] showed 
that the area under this peak is related to the volume of the objects that cause the 
speckle. Since the bones are much larger than speckles, the peak is only minimally 
affected by the absorption contrast of the bones. The relationship between the peak 
area and the lung volume is not simple, but it was shown that absolute regional lung 
air volume can be calculated by first calibrating the speckle against known regional 
lung air volumes using the water displacement technique described above [24]. 
Since the speckles are present without immersing the animal in water, this cali-
brated technique removes the need for a water bath.

3.3.2  �In Vivo Measurements of Regional Alveolar Dimensions

Leong et al. [33] showed that if the alveoli are considered as isolated spherical cavi-
ties, the power spectrum of lung speckle is directly proportional to the size of the 
alveoli. In a subsequent paper, they showed that the alveolar dimensions can be 
measured if the lung volume is known first [31]. This enabled the alveoli to be mea-
sured as they expand and contract throughout the respiratory cycle. Moreover, this 
technique enabled their size distribution to be measured regionally across the lungs 
in real time. Later, Kitchen et al. [23] showed that the position of the power spec-
trum peak gives a direct measure of the dominant length scale of the airway dimen-
sions within the ROI. Thus, when the lungs are well aerated, and the bulk of the air 
volume is within the alveoli, then the peak position gives a simple and direct mea-
sure of alveolar dimensions. Likewise, if the alveoli collapse, the peak position 
indicates the average size of the remaining patent airways. This study revealed that 
immature alveoli of prematurely born animals will more readily collapse at birth 
than more mature lungs and that speckle analysis provides a sensitive measure of 
this maturity.

The techniques developed for quantifying lung structure and function from the 
phase-contrast speckle have been used to quantify real-time changes of lung liquid 
clearance and aeration at birth in a rabbit model. These studies have completely 
changed our understanding of the complexities underpinning the transition of the car-
diopulmonary system to life after birth. They subsequently enabled clinical research-
ers to develop safer methods of resuscitating premature infants at birth who fail to 
breathe without medical intervention (see [17, 18, 20, 21, 52] and references therein).
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4  �Conclusion

Lung imaging remains challenging due to the deep location of the organ and its 
breathing motion. Nevertheless, the application of X-ray-based imaging strategies 
especially while using synchrotron light sources can provide insights in anatomical 
alterations on a cellular level, perfusion, and ventilation of the lung in vivo, can 
analyze elastic properties, and can be used to measure regional air volumes and 
alveolar dimensions. The latter techniques required only little X-ray dose and might 
therefore allow for clinical lung analysis as well. This strongly reduced X-ray dose 
is related to the exploitation of the wave nature of the X-rays using novel contrast 
regimes such as phase-contrast imaging, speckle formation imaging, dark-field 
imaging, etc.; it can therefore be expected that following phase-contrast breast 
imaging in patients [58], lung imaging will be the next application of these tech-
niques in patients.
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Chapter 11
Better Cartilage Imaging at Synchrotron 
Facilities

Annie Horng

Abstract  Phase-contrast imaging is a novel x-ray-based technique which provides 
previously unprecedented radiation-based soft tissue depiction. Radiography and 
CT are both possible on intact joints as well as small samples, showing detailed 
cartilage structure depiction from a macroscopic to microscopic level and therefore 
opening a wide range of possibilities for detecting cartilage lesions, analyzing car-
tilage anatomy, and understanding natural aging, which is important to develop 
future treatment options for preserving or repairing cartilage and slow the course of 
osteoarthritis. Given its high resolution of cartilage matrix depiction, it might also 
provide a promising tool for studying engineered cartilage cultures and their evolu-
tion, which might aid in development of better cartilage transplantation specimen.

Establishment and optimization of PCI in suited animal models might provide a 
useful tool for preclinical research for facilitating longitudinal follow-up of osteoar-
thritic changes or efficiency of therapeutical treatments/repairs.

1  �From Overview to Microscopic Scale

1.1  �Introduction

Osteoarthritis (OA) is a growing public health problem representing the most com-
mon cause of disability giving the aging demographics but also change in lifestyle 
of the younger population nowadays with consecutive annual costs up to $128 billion 
for the health system in the USA [1, 2].

OA is the advanced form of joint degeneration, which occurs over the lifespan 
based on everyday wear but might be accelerated by overuse, trauma, overweight, 
and other risk factors [3].
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Cartilage degradation is regarded as a precursor for OA, and as cartilage is known 
to possess only limited healing properties, the optimal procedure to prevent or 
decelerate OA would be early prevention of cartilage damage or endorsement of 
cartilage regeneration.

But to enable early intervention and therapy, an appropriate imaging technique is 
needed as a tool, which optimally noninvasively can both depict early cartilage 
changes sufficiently and allow for reliable follow-up examinations to support and 
evaluate beginning, choice, and efficiency of the chosen therapy.

2  �Cartilage Composition

Understanding anatomy and natural aging of cartilage tissue has therefore become 
important in understanding the development of OA.

Articular cartilage is a multiphasic tissue with fluid and solid components. 
Chondrocytes and the extracellular matrix (proteoglycans and collagen) form about 
30–50% (solid phase), water and dissolved electrolytes/minor glycoproteins/lipids 
about 50–70% (fluid phase) of the wet weight of normal cartilage. Articular carti-
lage can be divided into four distinct zones with differing collagen orientations: the 
superficial zone (collagen fibrils arranged parallel to the surface), the transitional 
zone (fibril orientation is less organized), the deep zone (fibrils are perpendicular to 
the surface of the joint), and the calcified cartilage zone (Fig. 11.1) [4–8].

The chondrocytes synthesize molecular matrix components and incorporate 
those into the extracellular matrix with the purpose of preserving its structural integ-
rity and biomechanical properties such as tensile strength and elasticity, which are 
both necessary for the capability of absorbing and distributing loading forces. 

Fig. 11.1  Histological section of the human patellar articular cartilage (Azan staining) showing 
the anatomical layers

A. Horng



171

Disturbance of this well-coordinated process may lead to deterioration of the matrix. 
The collagen fibril arrangement in the extracellular matrix, especially their orienta-
tion, influences the tensile behavior. Initial degenerative changes assumedly result 
from an impaired ability of the solid matrix to support loads, which causes a break-
down of the matrix, further reducing its load-bearing capacity [9, 10]. Fatigue 
micro-cracks may develop within the cartilage or on its surface, which may grow 
with the diminishing load-carrying capacity of the matrix. In the natural develop-
ment of OA, initially, the most superficial collagen fibers are weakened, which leads 
to surface fibrillation with subsequent disturbance of the whole network of fibrils 
down to the boundary with the subchondral bone. The weakening of the collagen 
network in turn results in tissue swelling and loss of its ability to sustain loading [5].

Unfortunately, the biomechanical properties as well as the aging process in 
cartilage are still not well understood given the lack of a suitable imaging method to 
evaluate and visualize that process.

3  �Current State of Cartilage Imaging

Direct cartilage imaging is possible by computer tomography (CT) and magnetic 
resonance imaging (MRI). However, clinical CT only plays a minor role, as it does 
depict the cartilage layer as well as cartilage height but only with restricted resolution 
and also lacking the visibility of structural cartilage changes due to insufficient soft 
tissue contrast within the tissue itself. Therefore, MRI is currently the method of 
choice for the clinical evaluation of cartilage status, which depending on the choice of 
sequences provides superior structural information about the matrix, volume, and 
height and even quantitative information regarding biochemical content such as 
collagen or proteoglycan changes [11]. However, morphological MRI techniques for 
cartilage imaging still suffer limitations in achievable resolution, while quantitative 
MRI techniques still require complex time-consuming post-processing.

So, clinically rough structural depiction of cartilage is possible to some extent, 
while a more detailed structural analysis still lacks a suitable imaging method.

4  �Feasibility Cartilage Imaging with Phase-Contrast 
Imaging

The novel x-ray-based phase-contrast imaging (PCI) is a technique, which utilizes 
the dual property of x-rays when they are passing through tissue. It provides con-
trast information about tissue architecture by using the proportional larger refrac-
tion signal by phase shifts, which occur at tissue borders, even when its absorption 
contrast differences are imperceptible [12].

This ability is promising for imaging tissues with low absorption contrast differ-
ences, such as cartilage. For over a decade, PCI has been applied on complete or 
partial joints and cartilage samples using different techniques, such as propagation-
based imaging, analyzer-based imaging, and grating interferometry [13].
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5  �Planar Synchrotron X-Ray Radiography

Early application of PCI as planar synchrotron x-ray radiography (analyzer-based 
technique) applied on ex-articulated rabbit femoral head samples confirms the 
visibility of a thin cartilage layer as compared to conventional synchrotron x-ray 
radiography [14].

Given the feasibility of cartilage depiction, the next step was to evaluate whether 
the technique can depict cartilage matrix changes.

An experiment with larger ex  vivo human ex-articulated human ankle joints 
using the same technique examined several samples of the talar dome comprising 
normal healthy and samples of different degenerated cartilage stages based on mac-
roscopic inspection. PCI radiography was able to both depict the surface and under-
lying cartilage tissue inhomogeneity and defects in the different samples and to 
discriminate mild to severe degeneration [15]. However, those visible changes are 
considered already as gross anatomical changes, which already represent irrepara-
ble changes. While impressing that cartilage defects of different stages are depict-
able using an x-ray technique, it still would be desirable to capture even earlier 
matrix changes to facilitate early treatment.

MRI has been deemed able to depict a lamellar structure of the cartilage which 
resembles the currently understood anatomy of the cartilage structure [16–18]. 
Knowing that PCI provides images with markedly improved gains in soft tissue 
contrast as compared to the conventional radiography technique warrants further 
application with higher resolution and evaluation whether it could compete with 
MRI or provide even more information about tissue structure. Phase-contrast radi-
ography performed on human femoral head slices with a thickness of 1 cm was able 
to resolve vertical structures with an arcade formation in the superficial zone which 
resemble the assumed collagen fiber arrangement [19], similar as described in 
electron microscopy [20], and was hypothesized to present density jumps between 
the major collagen bundles.

Phase-contrast radiography has also been performed on an unaltered intact 
human cadaveric knee joint, which is an important step in evaluating the perfor-
mance of the technique in depicting cartilage in their natural environment. The car-
tilage is still depictable and the surface even assessable; however, given the complex 
three-dimensional anatomy of the joint, parts of the cartilage layer cannot be seen 
freely because of cartilage-cartilage or cartilage-bone overlap [21].

6  �Computer Tomography Synchrotron Imaging in Clinically 
Relevant Samples

So, planar phase-contrast imaging with high resolution has been shown to visualize 
collagen fiber orientation, cartilage fibrillation, and defects. But unfortunately this 
is only possible in small samples or thin slices of tissue. In thicker samples or whole 
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specimen, structures are superimposed on one image, and therefore structural infor-
mation is either lost or masked. In the case of cartilage changes, disruptions of the 
tissue might still be visible, but the local information about the extent or orientation 
might still be lost and presumably resulting in underestimation of lesions.

A possibility to overcome overlap problems is the acquisition of an image vol-
ume. Phase-contrast imaging computed tomography (PCI-CT) has been performed 
on intact complete human cadaveric knee joints using both the analyzer-based and 
the propagation-based techniques. It presented soft tissue contrast surpassing con-
ventional CT with clear delineation of ligamentous, tendinous, muscular, vascular, 
and fatty structures (Fig. 11.2) [22, 23].

It provided visualization of altered cartilage regions invisible in absorption and 
conventional CT.  Delineation of surface changes was approximating alterations 
seen on high-resolution 3T MRI using cartilage-dedicated sequences, though being 
less conspicuous in PCI (Fig. 11.3).

Examination of the performance of PCI-CT of grading cartilage lesions resulted 
in a sensitivity, specificity, and accuracy of 50%, 70.8%, and 55.2%, respectively – 
similar as using a 3T MRI (54.2%, 66.7%, and 57.3%) [24]. However those num-
bers need to be taken with caution because of several factors. First visual assessment, 

Fig. 11.2  Sagittal (top 
image) and axial (lower 
image) section from a 3D 
phase-contrast imaging 
computer tomography 
dataset of an intact human 
knee joint showing clear 
delineation of soft tissue 
structures including the 
cartilage layer. Also 
visible, in situ challenge of 
depicting the cartilage 
border in contact areas
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which only reveals through eye sight visible lesions, was used simulating arthroscopy, 
which is the common gold standard for assessing cartilage lesions and for evaluat-
ing the performance of imaging techniques. Even for the current cartilage imaging 
gold standard MRI, there is an ongoing non-resolved controversy about its cor-
relation with arthroscopy regarding detection and grading of cartilage lesions. 
The grading of cartilage lesions itself also is applied quite diversely depending on 
the utilized grading scale and personal training of the observer. Another point 
needed to be taken into account is that PCI-CT provides a new kind of image con-
trast for cartilage tissue and the lesions to which the observer still needs to get 
accustomed to and which eventually need to be validated, e.g., histologically to 
learn what is really depicted.

Simultaneously, underlying bony changes were depicted in high detail, which 
correlated well with conventional CT [24]. Additionally, cartilage and meniscal cal-
cifications were visible on PCI which were neither perceptible on conventional CT 
nor MRI [22].

7  �High-Resolution Computer Tomography Synchrotron 
Imaging

Application of PCI-CT (propagation-based technique) on cylindrical small cartilage-
bone samples (7 mm), drilled from human patellar specimen with a resolution of 
8 μm2, provided a high-resolution image of the cartilage layer showing thickness, 

Fig. 11.3  Axial slices of a 
cartilage-dedicated 
sequence (3Tesla, 
FLASH – fast low-angle 
shot sequence, top image) 
and a phase-contrast 
imaging computed 
tomography dataset (lower 
image) taken from an 
intact human cadaveric 
knee joint depicting 
cartilage thinning with 
subchondral cystic changes 
in the lateral trochlea. The 
lesion is well visible in the 
PCI image though less 
conspicuous as compared 
to the MRI
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surface, and even chondrocytes and their distribution within the cartilage depth, 
which has been unprecedented with current imaging techniques. The phase-contrast 
image reflected similar tissue information as compared to histology (Fig. 11.4) [25]. 
Another study with a similar setup using a cylindrical bovine cartilage-bone sample 
showed similar results [26].

The possibility of detailed delineation of the cartilage structures offers interest-
ing new possibilities. Detailed depiction of chondrocytes in a certain tissue volume 
enables us for the first time to quantitatively analyze spatial cell distribution and 
density, which might be a first step in learning to understand the three-dimensional 
composition of cartilage, its biomechanical function, as well as evolution of 
degeneration.

8  �Animal Model

Besides the effort to adapt phase-contrast imaging for future clinical appliances in 
humans to enhance cartilage diagnostics, establishment of animal models is also of 
interest. As the PCI has been proven to provide both possible cartilage visualization 
in small samples and intact joint specimen, evaluation and validation of an animal 
model might be useful for preclinical research.

Phase-contrast radiographic evaluation of intact canine knee joints with different 
grades of cartilage degeneration was possible to some extent as lesions were 
partially visible [27] but partially altered or masked due to technical artifacts and 
anatomical structural overlay as already described also for human specimen.

Fig. 11.4  Sagittal reformation of a 3D PCI-CT dataset vs. histologic section (Azan staining). The 
high-resolution PCI-CT sections depict numerous chondrocytes as well as their distribution. 
Observation of the chondrocyte arrangement might suggest an underlying structural organization. 
The depicted anatomical structures in the PCI-CT are concordant to the histologic section

11  Better Cartilage Imaging at Synchrotron Facilities



176

For animal models micro-CT are already utilized, which achieve higher resolu-
tion with respect to the smaller specimen size as compared to convention clinically 
used CT machines.

PCI-CT on the intact knee joint of guinea pigs of three different ages from the 
Hartley strain, which naturally age fast and develop OA, reveal improved cartilage 
depiction as compared to micro-CT images. Colormapping was attempted on the 
PCI datasets to evaluate whether structural changes of the thin cartilage layer could 
be enhanced, revealing that the cartilage of the different age groups indeed show 
differences with increasing values in electron density with increasing age (Fig. 11.5) 
[28]. The anatomical substrate of those changes however remains to be 
determined.

Given the very thin cartilage of guinea pigs and the consecutively challenging 
interpretation of cartilage change, PCI-CT was also tested on an intact rabbit knee 
joint model. In the rabbit model, OA was induced by lateral meniscectomy. The rab-
bit cartilage proved to be thicker and better visible as in the guinea pig model and 
reveal initial cartilage thinning and electron density changes after colormapping 
6 weeks after the surgery [29].

PCI-CT therefore proves feasible for cartilage imaging in intact joints of dif-
ferent animal models. With further optimization of this technique, establishment 
of an animal model for osteoarthritis research would very desirable, especially 
for longitudinal in  vivo assessment of the efficacy of novel therapeutic 
strategies.

9  �Limitation of PCI in Cartilage Imaging

Given the rather young application of PCI in cartilage imaging, technical optimiza-
tion as well as understanding and removing imaging artifacts in imaging cartilage in 
different environments is still necessary.

Fig. 11.5  Colormapping on sagittal reformations of 3D PCI-CT datasets of fast-aging guinea pigs 
of three different ages reveals changes in electron density with increasing age of the animal
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Another relevant point is the work on reduction of radiation dose and imaging 
time. The radiation dose of an intact human knee joint reaches up to 145 mGy, with 
the use of an improved reconstruction algorithm and reduced projections still up to 
50  mGy, which are clearly above the permitted radiation threshold for in  vivo 
imaging.

Specifically PCI-CT data size is also an issue not to be neglected. Even datasets 
from small samples can easily reach a size of several gigabytes because of the high-
resolution images, datasets from intact joints even considerably more. This restricts 
data handling and viewing as both sufficient computer hardware and software are 
needed for proper analysis of the collected data.

10  �Outlook and Prospects

PCI radiography and especially PCI-CT offer excellent soft tissue delineation and 
enable cartilage visualization both in clinically relevant large samples such as a 
whole human knee specimen with superior depiction of cartilaginous changes pre-
viously undetectable by the conventional x-ray techniques as well as high-resolution 
imaging resembling histological resolution. Analyzing the cartilage on a (sub)
micron level will help to better understand its function and degradation, possibly 
opening prospects for developing methods to preserve or repair cartilage, improve 
cartilage engineering, and slow OA formation.

Application of PCI on animal models might have potential in becoming a valu-
able method in preclinical imaging providing 3D investigations of whole specimens 
for longitudinal follow-up of osteoarthritic changes or therapeutical effects.
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Chapter 12
Into the Heart: What Contributions 
to Cardiac Regeneration?

Alessandra Giuliani and Mara Mencarelli

Abstract  One of the leading causes of death in the western world is undoubtedly 
cardiovascular diseases, with special reference to myocardial infarction and conse-
quent heart failure. The therapeutic strategies adopted nowadays are based on drug 
therapy, coronary artery angioplasty, pacemakers and implantable defibrillator, cor-
onary artery bypass grafts, ventricular remodeling, dynamic cardiomyoplasty, organ 
transplantation, and mechanical circulatory assistance devices. However, all these 
procedures are often ineffective and invasive. Moreover, myocardial heart engineer-
ing has experienced significant progress over the last 10 years, with fundamental 
advances in stem cell biology and knowledge of biomaterials. However, one of the 
limiting factors in the overall interpretation of clinical results obtained by cell ther-
apy is represented by the lack of in vivo visualization of the injected cells and of 
their fate within the myocardium. This chapter shows that X-ray microtomography 
(microCT) and in particular phase-contrast imaging may offer the unique possibility 
to detect with high definition and resolution the three-dimensional spatial distribu-
tion of stem cells, once injected inside an infarcted heart in small animal models. It 
was shown, through microCT, the migration of these cells within the damaged car-
diac tissue, achieving an appropriate identification and localization of the injected 
cells. Thus, phase-contrast microCT appears to be an innovative and exclusive way 
to investigate the cellular events involved in cardiac regeneration and represents a 
promising tool for future clinical translations.

1  �Introduction

One of the leading causes of death in the western world is undoubtedly cardiovas-
cular diseases (CVDs), with special reference to myocardial infarction (MI) and 
consequent heart failure (HF) [1–3], caused by irreparable loss or dysfunction of 
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cardiomyocytes due to the abrupt deprivation of oxygen supply. In this context, with 
only small fractions of myocytes retaining the capacity to replicate, the heart has a 
very limited self-regeneration capacity.

Thus, the therapeutic strategies adopted nowadays for HF are based on drug 
therapy, coronary artery angioplasty (using balloons and stents), pacemakers and 
implantable defibrillator, coronary artery bypass grafts, ventricular remodeling, 
dynamic cardiomyoplasty, organ transplantation, and mechanical circulatory assis-
tance devices. However, all these procedures are often ineffective and invasive.

On the other hand, considerable progress has been made in myocardial heart 
engineering over the last 10 years, with fundamental advances in stem cell biology 
and knowledge of biomaterials.

Unfortunately, despite these advantages, clinical trials applying myocardial heart 
engineering have shown contradictory results, with moderate or no evident benefits 
for patients.

These approaches were mainly based on cellular therapy with the objective to 
generate new myocardium by transcoronary and intramyocardial cell injection, 
mainly of bone marrow [4] and skeletal muscle [5] origin. However, despite the 
limited positive impact on cardiac repair [6], these studies demonstrated a positive 
impact on patients with chronic MI and HF, with negligible adverse effects and 
without significant increase of arrhythmias [7].

Resident cardiac progenitor cells (CPCs) are an alternative cell source with 
which to treat ischemic cardiomyopathies. Indeed, progenitor cells living in the 
heart are programmed to generate the myocardium, i.e., the tissue lost with MI 
[8–13]. Cardiac mesenchymal stem cells (MSCs) [14] are a special type of resi-
dent cells, recently found in the cardiac stroma [15], referred to in the literature as 
cardiac mesenchymal stemlike cells [16] or cardiac mesenchymal-like stromal 
cells [17, 18].

However, detection of these injected cells within the myocardium is still a chal-
lenge, independently of their origin, because a reliable reconstruction of their fate is 
hampered by the lack of an efficient method for their 3D imaging and quantification 
within the heart.

Light, fluorescence, scanning, and transmission electron microscopy techniques 
efficiently image and quantify the tissue-rebuilding process but have the limitation 
of delivering only 2D local information, thus hampering their applicability for cell 
tracking, as shown by Terrovitis et al. [19]. Indeed, as only a few sections per sam-
ple are typically analyzed, the quantitative evaluation is often subjected to variabil-
ity and sampling errors.

Moreover, 3D imaging methods, like MRI, PET, and conventional CT, despite 
having been shown to provide reliable quantification of the rebuilding process 
(including longitudinal cell tracking), introduce different limitations in the localiza-
tion of the injected cells within the heart, mainly due to the need to use contrast 
agents [19, 20].

A. Giuliani and M. Mencarelli



183

2  �Synchrotron Radiation-Based Imaging of Stem Cell 
Homing in Infarcted Hearts

Third-generation synchrotron structures, producing brilliant photon beams, with 
spatial and temporal coherence properties [21, 22], have proved extremely useful 
for studying ex vivo the myocardium in animal models [23–25] and humans [26].

These studies demonstrated that image quality and quantitative information are 
sensibly improved by the use of phase-contrast microtomography (PhC-microCT). 
As fully described in the previous chapters, while in conventional microCT the 
signal is exclusively based on attenuation contrast, in the PhC approach both the 
amplitude and the phase of the X-ray wave are modified when passing through a 
tissue. This effect is described by the refractive index n:

	
n ir r r( ) = − ( ) + ( )1 δ β

	 (12.1)

The δ value, the refractive index decrement, is actually proportional to the mean 
electron density, which in turn is almost proportional to the mass density. It is much 
larger than β, the attenuation index, at the energies used to study soft tissues, with 
the δ/β ratio close to 103.

The novelty that differentiates the phase-contrast method from the conventional 
absorption-based one is the capacity of the first in discriminating tissues with simi-
lar attenuation [27], like myocardial structure, coronary vessels, and conduction 
bundle.

Kaneko et al. [26] imaged all these structures on five non-pretreated whole infan-
tile and fetal heart specimens obtained by autopsy. The study was carried out at the 
SPring-8 synchrotron radiation facility using the Talbot grating interferometer at the 
bending magnet beamline BL20B2 and demonstrated that PhC-microCT could be a 
powerful tool for elucidating unanswered questions concerning congenital heart 
diseases.

Dullin et al. [23] depicted the same conclusion on animal models: they attempted 
a phosphotungstic acid (PTA) ex vivo staining approach with the objective to effi-
ciently enhance the X-ray attenuation of soft tissues for a better visualization of 
mouse hearts by microCT. This study demonstrated that the technique allowed the 
ex vivo imaging of several structures (atrium, ventricles, fiber structure of the myo-
cardium, vessel walls) of PTA-stained mouse hearts, not requiring monochromatic 
and/or coherent X-ray sources. Moreover, by volumetric measurements, they were 
able to assess the plaque volumes in the aortic valve region of mice from ApoE−/− 
mouse models.

Some authors [24] recently showed that microCT offers the possibility of visual-
izing in 3D and in ex vivo conditions, with high definition and resolution, rat cardiac 
progenitor cells (CPCs) after injection in infarcted rat hearts. Myocardial infarction 
was induced by coronary binding of the left anterior descending coronary artery in 
the male Wistar rats (Rattus norvegicus). Three weeks later, 5 × 105 rat clonogenic 
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CPCs, previously labeled with iron oxide (Feridex) nanoparticles, were injected 
intramyocardially in the rat hearts. Sham-operated rats were treated similarly, but 
without tying a ligature around the artery. One week later, the animals were sacri-
ficed and the hearts were fixed for the microCT analysis.

The microCT acquisitions were performed at the beamline BM05 of the European 
Synchrotron Radiation Facility (ESRF), using a 15  keV monochromatic X-ray 
beam, at two different sample-to-detector distances: 25 mm and 500 mm to achieve 
both the absorption- and the phase-contrast signal.

A full fusion automatic algorithm described elsewhere [28] was used to superim-
pose the two sets of data, merging them in a single image dataset for further 3D 
visualization.

The injected cells were observed in 3D, after migration to the damaged cardiac 
tissue, with structural information not previously imaged by conventional 2D imag-
ing techniques.

The X-ray absorption of cells labeled with iron oxide was higher than for the 
surrounding hosting tissues, allowing their discrimination as bright spots in the 
reconstructed volumes (Fig. 12.1). One week after the injection, the labeled cells 
were mostly found in the infarcted area (Fig. 12.1c, d, f), indicating their migration 
from the injection site, close to the coronary binding, toward the damaged tissue. 
The fingerlike cell structures detected in the left ventricular wall (Fig. 12.1d, f) con-
stitute another morphological finding that was never observed by histological meth-
ods. Moreover, single smaller units were also found in the atria, in large vessels 
(Fig. 12.1c, e), and in the right ventricle (Fig. 12.1c).

This study first showed that microCT offers the possibility of obtaining 3D visu-
alization of the cell spatial distribution and a quantification of the number of cells 
that are able to migrate from the site of injection to different areas of the rat heart 
tissue, with special reference to the infarcted myocardium. Notably, this microCT 
approach was validated by two independent methodologies of cell tracking based on 
quantum dots labeling and genetically engineered EGFP cells.

However, imaging by microCT of soft structures, like those present in an engi-
neered heart, remains challenging, and often phase-contrast settings are preferred to 
conventional attenuation contrast because of their superior sensitivity. Thus, being 
unclear which phase tomography method could produce more significant results, 
some authors [29] recently imaged a rat heart, comparing the performances of three 
phase tomography methods implemented at the beamline ID19 of the ESRF. They 
tested the X-ray grating interferometry (XGI) and two propagation-based settings, 
i.e., the one based on a single sample-detector distance (SD-PhC) and the holoto-
mography (HT), described in detail in the previous chapters. They found that, even 
if the XGI data generally exhibit much better contrast-to-noise ratios, the spatial 
resolution available to detect the morphological features was about a factor of two 
better for HT and SD-PhC compared to XGI.

In this direction, Izadifar [30] recently explored synchrotron radiation phase-
contrast methods to image and quantify the efficiency of 3D-printed cardiac patches 
implanted in a rat myocardial infarction model. Indeed, another objective of cardiac 
tissue engineering is the development of implantable constructs and of cardiac 
patches, which provide physical and biochemical cues for myocardium regeneration.
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Fig. 12.1  MicroCT reconstruction of an infarcted rat heart injected with 5 × 105 rat CPCs [24]. (a) 
3D image as produced using the full fusion algorithm. By segmentation, it is possible to achieve 
information on the internal structure of the heart (b) and the distribution of labeled cells (c, d). 3D 
reconstructions of two different regions of interest: (e) atria and large vessels; (f) infarcted ventri-
cle. Lighted circles facilitate the recognition of the CPCs
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In this study [30], innovative nanoparticles expected to modulate the temporal 
control of growth-factor (GF) release in cardiac patches were successfully devel-
oped. Propagation-based PhC-microCT was performed at BMIT-BM beamline of 
the Canadian Light Source (CLS), using a 25 keV beam energy and three distinct 
phase propagation distances of 22  cm, 76  cm, and 147  cm. Images obtained by 
phase retrieval showed and quantified the microstructural features of fibrin and algi-
nate, which were low-density (>97% water) constituents of the patch. Moreover, 
several anatomical details, including the microvessels surrounding the implanted 
patch, were observed.

Remarkably, the morphometric information on patch and heart was achieved 
without using any contrast agent, suggesting that the PhC-microCT could play a key 
role in quantitative monitoring, in a nondestructive way, of these engineered 
bio-constructs.

3  �Phase-Contrast Imaging to Evaluate Stem Cell Therapy: 
An Intriguing Hypothesis

The available imaging methodologies, including microCT, still present problems to 
be solved before translating myocardial regeneration on clinical grounds [19, 20]. 
In stem cell therapy, when cells injected in the ischemic tissue are preventively 
labeled with contrast agents, these techniques often proved to be unable to quantify 
cell engraftment, because of the injected cells’ proliferation and the consequent 
underestimation caused by the hyper-dilution below the detection limit or by 
unequal distribution of the tracer on dividing cells. Moreover, Gianella et al. [31] 
evidenced the activation of macrophages when injecting endothelial progenitors, 
previously loaded with iron oxide nanoparticles, into ischemic tissues. Indeed, 
dying cells release these tracers, afterward taken up by macrophages.

A few years ago, Albertini et al. [32] used the PhC-microCT for the first time to 
visualize in 3D the extracellular matrix (ECM) organization after in vitro seeding of 
bone marrow-derived human and murine mesenchymal stem cells, induced to myo-
genic differentiation and labeled with iron oxide nanoparticles, onto polyglycolic 
acid-polylactic acid scaffolds (PGA-PLLA).

Another study performed by Zehbe et al. [33] first observed microCT efficiency 
in tracking unlabeled stem cells when seeded onto a scaffold. Their study, per-
formed by synchrotron radiation-based microCT, had the purpose of testing a 
method for the control of neuronal cell growth through the application of an electri-
cal potential. The authors expected to observe only strongly absorbing deposited 
gold structures and weekly absorbing polymer substrates, but, unexpectedly, also 
the unlabeled cells were well imaged and with a distribution in agreement with the 
fluorescence microscopic images acquired previously.

More recently, Giuliani et al. [34] adopted the same PhC-microCT protocol used 
in [32] to study in vitro cultures of endothelial colony-forming cells (ECFCs) from 
healthy controls and patients with Kaposi sarcoma and human CD133+ 
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muscle-derived stem cells seeded onto PGA-PLLA. In this case, the structural orga-
nization of cells on the bioscaffold was imaged and the rate at which cells modified 
the construct at different time points from seeding was quantified.

The three previously reported studies inspired a fourth study [20], a demonstra-
tive investigation in which the appropriateness of the X-ray PhC-microCT approach 
to track unlabeled cells within the myocardium was discussed.

When studying, by microCT, tissues predominantly made of atoms with low 
atomic number Z (like the myocardium), phase-contrast approaches are often pre-
ferred to conventional absorption-based ones because of their greater sensitivity, as 
discussed in detail in some of the previous chapters. Moreover, mismatches in shape 
and integration between the regular pattern of a tissue and embedded different struc-
tures also lead to PhC-microCT reconstructions with highly improved contrast 
between these different phases: this is the case of stem cells injected in an infarcted 
heart that migrate in the damaged myocardium.

Figure 12.2 shows how it is possible to visualize and track unlabeled cells within 
the myocardium by X-ray PhC-microCT. The cardiac progenitor cells (CPCs), at 
early stages after the injection, are still undifferentiated and not integrated with the 
hosting tissue, as shown in Fig. 12.2a-I. In propagation-based PhC-microCT, the 
detector is placed at a suitable distance from the sample in order to allow the detec-
tion of the typical edge-enhanced profile of the CPCs (Fig. 12.2a-II). Thus, as shown 
in the 3D reconstruction of a rat heart subvolume of Fig. 12.2a-III (inner wall of the 
infarcted left ventricle), the unlabeled CPCs are clearly visible inside the damaged 
ventricle, as indicated by the red arrows [20]. Several tests showed that this finding, 
unexpected and new, was attributable to phase-contrast phenomenon. Indeed, 
propagation-based PhC-microCT enabled to track the CPCs at different time points, 
allowing to obtain the same information on the kinetics, previously exclusively sup-
ported in the literature by 2D microscopy analysis [20].

Briefly, ten Wistar male rats were submitted to a ligature around the left descend-
ing coronary vessel in order to induce a myocardial infarction in the left ventricle. 
After 3 weeks, 5 × 105 stem cells were directly injected in the ligature site: five rats 
were injected with rat cardiac progenitor cells (rCPCs), the remaining five with the 
analogue quantity of human cardiac stromal cells (hCStCs). The rCPCs and the 
hCStCs were obtained from atrial auricle of Wistar rats and donor patients undergo-
ing cardiac surgery (i.e., aortic valve replacement, coronary artery bypass), respec-
tively [17, 20]; in some animals, cells labeled with iron oxide nanoparticles 
(Feridex) were injected; in others, prior to injection, the cells were cultured with 
the growth factor of insulin-transferrin-sodium selenite (ITS) or in total absence or 
with combined use of Feridex and ITS. Times to sacrifice after injection were the 
following ones: 24–48 h, 12–13 days, 21 days, and 30 days. The microCT experi-
ments were carried out at the ID19 beamline of the ESRF using a 15 keV X-ray 
energy and a distance between sample and detector of 25 mm.

The sections obtained at 25 mm for an infarcted rat heart injected with unlabeled 
CPCs showed the presence of very contrasted structures (white spots), mainly con-
centrated in the infarcted area (Fig.12.2b). This contrast is not justified by physical 
phenomena due to X-ray absorption since the injected cells had not been marked 
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Fig. 12.2  Phase-contrast ability of visualizing the injected cardiac progenitor cells (CPCs) into 
the rat myocardium [20]. (a–I) The cells, early after their injection, are still undifferentiated and 
not integrated in the hosting myocardium; (a–II) edge-enhanced profile of the CPCs when the 
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with any contrast agent and the sample preparation procedure was not affected by 
the presence of contaminants with high atomic number Z. Indeed, a not-infarcted rat 
heart, injected with only vehicle saline solution (but without cells) and sacrificed 
using an identical protocol, did not present any contrast signal [25]. Another study 
involving differential imaging [35] of sequential axial slices further confirmed that 
the observed signal is due to phase contrast (data not shown). Moreover, conven-
tional microCT, based on the mapping of the absorption contrast, furtherly con-
firmed that the white spots were due to phase contrast. Indeed, an infarcted rat heart 
injected with 5 × 105 unlabeled rCPCs was studied by means of a SkyScan 1174 
(Bruker, Kontich, Belgium): as shown in Fig.12.2, panel c–II, the strong contrast is 
no longer present in the 3D reconstruction, when the myocardium has been virtually 
rendered translucent to visualize the internal structures.

Some microCT images of rat hearts injected with unlabeled CPCs are shown in 
Fig. 12.3a–c: the signal depicted in magenta was attributed to the injected cells for 
many reasons. Firstly, the analysis of a noninfarcted rat heart injected with the same 
amount of CPCs revealed an analogue signal, even if more homogeneous and 
diluted (data not shown). Moreover, the quantitative results obtained in the study on 
the ten rats (Fig. 12.3d) further confirmed this evidence [20].

Based on these observations and the deriving quantitative analysis, Giuliani et al. 
[20] formulated the following hypothesis:

	1.	 PhC-microCT is capable of discriminating the injected cells from the myocar-
dium: the reason can lie in the electron density difference between undifferenti-
ated (injected) and differentiated cells (the myocardium) and/or to mismatches in 
integration between the regular pattern of the myocardium and the injected cells 
before their engraftment.

	2.	 The aggregate cell volume increases up to 21 days from cell injection, possibly due 
to injected cell proliferation and/or the activation of the endogenous stem cells.

	3.	 The aggregate cell volume decreases from 21 to 30 days after cell injection, possibly 
indicating the beginning of differentiation/cell engraftment of the injected cells. 
This hypothesis is supported by Rossini et al. [17] who found in the same rat model 
of chronic MI, after 21 days from hCStC injection, a portion of them showing 
sarcomere striation and volume compatible with that of adult cardiomyocytes.

	4.	 Feridex labeling was confirmed to interfere with the regeneration process 
activated by the CPCs, possibly because of macrophage action previously 
described [31].

	5.	 ITS seems to favor tissue regeneration by supporting cell engraftment [19] and 
CPC proliferation.

Fig. 12.2  (continued) detector is placed at a suitable distance from the sample in a propagation-
based PhC-microCT setting; (a–III) 3D reconstruction of the inner wall of the infarcted left ven-
tricle of a rat: the injected (unlabeled) CPCs are clearly visible and indicated by the red arrows. 
Bar, 50 μm. (b) An axial slice of the infarcted rat heart treated with unlabeled rCPCs. It was 
reconstructed without the application of the Paganin filter to evaluate the edge enhancement. (c) 
Infarcted rat heart injected with unlabeled rCPCs: conventional (absorption-based) microCT 
analysis. Solid (c–I) and semitransparent (c–II) 3D reconstructions. The unlabeled CPCs are not 
visible anymore. Yellow bar, 300 μm
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4  �From Stem Cell Therapy to Heart Engineering: The New 
Frontiers

Myocardium engineering by cell therapy still requires further research, mainly 
focused on the objective to improve cell delivery methods, before its introduction 
for drug screening and patient-specific disease modeling [36]. Indeed, it was found 
that transplanted cells are not able to survive for long periods because of pathologi-
cally modified extracellular matrix (ECM), proapoptotic factors, and inflammatory 
response. Thus, testing of antioxidant, anti-inflammatory, angiogenic, and 
antiapoptotic products should be performed in order to favor the survival of trans-
planted cells.

In this direction, porous biomaterials should offer a suitable microenvironment 
for cell survival and function, mimicking the natural extracellular environment. 
Natural and innovative synthetic biomimetic scaffolds are under investigation with 
the main objective to allow cell attachment and their colonization and, by their 

Fig. 12.3  MicroCT 3D reconstructions of the infarct in a rat heart injected with unlabeled hCStCs 
(a1–a3) and of the entire hearts when injected with hCStCs, previously cultured with ITS and 
without Feridex (b1–b2 at 21 days, c1–c2 at 30 days from cell injection) [20]. Gray myocardium, 
magenta hCStCs. (d) Quantitative results. h human-derived CStCs, r rat-derived CPCs
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grafting to the damaged myocardium, to achieve a modulated delivery of such 
cells, releasing biochemical factors and nutrients. For instance, a polyglycerol 
sebacate (PGS) matrix was recently developed for cardiac patch application with 
the objective of supporting the adhesion and growth of rat and human cardiac pro-
genitor cells [37].

Synchrotron radiation-based PhC-microCT techniques are expected to give an 
invaluable support in this direction, elucidating unanswered questions concerning 
the kinetics of tissue repairing.

However, preclinical application of PhC-microCT for the vivo imaging of small 
animal hearts is nonetheless challenging because scan times are still longer than a 
single respiratory or cardiac cycle. To overcome this problem on rodent models, 
Holbrook et  al. [38] recently proposed two strategies for cardiac gating in dual-
source, preclinical microCT: fast prospective gating (PG) and uncorrelated retro-
spective gating (RG). These methods combined with a sophisticated iterative image 
reconstruction algorithm provided faster acquisitions and high image quality in 
low-dose 4D (i.e., 3D  +  Time) cardiac microCT.

Clinical application of PhC-microCT is also gaining traction [39], even if the 
in vivo imaging of the heart remains challenging also in this case. Indeed, as the 
heart is surrounded by the air-filled alveoli of the lungs, artifacts caused by X-ray 
refraction could emerge [26], and the strong X-ray absorption of the ribs could 
reduce the detection of phase-shift values inside compared to an isolated heart.

Thus, future development of the PhC-microCT systems and methods for in vivo 
human heart imaging are expected in the coming few years.
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Chapter 13
Frontiers in Muscle Diseases: The X-ray 
Microtomography Support to Latest 
Researches

Fabrizio Fiori

Abstract  Muscle diseases occur in all age groups, but their impact is particularly 
severe when children and young adults are affected. There are many different forms 
of muscular diseases, with different causes and outcomes, which require different 
treatments.

In particular, with regard to the various forms of muscular dystrophy, no treat-
ment is currently available to stop or reverse the disease. In fact, the present thera-
pies are mainly aimed at treating the various problems arising from this pathology 
and improving the quality of life of the patients.

However, the new frontiers of research, in particular regarding gene therapy and 
stem cell perfusion, have recently led to promising results. In this context, the use of 
three-dimensional imaging methods to visualize tissues and evaluate the efficiency 
of treatments is crucial.

This chapter presents some examples in which high-resolution X-ray tomogra-
phy (micro-CT) techniques are applied to the investigation of neuromuscular 
diseases and their possible treatments.

1  �Introduction

Muscle diseases occur in all age groups and can cause serious physical disability. 
Their impact is especially severe when children and young adults are affected. The 
needs of these patients are numerous and complicated, and frequently not ade-
quately met. Some muscle diseases respond well to medical treatment, and many of 
the deriving physical disabilities can be improved or prevented. Hence, although 
muscle diseases are not as common as neurological disorders (such as stroke or 
epilepsy), they deserve full attention.
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There are many different forms of muscle diseases, with different causes and 
outcomes, which require different treatments [1]. They can be divided into two 
main categories, genetic and not genetic. Genetic muscle diseases are related to a 
genetic disorder and include a wide range of diseases, the most well-known of 
which are the muscular dystrophies (MD) [2]. One of the most serious of these is 
the Duchenne muscular dystrophy (DMD) [3–5], characterized by a rapid progres-
sion of muscle degeneration leading to loss of deambulation and death, often in 
late adolescence and rarely when the patient is older than 30. DMD affects almost 
exclusively male individuals (about 1 in 3500 worldwide), during the 1st years of 
life (the first symptoms appear at the age of 3–5 years); females can be carriers and 
can be afflicted if the father is afflicted and the mother is a carrier. DMD is due to 
an alteration of the X chromosome, causing the nonproduction of the dystrophin 
protein. The absence of dystrophin allows an excessive penetration of calcium into 
the sarcolemma (the cell membrane); consequently, in a complex and not com-
pletely understood cascade process involving different paths, serious damages are 
caused in the sarcolemma, which lead to cell death. The muscle fibers lacerate 
during contraction, undergo necrosis, and are then replaced by adipose and con-
nective tissue.

Other genetic muscle diseases include congenital myopathies, storage myopa-
thies, mitochondrial diseases, and periodic paralyses. Among the nongenetic muscle 
diseases (i.e., acquired), the most important ones are the inflammatory muscle 
diseases, such as myasthenia gravis, in which the body’s own immune system inap-
propriately injures its muscles [6]. Other nongenetic muscle diseases may be due to 
drugs or hormonal disorders.

Concerning in particular the various forms of MD, no treatment is currently 
available to stop or reverse it. Present therapies and medications aim mainly to 
treat the various problems resulting from MD and improve the quality of life for 
patients.

Nevertheless, new frontiers of research, particularly concerning gene therapy 
and stem cell perfusion, have recently led to promising results. For example, the 
efficacy of an innovative gene therapy in the treatment of DMD was recently dem-
onstrated [7]: after injecting microdystrophin (a “shortened” version of the dystro-
phin gene) via a drug vector, restoration of the muscle strength and stabilization of 
the clinical symptoms were achieved in dogs naturally affected by DMD.  Other 
promising improvements of gene therapy have been recently obtained for the cor-
rection of myotubular myopathy [8] and other kinds of inherited and inflammatory 
muscle diseases [9, 10].

In this framework, the use of three-dimensional (3D) methods to visualize the 
tissues and evaluate the effects of treatments is fundamental. In particular, few 
examples are presented in this chapter in which high-resolution X-ray tomography 
(micro-CT) techniques are applied to the investigation of neuromuscular diseases 
and their possible treatments.
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2  �Stem Cells for the Treatment of Duchenne Muscular 
Dystrophy (DMD)

Recent reports support the idea that stem cells can reach the site of muscle 
regeneration though systemic routes and thus contribute to muscle repair more effi-
ciently than canonical myogenic progenitors [11, 12]. In particular, several studies 
are focused on a subpopulation of human circulating stem cells, expressing the 
CD133 antigen, that can participate in muscle regeneration and replenish the satel-
lite cell compartment in the dystrophic muscles. CD133 cells were shown to pro-
duce a significant regeneration of skeletal muscle structure and function when 
delivered, by the femoral artery, to skeletal muscle tissues of scid-mdx mice [11].

In order to evaluate the detection and fate of CD133 stem cells in dystrophic 
mice, synchrotron radiation-based micro-CT experiments were performed at the 
European Synchrotron Radiation Facility (ESRF) in Grenoble (France). A first 
series of measurements was performed under ex vivo conditions, on cubic biopsies 
of 2  mm side, removed from the hind limb of animals previously injected with 
50,000, 100,000, and 500,000 stem cells [13]. In order to improve the contrast of 
absorption, the stem cells were labeled with iron oxide nanoparticles (Endorem), as 
described in [13]. Biopsies were excised 2, 12, and 24 h after the injection of the 
stem cells. The experimental dimension of the voxel was that of a cube of about 
1.6 μm of side.

Figure 13.1 shows the distribution of stem cells in a biopsy, 24 h after the intra-
arterial injection.

Fig. 13.1  Two views (a, b) of the 3D micro-CT reconstruction of a sample. The biopsy was retrieved 
from a dystrophic mouse, 24 h after the intra-arterial injection of stem cells labeled with iron oxide 
nanoparticles. The labeled injected cells, red; vessels, green; fibrosis, blue. (From Ref. [13])

13  Frontiers in Muscle Diseases: The X-ray Microtomography Support to Latest…
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This experiment showed the ability of micro-CT to detect stem cells and to  
determine their distribution in the mouse muscular tissue.

On this basis, a further in vivo experiment was carried out at ESRF [14]. An ad 
hoc sample holder was built in order to keep the leg of an anesthetized mouse fixed 
inside the X-ray beam, after the injection of 500,000 iron oxide-labeled stem cells 
into the femoral arteria. The mouse was analyzed at different times after cell injec-
tion (15 min, 2 h, 13 h, and 24 h). The voxel size was about 7 × 7 × 7 μm3, with a 
total field of view of 14.5 × 14.5 × 7 mm3.

Three different consecutive regions of interest (ROIs), in the direction parallel to 
the femur, were investigated. Figure 13.2 shows, in these ROIs, the distribution of 
the labeled stem cells around the femur of the mouse, 15 min and 24 h after their 
injection. From these images, a quantification of the relative “apparent” volume 
fraction of the stem cells (i.e., the volume fraction seen by the X-ray beam during 
the scan, taking into account oscillations of the tissue due to heartbeat) was carried 
out.

Moreover, the kinetics of the cellular homing in the muscular tissue was evalu-
ated. As shown in Fig. 13.3, after 2 h, the injected cells completely moved from the 
vessels to the tissues. These results were shown to be in good agreement with 
Q-PCR measurements [14].

3  �Muscle Regeneration After Ischemia

Leroux et al. [15] recently investigated the ability of bone marrow mesenchymal 
stem cells (MSCs), exposed to short-term hypoxic conditions, to participate in 
vascular and muscular regeneration in an in vivo model of hind limb ischemia. 

Fig. 13.2  Micro-CT analysis protocol. Tomograms of the tight region 15 min and 24 h after injec-
tion. The femur volume has been subtracted to the overall signal to calculate the volume fraction 
of the Endorem-labeled cells. (Figure adapted from Ref. [14])
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The experimental strategy consisted in low-oxygen (O2) preconditioning of MSCs 
before their seeding into ischemic tissues, mimicking the stem cell niche 
microenvironment.

The 1% O2 concentration was assumed as the level found in vivo, in bone mar-
row stem cell niche areas.

The role of hypoxic gradients in stem cell trafficking in ischemic tissue is also 
known; indeed, at molecular level, temporary oxygen deprivation is known to regu-
late gene transcription and differentiation of stem cells.

The ability of hypoxic preconditioned murine MSCs (HypMSC), compared to 
non-preconditioned MSCs (NormMSC), to engraft into ischemic tissue and to par-
ticipate at muscular and vascular regeneration was assessed. A subacute murine 
limb ischemia model was used to mimic the clinical setting of critical limb ischemia 
in patients.

Three groups were studied: a control (Cont) group receiving saline injection, a 
NormMSC group receiving intramuscular injection of 500,000 MSCs in normal 
oxygen concentration, and an HypMSC group injected with the same amount of 
MSCs in reduced oxygen concentration.

A high-resolution micro-CT imaging system, in combination with other tech-
niques, was used to prove muscular and vascular regeneration, as shown in Fig. 13.4.

Repaired muscles after ischemia were characterized by the smaller size of the 
fibers and the presence of centrally located nuclei defined by the presence of skel-
etal fibers with a central nucleus. They are typically found in the middle of muscle 
area in repair.

Fig. 13.3  Endorem signal in the investigated ROIs of the leg muscles: its apparent volume frac-
tion increased up to 2  h, reaching a plateau and remaining constant in the following hours. 
(From Ref. [14])

13  Frontiers in Muscle Diseases: The X-ray Microtomography Support to Latest…
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In particular, the quantification of vessel number, as measured by micro-CT, is 
shown in Fig. 13.5, demonstrating that hypo-oxygenation conditions increase the 
neoangiogenesis.

These results showed that HypMSC have a greater capacity for engraftment in 
ischemic tissue than NormMSC, improving skeletal muscle regeneration and inducing 
more neoangiogenesis.

Fig. 13.4  (a–c) Vessels after CD31 immunolabeling in the control (a), NormMSC (b), and 
HypMSC (c) groups. (d–f) Reconstructed 3D micro-CT images of control- (d), NormMSC- (e), 
and HypMSC (f)-injected hind limb, 7 days after ischemia. (g–i) Representative histologic (H/E) 
sections of repaired muscle surface in control- (g), NormMSC- (h), and HypMSC (i)-injected hind 
limb. Pie charts (right side): ratio of necrotic, in repair and repaired tissue with respect to the total 
muscular area. (From Ref. [15])
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4  �Gene Therapy in Myopathy and Muscular Dystrophy

Current treatments of congenital muscular dystrophies are limited and aim to pro-
long deambulation and survival. Since most of the genes responsible for congenital 
muscular dystrophies are still unknown, researches on these genes may provide new 
insights that can lead to innovative treatments.

Fibrillins are large structural macromolecules that are important constituents of 
all connective tissues. There are three fibrillin genes in humans, whereas the gene 
for fibrillin-3 was lost in mouse because of chromosomal rearrangement.

Fibrillin-2 (FBN2) null mice are known to be born with myopathy and contrac-
tures, exhibiting accumulation of white fat during the early postnatal period. The 
histological features of both myopathy and fat accumulation are rescued by inhibit-
ing bone morphogenetic protein (BMP) signaling.

Recently, the influence of BMP signaling in FBN2 null mice was investigated by 
Sengle et al. [16]. Skinned forelimbs were fixed and treated with OsO4. Micro-CT 
was used, combined with other experimental techniques, to visualize fat and bone.

Figure 13.6 shows the increased depositions of fat throughout most of the fore-
arm muscle, from the wrist to the elbow. In wild-type forearms, fat was located at 
the periphery of muscles, while, in FBN2 null forearms, fat was observed between 
the bone and muscle or infiltrating the muscle bundles.

The hind limb muscle analysis by micro-CT showed, in addition to an abnormal 
fat deposition, a reduced muscle mass, as shown in Fig. 13.7.

Moreover, the hypothesis that lowering the expression level of Bmp7 should 
have beneficial effects on the FBN2 null myopathy was verified by micro-CT. FBN2 
+/− mice were crossed with BMP7+/− mice, generating FBN2 +/−; BMP7 +/− 
double heterozygous mice. Afterward, FBN2 +/−; BMP7 +/− mice were crossed 
with each other, generating FBN2 −/−; BMP7 +/− mice. Forelimb muscle and fat 
were investigated by micro-CT, after fixation and labeling with OsO4.

Fig. 13.6  Selection of axial (3 μm thick) slices (numbers above each panel), as generated by 
micro-CT. A comparable series of sections of wild-type (top) and FBN2 null (bottom) forearms. 
Fat, solid white; bone, light gray space within the circular bone collar. Bars = 1 mm. P8 progeny 
nr.8. (From Ref. [16])
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Fig. 13.7  Muscle and fat in hind limb of wild-type and FBN2 null mice. Micro-CT (3 μm thick) 
slices of comparable hind limb regions of Fbn2 +/+ (wild type) and FBN2 −/− mice are shown 
(left). Bars = 1 mm. Percentages of fat and muscle (right) in Fbn2 +/+ (wild type) and FBN2 −/− 
mice. An increase of fat and a reduction of muscle were found also in FBN2 null hind limbs. P5 
progeny nr.5. (From Ref. [16])

Fig. 13.8  (a) Series of axial slices (numbered at the top) of FBN2−/−; BMP7+/− forearms. 
(b) Quantification of muscle and fat across the genotypes. Bars = 1 mm

A series of axial slices deriving from FBN2 −/−; BMP7 +/− forelimb is shown 
in Fig. 13.8a. Fat and muscle percentages were compared to those found in compa-
rable micro-CT slices of wild-type (FBN2 +/+) and FBN2 null forearms. The analy-
sis of FBN2 −/−; Bmp7 +/− forelimbs indicated that the amounts of muscle and fat 
on serial slices are comparable to those found in wild-type (FBN2 +/+) mice 
(Fig. 13.8b). These micro-CT data provided evidence that activated BMP signaling 
is responsible for the FBN2 null myopathy, consisting in the reduction of muscle 
mass and in the increase of fat infiltrating the muscle.
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5  �Conclusions

In conclusion, we showed some preclinical trials in which X-ray micro-CT, 
combined to other investigation methods, was implemented to monitor muscle mass 
but also, in proof of principle, studies to identify the onset of new muscle engineer-
ing. A better knowledge of muscle pathophysiology imaging will allow to plan more 
accurately the schedule for drug administration to mice affected by various muscle 
diseases. We believe this procedure could be widely applied to other disease models, 
including aging animals, as well as to other species, as rats, to assist drug develop-
ment and search for efficient treatments of muscle diseases.
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Chapter 14
Nervous Tissue and Neuronal Cells: 
Patterning by Electrophoresis for Highly 
Resolved 3D Images in Tissue Engineering

Rolf Zehbe and Kerstin Zehbe

Abstract  Restoring peripheral nerve damage can be considered being an important 
research topic in regenerative medicine. Consequently, neuronal tissue engineering 
science investigates the so-called nerve conduits as promising approach to re-
establish neuronal function, serving as guidance for axonal growth in vivo and pos-
sibly bridging damaged or severed nerves. In this regard, significant research has 
been conducted using certain biomolecules like the nerve growth factor (NGF) pro-
tein to stimulate intrinsic regenerative processes. Nevertheless, the damaged nerve 
tissue lacks the organotypic arrangement of cells and extracellular matrix. Here, a 
common approach in tissue engineering uses oriented biomaterial structures as 
nerve conduits with prearranged autologous neuronal cells or other cells supporting 
axonal growth to allow for better control of tissue-specific regeneration.
In this context, it is well known that biological cells are especially susceptible to 
electrical potentials, allowing for porating the cell membranes, fusing cells or 
depositing cells on surfaces of biomaterials as possible means for initial and benefi-
cial patterning.

One research focus of our work was the investigation of the three-dimensional 
structure of an approximately 800 μm (diameter) rat sciatic nerve using synchrotron-
generated X-rays in a tomography setup at the BAMline of BESSY, Berlin. 
Furthermore, the tissue microstructure was examined using scanning transmission 
electron microscopy (STEM) imaging. These results served as basis for a tissue 
engineering approach using cell deposition by electrophoresis. The established pat-
terned electrodes were investigated via light microscopy and X-ray tomography, 
comparing it to data from a previous study on the three-dimensional structure of 
electrophoretically deposited cells using serial sectioning by utilizing a focussed ion 
beam in a cross-beam setup.
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1  �Introduction

1.1  �Neuronal Tissue Engineering

Damaged neuronal tissue generally undergoes unspecific repair mechanisms, 
inhibiting fully functional tissue regeneration. Therefore, understanding these 
mechanisms is one key research topic and necessary to develop both therapeutic 
methods and appropriate models in tissue engineering.

A literature survey has been presented by Battiston et al. [1], reviewing current 
approaches in sensory nerve regeneration from a clinical viewpoint while compar-
ing biological and synthetic nerve conduits. Historically, the initial approach was 
based on suturing techniques, attempting to suture two nerve ends, but leading to 
poor clinical results. Better results were obtained by utilizing an autologous nerve 
graft to bridge the defect site [2, 3]. The main disadvantage has been ascribed to the 
fact that another surgical intervention is required to obtain the autograft, often lead-
ing to sensory deficits at the removal site while suitable autograft tissue is scarce, 
especially so for bridging lengthy defects. Nevertheless, tissue autografts are gener-
ally considered being the gold standard in neuronal tissue engineering, and novel 
biomaterial-based approaches are one possible alternative to overcome the limita-
tions presented by the autograft availability [4, 5]. Biomaterial-based nerve conduits 
are usually limited to (bio)polymeric, nontoxic and degradable materials. Here, 
degradable polyesters like poly-lactides, poly-glycolides, poly-ε-caprolactone and 
similar biopolymers are of interest as these polymers are commercially available in 
pharmaceutical quality and the degradation in vivo is well known [6–8]. To further 
optimize the biological performance of biomaterials, tissue-specific substances can 
be incorporated therein, stimulating or inhibiting repair mechanisms and regenera-
tion. Well-known examples for biologically active molecules in neuronal develop-
ment are the neurotrophic factors [9] like the nerve growth factor (NGF) [10]. 
Another potential target molecule in neuronal regeneration is fibrin, which is abun-
dant after traumata due to the coagulation cascade; the reader is referred to 
Akassoglou and Strickland reviewing the role of fibrin in neuronal tissue [11]. In 
this context, we have shown that fibrin can be electrically co-deposited with cells on 
the anode part of structured gold electrode systems in vitro via a methodology we 
called inverse inkjet printing [12, 13]. In-depth analyses of this setup demonstrated 
that a voltage of 1.2 V should not be exceeded to prevent excessive cell membrane 
poration or breakdown [14].

1.2  �Three-Dimensional Imaging

Three-dimensional imaging has become a powerful tool in almost all scientific 
disciplines, ranging from the application in materials sciences to medical diagnos-
tics. For X-ray tomography, the mathematical fundamentals date back to 1917, 
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when Johann Radon [15] developed a methodology to calculate cross-sectional 
views from rotational projection images, utilizing the high penetration of X-rays in 
matter, thus establishing the projection-slice theorem.

While X-rays can be produced either in tube-based experimental setups or in 
synchrotrons, the later offer superior beam properties including high photon flux 
over a large range of energies, high brilliance and high level of polarization and 
coherency. This combined range of properties allows for exceptional image quality 
for many scientific disciplines including the life sciences. An in-depth literature 
survey is presented in [16].

Nevertheless, a resolution on the cellular level, allowing differentiating between 
subcellular structures currently, is only partially possible in even advanced synchro-
tron radiation facilities due to experimental limitations, including rotational stabil-
ity and other parameters. In this regard, we have investigated the potential of 
cross-beam electron microscopes, utilizing the possibility to cut into a specimen in 
situ via a focussed ion beam while imaging with an electron beam. This setup 
enables highly resolved serial imaging, including possible element contrast as in 
X-ray tomography via specific heavy metal stains like osmium tetroxide (OsO4), 
according to [14].

2  �Sciatic Nerve Imaging via X-ray Synchrotron Tomography 
and Scanning Transmission Electron Microscopy

The sciatic nerve is one of the larger nerves in both humans and animals connecting 
the lumbar and sacral plexus to the leg and foot, innervating several muscles from 
the lateral rotator group. Due to its size it is relatively easy to remove undamaged 
from the surrounding tissue and to prepare it as specimen for further analytical 
investigations via X-ray tomography and scanning transmission electron micros-
copy (STEM). Figure 14.1 depicts the site of removal of the investigated rat sciatic 
nerve, which has been obtained from a female Wistar rat (approximately 11 weeks 

Fig. 14.1  Rat sciatic nerve from a female Wistar rat
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old, weight approximately 200 g) and which was terminated at the planned endpoint 
of another animal study [17] (with ethical approval granted under registration num-
ber G 0445-08, according to the Animal Welfare Act as of May 1998).

After removal, the sciatic nerve was immediately rinsed thoroughly with 
phosphate-buffered saline (PBS) followed by contrasting in solution of 1.0% glutar-
aldehyde, sodium cacodylate (0.1 M) and 1.0% OsO4 solution for 60 min at room 
temperature in the dark followed again by repeated rinsing in PBS adapting a proto-
col as published by Johnson et al. [18]. Next, the sample was rinsed in deionized 
water and dehydrated in series of graded ethanol. Finally, the sample was treated 
with methyl benzoate as intermedium for several minutes before embedding in 
methyl methacrylate monomer and subsequent polymerization over several days at 
37 °C in the dark. The cured sample was sectioned with the diamond blade of an 
ultramicrotome obtaining several ultra-thin sections for later transmission electron 
microscopy. The remaining sample was glued on top of a brass rod according to 
Fig. 14.2 and was used in the depicted synchrotron tomography setup at the BAMline 
of BESSY, Berlin, according to the protocols as already described elsewhere 
[16, 19]. The general beamline layout is shown in the bottom inset of Fig. 14.2. 
Specifically, the sample was rotated in steps of 180°/1200 using a monochromatic 
X-ray energy of 20 keV. The recorded data was pixel-binned, resulting in a voxel 
size of the tomographic data of 6.7 μm. ImageJ was used to convert the data into a 
set of sequential 16-bit TIF images which were flat-field corrected and reconstructed 
into sliced data using the software NRecon (Bruker) on an Apple iMac Quad-Core 
i7. Voreen (University of Münster, Germany) was used for three-dimensional ren-
dering and visualization of the data using a green colour look-up table (CLUT) 
instead of grey values.

Fig. 14.2  Synchrotron tomography setup. The top inset shows the sciatic nerve sample, while the 
bottom inset shows the beamline layout according to [16]
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The sciatic nerve tomography data is displayed in Fig. 14.3 showing the tissue 
surface (Fig. 14.3a); it’s inside using several superimposed slices (Fig. 14.3b) and 
without the superimposed slices (Fig. 14.3c). In addition, the nerve is shown in axial 
view from top to bottom (Fig. 14.3d). The tissue shows the typical zigzag or wavy 
inner structure, which can be generally observed in peripheral nervous tissue [20] 
and results from the myelinated fibres which are bundled and appear highly stained 
by the used contrasting agent OsO4. Due to the resolution limitation of the recorded 
tomography data, further investigations were conducted using a Zeiss Crossbeam 
EsB 1540 (Carl Zeiss AG, Germany) with scanning transmission electron micros-
copy (STEM) detector.

Here, the individual nerve fibres and the myelinated axons are clearly visible as 
shown in Fig. 14.4. Figure 14.4a shows an overview image corresponding nicely with 
the tomography data. Higher resolved STEM images are shown in Fig. 14.4b–d, with 
Fig. 14.4d displaying the myelinated axons with the approximately 2 μm-thick myelin 
sheath. This highly ordered and mostly parallel aligned tissue structure serves as basis 
and template for almost all tissue engineering strategies in neuronal repair. Our 
approach in this direction is presented in the following section.

3  �Neuronal Tissue Engineering by Electrophoretic Cell 
Patterning

In previous research, we were successful in utilizing an inkjet printer to achieve 
electrode designs by combining the inkjet printing process with following sputter-
coating and ultrasonic ink removal. These electrodes were used for cell patterning 

Fig. 14.3  Tomography data renderings of the sciatic nerve sample in different views (a–e)
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and protein deposition [12, 13]. For our preliminary approach in neuronal tissue 
engineering, a parallel aligned row structure of thin gold was chosen, co-depositing 
a hippocampal cell line (HT-22, a subclone of HT-4 [21, 22]) with fibrin at 1.2 V 
according to [16] and as depicted in Fig. 14.5a. Vital cell patterning was demon-
strated in a 12-well plate for cell cultivation purposes applying voltage via lead 
outs. After cell deposition, the lead outs were removed to ensure sterile handling. 
Following this, cell vitality has been demonstrated to be near 100% vitality using 
a combined assay using fluorescein diacetate/ethidium bromide (FDA/EB) as seen 
in Fig. 14.5b.

Several of these pre-cultivated parallel aligned electrode structures were stacked 
and cultivated for another day followed by cross-linking in glutaraldehyde, rinsing 
in distilled water and freeze-drying for the later synchrotron micro-tomography 
investigations. The resulting multilayered electrode appeared stable and did not 
delaminate, possibly due to the co-deposited fibrin layer [16].

Similar to the native sciatic nerve, the multilayer stack was glued on a brass rod 
and subjected to the monochromatic X-ray beam at the synchrotron beamline. The 
sample was rotated in steps of 180°/1200 using a monochromatic X-ray energy of 
10 keV. The resulting voxel size of the tomography data was estimated to be 3.6 μm. 
Reconstruction and visualization of the data were performed according to the above 
description and the same software tools. Unfortunately, the data suffered from sev-
eral ring artefacts, which could not entirely be removed via sinogram correction. 
Nevertheless, the full tomography data clearly depicts a nice and orderly array of 

Fig. 14.4  Ultrastructural views of the sciatic nerve using STEM with increasing magnification 
from (a–d)
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parallel aligned electrodes (Fig.  14.5c). In higher magnification, individual cells 
(Fig. 14.5d, e) can be seen, having similar density and shape as observed in fluores-
cence microscopy; therefore, the tomography data was recoloured using a green 
CLUT to better visualize this correspondence.

Although X-ray tomography can yield highly resolved data, a true cellular reso-
lution with the possibility to discriminate intracellular structures was not possible at 
the time of measurement. For a true cellular resolution advancing the results of the 
beamline as referenced in [19], the rotational stage needs higher precision over the 
time of the measurement. Moreover, optical limitations of the used scintillator and 
its thickness define the quality of the recorded data. In this regard, current dual beam 

Fig. 14.5  (a) Setup for cocultivating neuronal cells and fibrin on parallel aligned electrodes in a 
12-well plate setup. (b) Fluorescence microscopy showing near 100% vitality in FDA/EB staining. 
(c) Rendered tomography data of a multilayered electrode stack, (b, c) magnified data showing 
individual cells
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electron microscopy technology as available, for example, in the Zeiss Crossbeam 
devices, can yield sequential slicing and imaging capabilities and therefore the pos-
sibility of a tomography approach by utilizing a focussed ion beam for the slicing 
operation. This methodology was used to reconstruct the complete three-dimensional 
representations of the electrophoretically deposited HT-22 cells as described in 
[14]. A vital task in this process is the compensation of the image shift in the 
recorded sliced data, which has been achieved using automated ImageJ scripts. One 
reconstructed HT-22 cell is shown in Fig. 14.6 on top of the thin gold on polymer 
electrode. Well visible and distinguishable are the nucleus and several other cell 
organelles, which have been recoloured in the graphical depiction.

According to our previous work and without co-deposited fibrin, cells on the 
anode part were possibly subject to membrane hyperpolarization or poration result-
ing in intracellular morphological changes which we identified as condensed chro-
matin which can be a sign for impending cell death. On the contrary, cells 
co-deposited with fibrin on the anode of the electrodes apparently did not suffer 
from the above-described effects and appeared vital even after prolonged cultivation 
in vitro [12, 13].

4  �Outlook and Discussion

Neuronal regeneration is a still relevant and open research topic. This chapter might 
hint at a new methodology to bridge the gap between functional and unspecific 
repair of nerve tissue, while demonstrating current technological possibilities in 
three-dimensional imaging. A similar scientific approach has been outlined by 
Watling et al. [23], explaining how microcomputed tomography can be a useful tool 

Fig. 14.6  Focussed ion beam sectioned and reconstructed cell on top of a gold on polymer elec-
trode, showing intracellular organelles and structures
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both for studying the location and the extent of nerve ingrowth into a polymeric 
scaffold. Nevertheless, such polymeric scaffolds have only limited flexibility con-
trolling the location of neuronal cells, the axonal growth and consequently the qual-
ity of the regenerated tissue.

Here, our approach describes a preliminary methodology and should be seen 
regardless of the presented channel structure and the electrode design.

As an outlook, we want to draft the further direction of this work according to the 
schematic in Fig. 14.7. Currently, we are able to deposit vital cells and even proteins 
on top of gold microstructures (Fig. 14.7a). In a next step, we plan to cover this 
deposit with a castable biopolymer system like gelatin (Fig.  14.7b) and remove 
these biopolymer sheets together with the adherent cells afterwards (Fig. 14.7c). In 
this regard, Shimizu et al. [24] have presented a cell cultivation technique, termed 
cell sheet engineering, which should be seen in the context of this work. A thermo-
responsive polymer (poly(N-isopropylacrylamide), PIPAAm) can be switched from 
a hydrophilic state to a hydrophobic state by decreasing the temperature under 
32 °C. A thin layer of PIPAAm between the gold electrodes of this work and the 
deposited cells might be a useful addition that would allow an easier removal of the 
gelatin-cell sheets.

In a final step, these sheets might be rolled giving a predefined channel structure 
with predeposited cells serving as viable nerve conduit and functional repair 
(Fig. 14.7d).

Concerning the presented three-dimensional imaging methodologies, we have 
showed two very different approaches. The first approach is based on X-ray tomog-
raphy, utilizing the projection-slice theorem according to the fundamental works of 
Johann Radon to image a sciatic nerve sample. The second approach exploits three-
dimensional reconstruction from sequential sliced images derived from focussed 
ion beam slicing and SEM imaging.

Fig. 14.7  Future direction of cell patterning to achieve pre-cultivated and prestructured nerve 
conduits
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Chapter 15
X-Ray Phase Contrast Tomography 
in Tissue Engineering: Focus 
on Laboratory Implementations

Charlotte K. Hagen

Abstract  Tissue engineering, which is aimed at producing “lab-grown” organs and 
tissues, could revolutionise modern medicine by overcoming the shortage of donor 
organs. Imaging is key to virtually every aspect of this research; however, the gold 
standard methods (e.g. histology and electron microscopy) have significant short-
comings, preventing important investigations from being done. Most prominently, 
they rely upon a destructive sample preparation, making them incompatible with 
small animal imaging, which is however indispensable for preclinical studies. X-ray 
phase contrast computed tomography, which is sensitive to phase shifts induced by 
a sample, has the potential to solve this issue. This chapter provides an overview of 
laboratory implementations of x-ray phase contrast tomography (as opposed to syn-
chrotron implementations, which are discussed elsewhere in this book) and their 
application to tissue engineering and related areas.

1  �Introduction

Tissue engineering is a subdiscipline of regenerative medicine that combines the 
fields of cell biology and materials science. In highly simplified terms, the challenge 
of tissue engineering is to employ and combine appropriate scaffolds, cells and bio-
reactors with the aim of creating “lab-grown” organs and tissues. Suitable scaffolds 
must allow and promote cell growth, requiring biocompatibility, an appropriate bio-
degradation profile, and mechanical properties, components and microarchitecture 
that mimic the environment of the organ/tissue to be engineered. Scaffolds have 
traditionally been divided into natural ones, e.g. derived through decellularization 
of native (cadaveric) tissue, and synthetic ones, e.g. based on hydrogels or other 
biomaterials or those fabricated via the 3D printing of biopolymers.
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Imaging plays a vital role in virtually every aspect of tissue engineering research, 
as outlined in the (admittedly highly simplified) schematic in Fig. 15.1. First, the 
structure and functionality of native tissue must be thoroughly studied to gain a 
“gold standard” understanding of what tissue engineering is supposed to achieve. 
When natural scaffolds are derived via the decellularisation (e.g. application of 
detergents) of native tissue, their microstructure must be examined to evaluate the 
decellularization process, which is considered effective if all cellular material is 
removed while the native architecture and vascular network are kept intact. The 
analysis of naturally derived scaffolds is also important to drive the development of 
synthetic ones aimed at replicating native tissue micro-environments. Synthetic 
scaffolds, e.g. 3D-printed ones, must be inspected after fabrication to evaluate the 
reliability of the manufacturing process. In general, any type of scaffold must be 
imaged following cell seeding and maturation in a bioreactor to understand their 
ability to promote cell adhesion, proliferation and differentiation. Finally, any engi-
neered implant must be monitored after transplantation into a small animal model to 
understand the ultimate performance and long-term outcome through pre-clinical 
studies.

These imaging tasks require an imaging modality that:

–– Achieves sufficiently high spatial resolutions (tens of μm to a few μm or below) 
to resolve the scaffolds’ structural features of interest.

–– Generates sufficiently high image contrast to visualise cells growing on the 
scaffolds.

–– Provides 3D images to inspect entire specimens and understand cell growth in a 
volumetric setting.

Fig. 15.1  Schematic illustrating the role of imaging in tissue engineering research
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–– Does not require a destructive preparation of the sample, to enable in vivo imag-
ing and longitudinal studies.

–– Can accommodate fields of view large enough (a couple of cm) to fit small-scale 
specimens as well as small animals, e.g. mice, so it can be used for both in vitro 
and in vivo studies.

–– Allows for fast scanning to cope with the high number of specimens often 
encountered in biomedical research.

–– Is easily accessible; ideally, the imaging modality should be installed directly 
inside tissue engineering labs or in nearby a site, e.g. within a local hospital or 
research institute.

As it stands, none of the imaging techniques used routinely in biomedical 
research or clinical practice fulfils all these requirements at once. A comprehensive 
evaluation and discussion of several routine techniques in the context of tissue engi-
neering has been published a few years ago [1], but we would also like to list a few 
examples here to elucidate the point. Electron microscopy and histology rely on 
either sectioning or staining of the sample, hence they involve a destructive sample 
preparation and are not suited to longitudinal studies or in vivo monitoring. In gen-
eral, optical imaging methods, to which histology belongs, are limited in depth pen-
etration, thus are only suited for relatively superficial analysis. Magnetic resonance 
imaging fails to achieve the required spatial resolutions within short scan times, 
making the method unsuited to high-resolution investigations. Also, scanners might 
be difficult to access as they are costly and often already used to capacity for medi-
cal diagnostics. Standard (attenuation-based) x-ray tomography and micro-
tomography provide insufficient soft tissue contrast for visualising cell growth on 
scaffolds unless cell labelling techniques or contrast agents are used. On the con-
trary, x-ray phase contrast tomography has the potential to solve many of these 
issues. For example, as an advantage over standard x-ray tomography, image con-
trast is generated from phase shifts that occur within the sample rather than from 
attenuation, which can lead to significantly increased image contrast for soft bio-
logical samples that exhibit weak attenuation properties.

The aim of this chapter is to provide an overview of the benefits that x-ray 
phase contrast tomography could bring about for tissue engineering research. The 
focus is on high-resolution laboratory implementations of the method as opposed 
to synchrotron implementations, which are discussed elsewhere in this book. The 
relatively small number of synchrotrons worldwide and competitive application 
procedures for beam time limit accessibility and barely allow for longitudinal 
studies. On the contrary, laboratory implementations usually involve relatively 
small-scale experimental setups (comparable in size to standard x-ray tomography 
or micro-tomography scanners) and could ultimately be installed directly on the 
site where the tissue engineering research is taking place, thus being much easier 
to access. However, implementing x-ray phase contrast tomography outside syn-
chrotrons comes with its own challenges as beams with a relatively weak spatial 
and temporal coherence (resulting from extended focal spot sizes and broad energy 
spectra, respectively) produced by standard, commercially available x-ray tubes 
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must be tolerated, and nonideal experimental conditions such as source drifts or 
environmental vibrations must be withstood. Moreover, it can be difficult to 
achieve sufficiently fast scan times given the relatively low flux emitted by x-ray 
tubes.

Several different x-ray phase contrast tomography methods have been developed 
over the years. Broadly speaking, these can be categorised as crystal-based methods 
(e.g. analyser-based imaging, Bonse-Hart interferometry), grating-based interfero-
metric methods (e.g. Talbot interferometry), grating-based non-interferometric 
methods and propagation-based methods. Most of them originate from synchro-
trons and were later adapted for use with standard x-ray tubes. However, not all 
methods are naturally suited to use outside synchrotrons and under nonideal 
experimental conditions; for example, crystal-based methods require a monochro-
matic beam and a highly stable setup to ensure a perfect alignment of the crystal at 
all times.

In Sect. 2, we provide a brief overview of those x-ray phase contrast tomography 
methods most commonly used outside synchrotrons. In Sect. 3, we describe four 
case studies in which these methods have been used in tissue engineering or other 
applications with relevance to the field. It should be noted that we do not attempt to 
provide a complete review of the literature, but rather to draw attention to a few 
striking examples of what x-ray phase contrast tomography can achieve. Finally, in 
Sect. 4, we reflect on the remaining challenges that need to be addressed before 
laboratory-based x-ray phase contrast tomography can become an established 
imaging modality in tissue engineering research, and discuss the perspectives for 
the future.

2  �Laboratory Implementations of X-Ray Phase Contrast 
Tomography

Below we provide a brief overview of the different x-ray phase contrast tomography 
methods most suited for use in non-synchrotron, laboratory settings, and comment 
on their requirements in terms of spatial and temporal coherence. For a more 
detailed overview of all existing phase contrast imaging methods, we would like to 
refer to some excellent review papers [2–4].

Propagation-Based Imaging  A propagation-based imaging setup resembles a con-
ventional radiographic setup in that it only comprises an x-ray beam and a detector. 
The key difference is, however, that the detector is placed at some distance from the 
sample. In this configuration, an interference pattern, resulting from the phase shifts 
that are introduced by the sample, emerges as the beam propagates. This results in 
an edge enhancement effect in the images, where sharp features within the sample 
are surrounded by black and white fringes. It is often desirable to convert this fringe 
contrast into area contrast as this can simplify the interpretation of the images. 
This requires performing phase retrieval, i.e. quantitatively extracting the phase 
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shift from the data, in addition to tomographic image reconstruction. In propagation-
based imaging, phase retrieval typically involves measuring interference patterns at 
several propagation distances and combining them according to a dedicated algo-
rithm [5]. Provided that simplifying conditions apply, e.g. the sample is quasi-
homogeneous, it can be sufficient to use only one propagation distance [6]. 
Propagation-based imaging tolerates the broad spectra emitted from standard x-ray 
tubes as each polychromatic interference pattern is effectively a weighted sum of 
individual monochromatic components [7]. However, the method requires a rela-
tively high degree of spatial coherence as otherwise the interference pattern suffers 
from blurring, leading to a reduction of contrast [7].

Grating Interferometry  Grating interferometry, also known as Talbot or Talbot/Lau 
interferometry, is based on the Talbot self-imaging effect. A typical experimental 
setup contains a phase grating that generates an interference pattern and an absorp-
tion grating placed at a Talbot distance from the phase grating (where the interfer-
ence pattern is a replica of the latter). The detector is positioned immediately behind 
the absorption grating. By transversally step-scanning one of the gratings (a process 
known as phase stepping), a sinusoidal pattern is recorded. Phase shifts that occur 
within the sample lead to a transverse shift of this pattern; phase retrieval can thus 
be performed by quantitatively comparing the sinusoidal patterns recorded in the 
absence and presence of the sample [8]. Instead of the absolute phase shift, phase 
retrieval in grating interferometry yields its first derivative, thus requiring its inte-
gration before tomographic image reconstruction, or the use of a dedicated filter 
function during the reconstruction process (the Hilbert filter). This makes grating 
interferometry belong to the group of differential phase contrast imaging tech-
niques. As the formation of a Talbot self-image is an intrinsically coherent effect, 
grating interferometry relies on the use of a spatially coherent beam. However, the 
method can be adapted to beams with weak spatial coherence by introducing a third 
grating into the setup, placed in front of the x-ray source, generating mutually inco-
herent but individually coherent sub-sources [8]. Weak temporal coherence can be 
tolerated to a limited extent; as the gratings have a specific design energy, the use of 
very broad spectra leads to a reduction in visibility (the separation of minima and 
maxima of the sinusoidal phase stepping pattern), compromising the method’s 
sensitivity [9].

Edge Illumination  This method employs a narrow x-ray beam which is aligned 
with an edge in front of the detector. Phase shifts that occur within the sample 
lead to a slight deviation of the beam from its original path, either causing a 
larger portion of it to be absorbed by the edge and decreasing the measured inten-
sity or to fall onto the active area of the detector and increasing the measured 
intensity. In the laboratory adaptation, this concept is expanded to two-dimen-
sional fields of view by means of two opportunely designed x-ray masks [10]. 
The first mask (sample mask) creates an array of narrow beamlets, and the second 
mask (detector mask) creates a series of edges immediately in front of the detec-
tor. The mask periods match the pixel size, considering magnification. Phase 
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retrieval in edge illumination requires that two images are acquired, taken with 
the beamlets illuminating the opposing edges of the apertures in the detector 
mask and processed according to a dedicated algorithm [11, 12]. Like in grating 
interferometry, phase retrieval yields the first derivative of the phase shift, also 
making edge illumination a differential phase contrast technique. In edge illumi-
nation, temporal coherence is not required as the measured signal is a weighted 
average of individual monochromatic components; hence the method makes use 
of the full x-ray spectra generated by standard x-ray tubes [13]. Weak spatial 
coherence is tolerated so long as the blur induced by the source is sufficiently 
small to keep the individual beamlets physically separated [14].

Zernike Phase Contrast  In this method, the x-ray beam is focused onto the sample 
by means of a condenser ring. After passing through the sample where diffraction 
occurs, the beam is focused again using a zone plate. Next, a phase ring introduces 
an amplitude reduction and a known phase shift to the portion of the beam that has 
not been diffracted. The latter now has a similar intensity (but a different phase 
shift) to the diffracted beam portion, and the interference of both leads to intensity 
variations on the detector plane, manifesting as edge enhancement in the images. By 
means of phase retrieval, performed by applying a dedicated filter function to the 
images, the edge contrast can be converted into area contrast [26]. Zernike phase 
contrast relies on a monochromatic beam as the optical elements involved are 
designed for a specific energy. A relatively high degree of spatial coherence is 
needed as otherwise the spatial separation of directly incident and diffracted beam 
portions would be reduced, which in turn would lead to a reduction in contrast 
(Fig. 15.2).

Fig. 15.2  Schematic of the x-ray phase contrast tomography methods most commonly used outside 
synchrotrons: propagation-based imaging (a), grating interferometry (b), edge illumination (c) and 
Zernike phase contrast (d). These drawings are not to scale, and the beam is typically conical rather 
than planar
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3  �Application in Tissue Engineering and Related Areas

The following case studies are supposed to illustrate a range of recent applications 
of x-ray phase contrast tomography in tissue engineering and related fields. In addi-
tion, we would like to point to other important publications [15–19] and to an earlier 
review paper on the topic [20].

Visualising the Mouse Brain on a Cellular Level  A team of scientists from the 
University of Goettingen (Germany) have developed a protocol for performing “3D 
virtual histology” of soft biological specimens using high-resolution x-ray phase 
contrast tomography based on propagation-based imaging [21]. This was demon-
strated on a mouse brain, which was dehydrated in ethanol before being placed in 
xylene until this eventually evaporated. This sample preparation process was dem-
onstrated to effectively remove water and lipids from the specimen. The results are 
shown in Fig. 15.3. To obtain a spatial coherence sufficiently high for propagation-
based imaging, the experimental setup comprised a liquid-metal jet micro-focal 
x-ray source (Excillum, Sweden). The source was operated at 40 kVp and 1.43 mA, 
and the focal spot was 10 μm. However, since in a standard propagation-based 
imaging geometry (the sample placed close to the source and far from the detector) 
the spatial resolution is largely determined by the source size, this focal spot was too 

Fig. 15.3  X-ray phase contrast tomograms (scale bars: 200 μm) of a mouse brain acquired with 
propagation-based imaging. The high spatial resolution and the strong contrast between the tissue 
protein matrix and surrounding air allowed for a volumetric analysis of cellular structures within 
the sample. (a) Transverse slice showing the molecular layer (ML), granular layer (GL), white 
matter (WM) and Purkinje cell layer (PCL) of the cerebellar vermis. (b) Longitudinal slice show-
ing axon bundles within the white matter. (c) Volume rendering of the sample, indicating the cel-
lular segmentation shown in (d). (d) Cellular segmentation. Due to the high level of detail in the 
images, the described sample preparation and scanning protocol could be used to study cell migra-
tion on tissue engineering scaffolds. (Figure and caption adapted from Toepperwien et al. [21])
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large to achieve spatial resolutions on a cellular level. Therefore, a setup with an 
“inverse geometry” was used, in which the sample is placed relatively far from the 
source (at 158.75 mm) and closer to the detector (at 18.3 mm), still maintaining a 
propagation distance sufficiently large for interference patterns to develop. In this 
configuration, the spatial resolution is largely driven by the point spread function of 
the detector. In the Goettingen setup, the detector was a lens-coupled scintillator-
based camera (XSight, Rigaku, Japan) with an effective pixel size of 0.54  μm 
(0.48 μm on the sample plane). The tomographic scan involved the acquisition of 
1000 projections over a total sample rotation range of 180°. The exposure time per 
projection was 50 s, leading to a total exposure time of approximately 14 h. The 
protocol further consisted of phase retrieval using a method called “Bronnikov-
aided correction” [22] based on data acquired at one propagation distance only and 
tomographic reconstruction using a commercial software (Bronnikov Algorithms, 
Netherlands). The spatial resolution in the final images was measured to be 3.53 μm.

Towards Small Animal Imaging  Researchers from the Technical University of 
Munich (Germany) have used x-ray phase contrast tomography based on grating 
interferometry to demonstrate the feasibility of imaging mouse models for pre-clini-
cal research [23]. The results are shown in Fig. 15.4. The imaged animal, a deceased 
19-month-old mouse, had been fixed in formaldehyde using a perfusion fixation pro-
tocol. The experimental setup comprised an Enraf Nonius FR 591 x-ray tube with a 
rotating molybdenum target. The tube was operated at 35 kVp and 70 mA, and the 
focal spot was 300 μm. The detector was a Pilatus II silicon-based photon-counter 
with an effective pixel size of 120 μm on the sample plane. The setup employed three 
gratings with periods of 10 μm (source grating), 3.51 μm (phase grating) and 5.40 μm 
(absorption grating), each having a fill factor of two. The distance between the phase 
and absorption gratings was 5.27  cm, corresponding to the third Talbot order. 
The design energy of the gratings was 23 keV, corresponding to the centre of the 

Fig. 15.4  Coronal slices extracted from an attenuation tomogram (left) and a phase contrast tomo-
gram (right) acquired with a grating interferometer showing the abdominal area of a deceased, 
formalin-fixed mouse. The latter features higher image contrast for most organs and soft tissue 
types. (Figure adapted from Tapfer et al. [23])
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polychromatic x-ray spectrum produced by the x-ray tube. The tomographic scan 
involved acquiring data for 301 rotational views of the sample, and at each view 
10 images were recorded during the phase stepping procedure. The exposure time 
per phase step image was 12 s, leading to a total exposure time of approximately 
10 h. Following phase retrieval, tomographic images were reconstructed using the 
filtered back-projection algorithm. The spatial resolution in the final images was not 
measured.

Revealing the Microarchitecture of a Decellularized Rabbit Oesophagus  A study 
conducted at University College London (United Kingdom) focused on using x-ray 
phase contrast tomography based on edge illumination to image a natural tissue engi-
neering scaffold derived from a rabbit oesophagus via decellularization [24]. The 
work was motivated by the development of a new decellularization method known as 
detergent enzymatic treatment during which the native tissue is flushed with a combi-
nation of enzymes and detergents, with the aim of being gentler to the collagen micro-
architecture while being as effective in removing cellular material as previous 
methods. Imaging the decellularised tissue was required to understand the perfor-
mance of the new method and to inform potential improvements should these be nec-
essary. The results are shown in Fig. 15.5. The imaging setup comprised a Rigaku 
MicroMax-007 HF x-ray tube with a rotating Mo target, operated at 40  kVp and 
25 mA, corresponding to a source size of approximately 70 μm. The sample was posi-
tioned at 1.6 m from the source. The detector, a Hamamatsu C9732DK flat panel with 

Fig. 15.5  X-ray phase contrast tomogram (scale bar, 500 μm) acquired with edge illumination, 
showing a transverse cross section of a rabbit oesophagus scaffold derived via decellularization 
using detergent enzymatic treatment. The image reveals an intact microstructure of the specimen, 
confirming the presence and integrity of all native anatomical layers, thus providing valuable feed-
back on the used decellularisation technique. (Figure and caption adapted from Hagen et al. [24])
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a pixel size of 50 μm, was placed at 0.4 cm from the sample. The sample and detector 
mask periods were 79 μm and 98 μm, respectively, and their pitches were 23 μm and 
29 μm, respectively. These dimensions correspond to a “line-skipping” configuration 
which is often used when a detector has high levels of cross-talk between adjacent 
pixels; neglecting every other detector column effectively reduces the cross-talk [25]. 
The tomographic scan involved taking data at 720 view angles, equally spaced over 
360°. In preparation for phase retrieval, two projections, taken with the beamlets illu-
minating opposing detector mask edges, were acquired at each angle. Moreover, at 
each angle, the sample was displaced ten times by 7.9 um (a tenth of the sample mask 
period), a projection was taken at each displacement, and these projections were 
eventually combined. This procedure known as “dithering” is used to increase the 
spatial resolution. Each projection was acquired with 1.2 s exposure time, leading to 
a total exposure time of 4.8 h. Following phase retrieval, phase contrast tomograms 
were reconstructed using the filtered back-projection algorithm. The pixel size in the 
final images was 7.9 μm; however, the actual spatial resolution was not measured.

Quantifying Cell Growth on Polymer Scaffolds  A team of researchers from the 
Henry Mosely X-ray Imaging Facility in Manchester (United Kingdom) have dem-
onstrated that x-ray phase contrast nano-tomography based on Zernike phase con-
trast can enable the three-dimensional analysis of cells growing on polymer scaffolds 
fabricated by means of electrospinning [26]. The results are shown in Fig. 15.6. 

Fig. 15.6  Volume rendering (scale bar: 10 μm) of an x-ray phase contrast tomogram acquired with 
Zernike phase contrast, showing cells distributed on and within an electrospun scaffold. 
Segmentation of the scaffold and of the cellular material has enabled quantifying scaffold porosity, 
pore size and fibre diameter and cell length and diameter. Moreover, the distance of the cells from 
the upper scaffold surface could be measured, providing an indicator for the extent of cell migra-
tion. (Figure adapted from Bradley et al. [26], © 2016 Bradley RS, Robinson IK, Yusuf M. Published 
by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

C. K. Hagen



227

The imaging system was a commercial Zeiss Xradia 810 Ultra machine, featuring 
a field of view of 65 μm. The x-ray beam was quasi-monochromatic with an energy 
of 5.4  keV.  The tomographic dataset comprised 541 projections acquired over a 
sample rotation range of 180°. Each projection was taken with an exposure time of 
10 s, leading to a total exposure time of approximately 1.5 h. Tomographic image 
reconstruction was performed using the filtered back-projection algorithm, which 
was followed by phase retrieval to convert the phase-based edge enhancement con-
trast into area contrast. The pixel size in the final images was 127 nm, and the spatial 
resolution has been estimated to be approximately 320 nm. To image a larger sam-
ple section than permitted by the very small field of view, two adjacent sections of 
the scaffold were imaged in consecutive scans, the results stitched together and 
analysed as a single dataset.

4  �Remaining Challenges and Future Perspectives

The above case studies show that there is much versatility in terms of how x-ray 
phase contrast tomography can be implemented outside synchrotrons, and how it 
can be used for tissue engineering and related applications, and that each of the 
presented methods comes with its own pros and cons. Propagation-based imaging 
features a relatively simple experimental setup but has rather stringent requirements 
on spatial coherence. This necessitates the use of micro-focal x-ray sources which 
are often limited in flux. On the other hand, since the method does not employ any 
optical elements that attenuate the beam, the available flux is used in an optimal 
way. Grating interferometry has been shown to be highly sensitive to phase shifts 
due to the small periods of the used gratings (a few μm) [27]. On the flipside, these 
small periods require a precise alignment of the experimental setup, which is not 
always possible to maintain [28]. Likewise, edge illumination employs two sets of 
masks that must be kept well aligned at all times, although this requirement is some-
what relaxed by the fact that the mask periods are generally about one order of 
magnitude larger (tens of μm) than the grating periods in grating interferometry, 
which has been shown not to lead to reduced sensitivity [29]. Edge illumination has 
the advantage that the spatial resolution is to some extent decoupled from the source 
blur and the detectors point spread function as it is effectively driven by the aperture 
width of the sample mask [30]. Zernike phase contrast readily achieves spatial reso-
lutions on the lower micrometre scale and below; however, this comes at the cost of 
small fields of view, often limited to tens of micrometres.

Considering the presented methods in the context of the imaging challenges of 
tissue engineering outlined in Sect. 1, it becomes apparent that several of the 
required criteria are already met by laboratory based x-ray phase contrast tomogra-
phy. Spatial resolution sufficiently high to resolve features of interest of tissue engi-
neering specimens, such as the scaffolds’ microarchitecture, has been demonstrated 
to be feasible. Some methods even allow tailoring the spatial resolution to the imag-
ing application at hand, for example, propagation-based imaging can be used in 
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different geometries (standard and “inverse”). This provides options for “zoom-in” 
tomography, where a scout scan, taken with a relatively coarse spatial resolution, is 
used to identify a region of interest within a sample, and followed by a high-
resolution scan of that area [21]. Such approaches could prove especially valuable 
to the study of 3D-printed scaffolds which are often engineered to have specific 
hierarchical features, like pores with diameters on the macro- and microscale. Image 
contrast has been demonstrated to be sufficiently high for a range of tissue engineer-
ing applications, most notably monitoring cell growth and imaging of a mouse 
model. By default, being tomographic techniques, all methods provide 3D images, 
facilitating, amongst others, the understanding of cell migration in a volumetric set-
ting. In terms of setup size, the methods which have been commercialised (e.g. 
Zernike phase contrast in the Zeiss XRadia x-ray microscopes, grating interferom-
etry in the Bruker SkyScan machines) take up about as much space as clinical x-ray 
tomography scanners or less, fitting inside tissue engineering labs or a site nearby. 
Those methods that only exist as custom-made experimental setups built by indi-
vidual research groups are of similar dimensions.

However, it is also apparent that x-ray phase contrast tomography still falls short 
in terms of some important requirements. In those methods providing the higher end 
of achievable spatial resolutions, e.g. propagation-based imaging in “inverse” 
geometry or Zernike phase contrast, the fields of view are not currently large enough 
to scan samples with sizes comparable to a small animal or an entire scaffold. In 
propagation-based imaging, this is because an effective pixel size of a few μm or 
below is needed, but detectors generally contain a limited number of pixels (typi-
cally around 2000 in one direction), restricting the field of view to a few mm. In 
Zernike phase contrast, this is also due to the difficulty of fabricating large zone 
plates. While in general no destructive sample preparation is required in x-ray phase 
contrast tomography, making it an attractive choice for longitudinal studies and 
in vivo applications, some sample damage due to the use of ionising radiation might 
occur [26]. Finally, x-ray phase contrast tomography still fails to meet one of the 
most important criteria for routine use in tissue engineering research to achieve fast 
acquisitions. Total exposure times in the presented case studies have ranged from 
1.5 h to approximately 19 h due to three reasons: (i) relatively long exposure times 
were applied per tomographic view angle, (ii) in some cases multiple projections 
were taken at each angle in preparation for phase retrieval and/or for increasing the 
spatial resolution (e.g. “dithering” in edge illumination) and (iii) in some studies the 
number of tomographic view angles was large. These scan times are clearly at odds 
with the need to cope with the high number of specimens potentially encountered, 
as well as with the requirements of in vivo imaging.

Yet, significant research effort is currently dedicated to solving these problems, 
and solutions are beginning to emerge. The biggest issue, scan time, is being tackled 
through several approaches at once. First, the development of new x-ray sources 
based on liquid-metal jet targets [31], which support higher electron-beam power 
than standard fixed or rotational targets, has significantly increased the available 
flux, potentially reducing exposure time in those methods relying on micro-focal 
x-ray sources due to their requirement for a relatively high degree of spatial coherence. 
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Although one such source has been used in one of the case studies discussed here 
where the exposure time was rather long, it should be noted that this was in part due 
to the small effective detector pixel size, making such a long exposure time neces-
sary to achieve appropriate x-ray statistics. Another option for potentially reducing 
exposure time is through novel detector technology with increased sensitivity, e.g. 
via the elimination of electronic noise from the images (photon-counting detectors). 
In addition to those technological advances, several new phase retrieval methods 
have been developed that reduce the number of required input images. These are 
typically based on simplifying assumptions. For example, as already mentioned in 
Sect. 2, in propagation-based imaging, if the sample is quasi-homogeneous, i.e. it is 
made from a single material or the ratio of phase shift and attenuation is constant 
throughout, it is sufficient to use only one propagation distance and to apply 
Paganin’s algorithm [6]. Although in general tissue engineering specimens do not 
strictly fulfil this condition apart from synthetic scaffolds made from a single bio-
material, it is often a good approximation so long as samples can be described as 
“soft biological tissue”, i.e. they do not contain any strongly phase shifting or atten-
uating components like bone or calcifications. The same assumption has been used 
to derive a single-image phase retrieval method for edge illumination, allowing to 
acquire only one sample projection at each tomographic view angle [32]. A single-
image phase retrieval method not relying on any simplifying assumptions based on 
Moire analysis has been developed for grating interferometry [33]. While it still 
needs to be understood if these new methods ultimately require the same total x-ray 
statistics as their multiple image-based counterparts, and thus the same exposure 
time, they are certainly more practical as they do not rely on mechanical alterations 
of the experimental setup during an acquisition (e.g. changing the propagation dis-
tance in propagation-based imaging, performing phase stepping in grating interfer-
ometry, or switching from illuminating one edge to the other in edge illumination). 
This eliminates dead times, hence allowing faster scans. Finally, the necessity to 
take data at a large number of tomographic view angles could be relaxed through 
better suited tomographic reconstruction algorithms. It is well known in standard 
x-ray tomography that fewer view angles are required if iterative (algebraic or sta-
tistical) reconstruction algorithms are used instead of analytic ones like filtered 
back-projection. In fact, much recent research has been dedicated to extending such 
algorithms to x-ray phase contrast tomography [34, 35]. Additionally, some new 
algorithms even incorporate the phase retrieval step directly into the reconstruction 
process, based on a single input projection and without making any assumptions on 
the sample or the imaging geometry [36, 37], thus relaxing the number of required 
images even further. As a welcome side effect, reducing the number of tomographic 
view angles can also lower the delivered radiation dose. The problem of small fields 
of view in the very high-resolution setups could be overcome by performing region-
of-interest tomography, scanning multiple areas of the sample and stitching the 
images together.

In summary, the recent literature suggests that the remaining shortcomings of 
x-ray phase contrast tomography (long scan times, small fields of view in some 
methods) could be overcome in due course. Considering also that most criteria are 
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already met (non-destructive sample preparation, provision of 3D images, high 
spatial resolutions and high image contrast, relatively small experimental setups), 
one can conclude that x-ray phase contrast tomography is indeed well suited to 
tissue engineering research. Looking forward, it can be anticipated that x-ray phase 
contrast tomography will ultimately be used for some, if not all imaging tasks 
listed in Fig. 15.1. Most notably, the fact that no slicing or staining of the sample is 
required, which is the key difference to the methods most commonly used within 
the tissue engineering community (histology and electron microscopy), makes it a 
long-sought solution for imaging scaffolds prior to and after implantation into 
small animal models. This is a vital requirement for advancing from small-scale 
in vitro work to more extensive pre-clinical studies. Moreover, the intrinsic volu-
metric nature of the images allows gaining a precise understanding of the scaffolds’ 
microarchitecture in three dimensions. As already mentioned in the introduction, 
this is required to develop the knowledge necessary to fabricate synthetic scaffolds 
that could eventually replicate naturally derived ones. Synthetic scaffolds have the 
advantage that they are man-made, can be produced on a semi-industrial scale and, 
hence, made widely available to the population. Finally, due to its high spatial reso-
lution and contrast capabilities, x-ray phase contrast tomography could ultimately 
become a tool for routine quality control of tissue engineered implants, and as a 
result solve some of the controversies around patient safety that are sometimes 
associated with the field.
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