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1 Definition of the Topic

X-ray phase nano-tomography allows the characterisation of bone ultrastructure: the
lacuno-canalicular network, nanoscale mineralisation and the collagen orientation.
In this chapter, we review the different X-ray imaging techniques capable of imaging
the bone ultrastructure and then describe the work that has been done so far in
nanoscale bone tissue characterisation using X-ray phase nano-tomography.

2 Overview

X-ray computed tomography at the micrometric scale is more and more considered
as the reference technique in imaging of bone microstructure. The trend has been to
push towards higher and higher resolution. Due to the difficulty of realising optics in
the hard X-ray regime, the magnification has mainly been due to the use of visible
light optics and indirect detection of the X-rays, which limits the attainable resolu-
tion with respect to the wavelength of the visible light used in detection. Recent
developments in X-ray optics and instrumentation have allowed the implementation
of several types of methods that achieve imaging limited in resolution by the X-ray
wavelength, thus enabling computed tomography at the nanoscale. We review here
the X-ray techniques with 3D imaging capability at the nanoscale: transmission
X-ray microscopy, ptychography and in-line holography. Then, we present the
experimental methodology for the in-line phase tomography, both at the instrumen-
tation level and the physics behind this imaging technique. Further, we review the
different ultrastructural features of bone that have so far been resolved and the
applications that have been reported: imaging of the lacuno-canalicular network,
direct analysis of collagen orientation, analysis of mineralisation on the nanoscale
and the use of 3D images at the nanoscale as the basis of mechanical analyses.
Finally, we discuss the issue of going beyond qualitative description to quantification
of ultrastructural features.

3 Introduction

X-ray imaging and assessment of bone have been intimately linked already since the
discovery of X-rays. Actually, the first application of X-rays was visualisation of
bone on the organ level [1]. This consisted in simple projection images, usually
known as radiographs. X-ray computed tomography (CT) [2, 3], that is, cross-
sectional imaging, enables three-dimensional (3D) imaging by combining the acqui-
sition of radiographs at several angles of rotation around the targeted object and a
tomographic reconstruction algorithm. This modality has gained wide use in medical
imaging. X-ray CT at the micron scale (μCT) combines CT imaging with the use of
high-resolution detectors. X-ray μCT has recently assumed the place as the reference
method for bone microstructure imaging, among other applications [4]. This is, apart
from the excellent contrast in hard materials, sufficient penetration in bone and 3D
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nature of the images, due to compact μCT systems being increasingly available
[5–7]. Synchrotron sources in combination with insertion devices are powerful
X-ray sources enabling highly monochromatic X-rays. If such a source is used, the
resulting modality is called synchrotron radiation μCT (SR-μCT) [8] that allows
functional imaging, i.e. direct 3D quantification of the degree of mineralisation of
bone (DMB) at the micro-scale [9].

The trend in μCT and other X-ray microscopy techniques has been to go towards
higher and higher resolution [10], since the properties of X-rays are very appealing:
short wavelength (so a lower diffraction limit than with visible light) combined with
high penetration power yielding good contrast in bone. This goes hand in hand with
the increasing demand of quantitative 3D images of bone at the micro- and nano-
scale, due to the links between ultrastructure and failure [11, 12]. The high penetra-
tion power makes it difficult to implement X-ray focusing optics, however, which
has kept the magnification factor due to the X-ray beam fairly low. High-resolution
imaging has instead been achieved by indirect detection: a fluorescent screen, a
scintillator with a high efficiency in converting X-rays to visible light, imaged by
standard visible light microscope optics onto a CCD camera [13]. This kind of
system is diffraction limited in resolution by the wavelength of the visible light
emitted by the scintillator, however. In this case, imaging of the ultrastructure cannot
be considered, since this is usually reserved for features that are smaller than those
resolvable with a standard bright field visible light microscope operating in
transmission mode.

Osteoporosis and other bone fragility-related diseases are not yet fully understood
and are thus the subject of active research. While previously the main focus was the
characterisation, description and diagnosis of these diseases, currently the main aim
is to uncover the mechanisms behind bone loss and those involved in bone failure.
Bone mass is the most important determinant of bone strength, but it is known not to
be the only factor. For example, collagen cross-linking is thought to be important for
the integrity of the bone tissue [14]. Bone fragility is thought to result from failed
material or structural adaptations to mechanical stress [15]. Since bone adapts to
externally imposed mechanical stresses through a process of remodelling, the bone
tissue changes its macro-, micro- and ultrastructure during its lifetime.

Bone remodelling is achieved via the processes of mechanosensation and
mechanotransduction, which are thought to be performed by the osteocyte system.
Osteocytes are the most abundant bone cells dispersed throughout the bone system.
They differentiate from osteoblasts, which are the cells responsible for bone forma-
tion, by getting trapped in the pre-bone matrix during tissue formation. The osteo-
cytes interconnect and communicate through dendritic processes [16–19]. The
imprint of osteocytes and their processes are called the lacunae and the canaliculi,
respectively, and form the lacuno-canalicular network (LCN) [20]. The sensitivity of
osteocytes to external strain could be due to sensing substrate deformation directly or
by strains induced by the flow of interstitial fluid circulating in the LCN
[21–23]. Moreover, microcracks are also thought to trigger remodelling by
interrupting osteocyte dendrites [24–27]. The interest in studying osteocytes and
their pore network has been on the rise the last few years, which can be witnessed by
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published statements such that the LCN is “the unrecognized side of bone tissue” or
that osteocytes “can’t hide forever” [28–32]. Apart from their presumed role in the
bone remodelling, these cells are also thought to contribute to the maintenance of
mineral homeostasis. In relation to this, they secrete a number of biochemical
factors, of which some are seen as potential therapeutic targets [33]. It should be
mentioned however that the complete role of the osteocyte, and other possible
processes for bone remodelling, is not yet fully elucidated but is rather the topic of
active research [34].

Osteocytes and the LCN are not the only aspects of bone ultrastructure that are
interesting to study, however. At the ultrastructural level, bone tissue is a natural
nanocomposite consisting of mineralised collagen fibres. These fibres are organised
in a regular fashion around the vessel canals: the Haversian canals forming the centre
in units of bone remodelling called osteons and Volkmann canals interconnecting the
Haversian canals and the periosteum. During the lifetime of bone tissue, mineralised
matrix is being resorbed by osteoclasts and replaced by osteoblasts with new
osteons. Between these secondary osteons, there remain rests of older tissue called
interstitial tissue. At the boundary of each osteon, there is a layer of mineralised
tissue called the cement line, which is thought to have an important role in limiting
crack propagation and to affect the overall stiffness of bone [35, 36]. The cement line
has previously been characterised mainly using quantitative backscatter electron
imaging (qBEI). It has been disputed whether the cement line is hypo-mineralised
[35, 36] or hyper-mineralised [37, 38]. It may also act as a boundary of the
interconnected porosity within an osteon. At least one study has reported canalicular
tunnelling through the cement line, however [39].

The organisation of the collagen fibrils is thought to directly influence bone
strength and toughness. The analysis of collagen orientation has so far been
performed mainly in 2D using scanning electron microscopy [40–43], transmission
electron microscopy [44] and atomic force microscopy [45] or indirectly analysed by
polarised light microscopy [46] and Raman spectral mapping [47, 48]. So far very
little data is available on the 3D fine structure of the LCN and the bone matrix on the
nanoscale. X-ray μCT has been used extensively to study bone tissue microstructure.
There has been some work performed on imaging the LCN using μCT
[49–55]. Since the diameter of the canaliculi can be as small as ~100 nm, μCT
cannot by definition be used to image ultrastructure however, as mentioned above.

The techniques used to image bone ultrastructure in 3D have so far been trans-
mission electron microscopy, scanning electron microscopy and confocal laser
scanning microscopy (CLSM). CLSM is however limited by the depth of penetration
in mineralised tissue, and its spatial resolution is anisotropic, depending on the depth
into the sample where the focus is placed. It is also a scanning technique, which
implies that data acquisition is relatively slow. Finally, advanced staining and sample
preparation is necessary [56].

Another technique which has recently been progressing towards chemical imag-
ing of bone ultrastructure is infrared nanoscopy. Even though this technique gives
only access to the chemical properties in 2D, it might be of increasing interest due to
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the increasing number of available instruments, relatively simple sample preparation
and high spatial resolution up to tens of nm at a field of view in the order of
100 � 100 μm [57, 58].

Serial sectioning using a focused ion beam followed by imaging with scanning
electron microscopy (FIB-SEM) to image the lacuno-canalicular network has been
reported [42, 43, 59, 60]. While this technique offers excellent spatial resolution, it is
a destructive technique, and it requires advanced sample preparation. The repeated
sectioning and imaging also lead to long acquisition times. Finally, transmission
electron tomography has been used to image osteocyte ultrastructure in situ
[61]. However, this kind of imaging is limited to very thin sections, 3 μm in the
cited work. Thus, the 3D information is quite limited and only provides a very local
visualisation of the osteocyte.

We review here the work that has been done in imaging of the ultrastructure of
bone in 3D using X-rays. We give a brief introduction to high-resolution X-ray
imaging physics. We then continue to describe the different imaging methods that
have been used for ultrastructural imaging in bone, along with the results that were
obtained. We give particular attention to the propagation-based technique, where we
outline more in detail the image formation and reconstruction. We then describe the
type of analyses that have so far been possible at shorter length scales than can be
seen by visible light. Finally, we briefly discuss what we consider the next step of 3D
ultrastructure imaging in bone: the possibility of in situ cell imaging in bone using
X-ray phase nano-tomography.

4 Experimental and Instrumental Methodology

4.1 Instrumentation

4.1.1 X-Ray Source
The work described in Sects. 5.1.3, 5.2, 5.3 and 5.4 was performed on beamline
ID22 at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.
ID22 is located on a high-β straight section and was equipped with two insertion
devices: an in-vacuum U23 and a revolver U35/U19. The electron beam in the
synchrotron had a current of ~200 mA, an energy of 6 GeV and a relative energy
spread of 0.001. The vertical (horizontal) emittance, β values and dispersion were
39 pm (3.9 nm), 3 m (37.2 m) and 0 m (0.137 m), respectively. The revolver device
was chosen to give maximum photon output in a moderately narrow energy range
centred on 17.5 keV, which is the principal working energy for imaging at ID22 [62].

4.1.2 X-Ray Optics
The X-ray focusing optics consisted of two graded multilayer coated mirrors
mounted in a crossed Kirkpatrick-Baez (KB) configuration [63]. The vertical mirror
was 112 mm long and had a focusing distance of 180 mm, and the horizontal mirror
was 76 mm long and had a focusing distance of 83 mm. The mirrors were
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dynamically bendable to create the appropriate elliptical shape required to focus the
X-ray beam. The resulting reflectivity at 17 keV was 73 % and yielded a spot size of
approximately 50 nm � 50 nm. The vertical mirror images directly the undulator
source (~25 μm FWHM), whereas in the horizontal direction, a virtual source is
created by the use of high heat-load slits. The multilayer mirrors both focus and
monochromatise the beam, resulting in a very high flux of about 5 � 1012 photons/s
and a moderate degree of monochromaticity of ΔE/E � 10�2 [64–68].

4.2 Image Formation

The refractive index n of an object can be described as [69]:

n x, y, zð Þ ¼ 1� δ x, y, zð Þ þ iβ x, y, zð Þ; (1:1)

where δ is the refractive index decrement, related to the phase shift of the incident
wave after passing through the sample, and β is the absorption index, related to the
attenuation of the incident beam induced by the sample.

The refractive index decrement δ and the absorption index β can be respectively
expressed as [69]

δ ¼ rcλ2

2π
ρe (1:2)

and

β ¼ rcλ3ρe
4π2c

X
j

fjγj
Z

; (1:3)

where rc denotes the classical electron radius, λ the wavelength of the X-ray beam, ρe
the electron density, c the light velocity, fj the number of electrons per atom with
damping constant γj and Z the atomic number that corresponds to the total number of
electrons per atom. Here, j corresponds to an electron in the atom.

The absorption index β is related to the attenuation coefficient μ by the following
relationship [70]:

μ x, yð Þ ¼ 4π
λ

ð
β x, y, zð Þdz: (1:4)

The attenuation B and phase shift φ induced by the object can be described as
projections parallel to the propagation direction (here, the z-axis). Note that
x represents the vector (x, y).
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B xð Þ ¼ 2π
λ

ð
β x, zð Þ dz (1:5)

and

φ xð Þ ¼ � 2π
λ

ð
δ x, zð Þ dz: (1:6)

At each angle θ, the interaction between the object and the X-ray wave can be
described as a transmittance function:

Tθ xð Þ ¼ exp �Bθ xð Þ þ iφθ xð Þð Þ: (1:7)

Thus, if uinc(x) denotes the incident wave front and u0(x) the wave front right after
the sample (i.e. for a null propagation distance), we obtain

u0 xð Þ ¼ Tθ xð Þuinc xð Þ: (1:8)

The corresponding intensity recorded by the detector, without any propagation, is

I0 xð Þ ¼ u0 xð Þj j2 (1:9)

I0 xð Þ ¼ Tθ xð Þuinc xð Þj j2 (1:10)

I0 xð Þ ¼ e�Bθ xð Þei φθ xð Þuinc xð Þ�� ��2 ¼ e�Bθ xð Þ�� ��2 ei φθ xð Þ�� ��2 uinc xð Þj j2 (1:11)

I0 xð Þ ¼ e�2:Bθ xð Þ uinc xð Þj j2 ¼ e�2Bθ xð ÞIinc xð Þ: (1:12)

The free-space propagation over a distance D can be modelled by the Fresnel
transform involving the propagator PD [71]:

PD xð Þ ¼ 1

iλD
exp i

π
λD

xj j2
� �

(1:13)

and its Fourier transform:

~PD fð Þ ¼ exp �iπλD fj j2
� �

; (1:14)

where f ¼ f, gð Þ are the conjugate variables corresponding to x.
Usually, in computer implementations, the propagator is applied in the Fourier

domain, since there it becomes a multiplication instead of a convolution in the spatial
domain. Mathematically, if u0(x) and uD(x) respectively denote the wave fronts right
after the sample and at a distance D from the sample, we obtain
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uD xð Þ ¼ PD xð Þ � u0 xð Þ; (1:15)

in the spatial domain, which corresponds to

~uD fð Þ ¼ ~PD fð Þ~u0 fð Þ (1:16)

in the Fourier domain.
Since uD usually stays in the real domain, and the propagator is applied in the

Fourier domain, we get

uD xð Þ ¼ F�1 ~PDF u0½ � xð Þ: (1:17)

The operator

FrD ¼ F�1 ~PDF (1:18)

is called the Fresnel transform. If we assume flat illumination, the interaction
between the incident wave front and the sample followed by free-space propagation
over a distance D can be modelled by

Tθ, D xð Þ ¼ Tθ � PDð Þ xð Þ: (1:19)

The intensity recorded by the detector at a distance D is

Iθ, D xð Þ ¼ Tθ, D xð Þ�� ��2: (1:20)

In the Fourier domain, the intensity can be expressed as

~ID fð Þ ¼
ð
T x� λDf

2

� �
T� xþ λDf

2

� �
exp �i2πx � fð Þdx: (1:21)

Thus, images recorded by the detector are quantitatively related to the phase shift of
the wave induced by the object.

Holotomography consists in acquiring projections for a complete rotation of the
sample, at different sample-to-detector distances. This enables to cover well the
Fourier domain (the Fresnel transform can have zero crossing at certain distances).

4.2.1 Magnified Images Formation
Since the beam is divergent, recording an image at sample-to-detector distance D
also induces, apart from phase contrast, magnification of the projections and creates
a spherical wave front (Fig. 1.1). The magnification M is expressed using the well-
known Thales’ theorem:
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M ¼ D1 þ D2

D1

: (1:22)

We obtain projections with different magnification by modifying the propagation
distance. In practice, the detector and the focus point are fixed, i.e. D1 þ D2 is
constant. It means that it is the sample that moves along a translation stage to get
images with different magnifications.

Note that the spherical wave Fresnel diffraction phenomenon can be seen as a
plane-wave illumination problem at the defocusing distance D defined by

1

D
¼ 1

D1

þ 1

D2

$ D ¼ D1D2

D1 þ D2

$ D ¼ D2

M
: (1:23)

In the following, D denotes the defocusing distance and can be seen as an equivalent
of the propagation distance that takes into account the magnification.

Since the position of the focus and the detector are kept fixed, [D1, D2, Dn, . . ., DN]
represents the equivalent propagation distance indexed by n, with N the total number
of distances used.

Fig. 1.1 The incoming
parallel X-ray beam (X) is
focused onto a focal spot
(F) using Kirkpatrick-Baez
mirrors, curved reflective
optics that will horizontally
and vertically focus the beam.
D1 represents the distance
between the spot (F) and the
sample (S). D2 denotes the
propagation distance, i.e. the
distance between the sample
and the detector [72]

1 Synchrotron X-Ray Phase Nanotomography for Bone Tissue Characterization 9



4.3 Phase Retrieval

4.3.1 Contrast Transfer Function
To retrieve the phase information from the image recorded by the detector (which is a
non-linear problem), and since we are in the Fresnel diffraction regime, we can use
the contrast transfer function (CTF) model. This linear model, which expresses the
intensity as a linear function of the absorption and the refractive index decrement, is
valid for slowly varying phase and weakly absorbing objects. These two conditions
can be mathematically written as

φ xð Þ � φ xþ λDfð Þj j � 1 (1:24)

for slowly varying phase and

B xð Þ � 1 (1:25)

for weak absorption.
The CTF is based on the linearisation of the transmittance function to the first

order:

T xð Þ � 1� B xð Þ þ iφ xð Þ: (1:26)

By substituting the linearisation of the transmittance function in Eq. 1.21 and
keeping only the first-order terms, we get the CTF:

~ID fð Þ ¼ δDirac fð Þ � 2 cos πλD fj j2
� �

~B fð Þ þ 2 sin πλD fj j2
� �eφ fð Þ; (1:27)

Where ~ denotes the Fourier transform and δDelta the Dirac delta function.
Nevertheless, for nano-tomography, the propagation distances are relatively long

compared to the pixel size and wavelength. This means the condition in Eq. 1.24 and
thus the linearisation in Eq. 1.26 are no longer valid, so that the non-linear contri-
bution of the phase cannot be neglected [73].

The CTF can be rewritten to take this into account:

~ID fð Þ ¼ δDirac fð Þ � 2 cos πλD fj j2
� �

~B fð Þ þ 2 sin πλD fj j2
� �eφ fð Þ þ ~INL,D fð Þ;

(1:28)

where ~INL;D fð Þ represents the non-linear contribution.
Phase retrieval is thus performed in two stages. An initial guess of the phase is

determined using a classical linear least square minimisation using the CTF,
described in Sect. 4.3.2. This first guess corresponds to the linear part of the retrieved
phase, but is not sufficient to provide good image quality at such high resolution.
After, the non-linear term is determined using a non-linear iterative method, for
example, a non-linear conjugate gradient algorithm [72].
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4.3.2 Phase Retrieval with the CTF
To retrieve the phase using the CTF, linear least square optimisation is used. This
method is usually used to solve an overdetermined problem, for example, a problem
containing one unknown and N equations, as it is the case here, since we recorded
images at N distances (that constitute our N equations) and want to determine one
unknown, the phase.

Consider the following overdetermined problem:

yn ¼ Anxþ εn; (1:29)

where n is an integer so that n� 1 : N½ �, x is the unknown, yn denotes one of the N
measurements and An is the linear transformation applied to x to get yn. The linear
least square method determines an estimate of x, x̂, so that

1

N

XN

n¼1
A2

nx̂ ¼ 1

N

XN

n¼1
Anyn: (1:30)

Solving CTF (Eq. 1.27) is equivalent to minimise

XN

n¼1
2 sin πλDn fj j2

� �eφ fð Þ � 2 cos πλDn fj j2
� �

~B fð Þ � ~IDn
fð Þ

��� ���2: (1:31)

Here, Tikhonov regularisation is used to solve this minimisation problem [74]:

êφ fð Þ ¼
Kaa

XN

n¼1
2 sin πλDn fj j2

� �
~IDn

fð Þ � Kap

XN

n¼1
2 cos πλDn fj j2

� �
~IDn

fð Þ
h i

KaaKpp � Kap2

(1:32)

with

Kaa ¼
XN

n¼1
2 cos πλDn fj j2

� �� �2

(1:33)

Kap ¼
XN

n¼1
2 cos πλDn fj j2

� �
2 sin πλDn fj j2

� �
(1:34)

Kpp ¼
XN

n¼1
2 sin πλDn fj j2

� �� �2

: (1:35)

Once the projections are well conditioned, phase retrieval is performed according to
the scheme presented above. A linear least square method is performed to assess
roughly the phase and a non-linear conjugate gradient method to refine it. The
obtained phase projections are eventually used as an input of a tomographic recon-
struction algorithm (here, the filtered back projection method) to get a volume of the
refractive index decrement.
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5 Key Research Findings

5.1 Literature Review: X-Ray Nano-tomography of Bone

We review here the imaging methods that have so far been used to image bone
ultrastructure at higher than 400 nm spatial resolution and the results that were
obtained. To achieve such resolutions, advanced X-ray microscopy methods have to
be used, where some magnification has to be implemented on the X-ray beam. This
is not straightforward, however, as mentioned above, since the very small deviation
from unity of the refractive index for X-rays makes it difficult to implement X-ray
optics. The methods are surprisingly heterogeneous in their design, relying on
attenuation and far-field and near-field diffraction, respectively.

5.1.1 Ptychographic Tomography
One way to achieve high-resolution imaging with X-rays is to exploit diffraction.
This requires the use of a pencil beam, either by using a pinhole or X-ray focusing
optics. An image is then recorded at a relatively long distance downstream of the
object, which corresponds to far-field or Fraunhofer diffraction. Images recorded in
this way will contain information closely related to the squared modulus of the
Fourier transform of the imaged object, convolved with the Fourier transform of the
incident beam. It is in certain cases possible to reconstruct the object transmission
function by the use of iterative phase retrieval algorithms based on projections onto
sets [75–78]. This approach is usually known as coherent diffraction imaging (CDI)
[79, 80]. Since the recorded image is in the frequency domain, the attainable
resolution is limited by how far from the centre of the detector signal can be
measured (and, of course, the wavelength of the probe). In practice, this means
that the resolution limit is related to the signal-to-noise ratio in the recorded images.
Therefore, very high resolution can be achieved with this technique. CDI is limited
to imaging of isolated particles with a support smaller than the used X-ray beam,
however, such as isolated nanoparticles [82] or single cells [83].

The small support requirement can be obviated by scanning the probe across an
extended sample while letting the probe position overlap at each image position
(in practice the sample is scanned through the beam). By using an iterative recon-
struction scheme, a complete phase projection can be reconstructed [84–86]. This is
known as ptychographic imaging [87].

Since the phase shift introduced by the object in the X-ray beam can be consid-
ered as a straight-line projection, if we have access to the phase shift, we can use it to
reconstruct the 3D refractive index decrement distribution in the sample, in analogy
to the classical attenuation case. What is particularly attractive with this is that for
hard X-rays, the refractive index decrement is proportional to the local mass density
in the sample [88]. This means that, for example, the use of X-ray phase tomography
images to drive mechanical simulations avoids the need to infer the mass density
from measurements of the degree of mineralisation of bone (DMB), which has to be
done if density is to be related to the attenuation index [9]. In practice, phase
tomography is implemented by a two-step process: first, the phase is retrieved at
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each projection angle, and then the refractive index decrement is reconstructed by
feeding the resulting phase maps into a tomographic reconstruction algorithm such
as filtered back projection (FBP) [89–91].

Ptychographic tomography has been used to image bone ultrastructure [81]. A
human cortical bone sample cut to an approximately cylindrical shape with a
diameter of ~25 μm was imaged using a 2.3 μm pinhole (Fig. 1.2a). The sample
was scanned through the resulting pencil beam so that the X-ray spots lie on
concentric circles, covering a rectangular area of 40 μm � 32 μm (Fig. 1.2b) for a
total of 704 diffraction patterns per projection. Such projections were recorded over a
180	 turn of the sample, at increments of 1	 for a total of 180 projections.

Figure 1.2c, d shows virtual sections through the reconstructed electron density
map. The bright shell on the surface of the sample is due to the sample preparation;
the sample was cut using a focused ion beam, which deposits a residue of heavy ions
on the surface (in this case gallium ions). We can easily see the lacunae and the
canaliculi. Note that the reported electron densities are truly quantitative due to the
sample being completely covered by the projections. 3D renderings (Fig. 1.2e, f)
show that the imaged volume contains three partial lacunae. The canaliculi are fairly
well resolved, but some spurious structures remain.

The major strength of ptychographic tomography is that it is capable of attaining
very high resolutions without the use of X-ray optics. Isotropic 3D resolutions up to
16 nm have been reported [92], however, in energy ranges that are probably too low
to be practical for bone imaging (~6 keV). A major drawback of ptychographic
tomography is its scanning nature. This makes the acquisition time for a single
projection relatively long; in practice, it limits the number of projections that can be
acquired and the field of view that can be covered. In the work of Dierolf et al. [81],
only 180 angular positions were acquired, normally far too few to achieve correct
angular resolution, and a relatively small sample was imaged, comprising only parts
of three lacunae. The duration of the complete acquisition was reported to be ~40 h.
Another disadvantage, shared with the in-line phase imaging (Sect. 5.1.3), is that
reconstruction is not always straightforward. Considerable expertise seems to be
needed to perform correct reconstructions. These two drawbacks taken together
seem to limit the applicability of ptychographic tomography for quantitative studies.
Additionally, ptychography can only reconstruct phase shifts in the range 0–2π. This
means that if the true phase shift is larger than 2π, the reconstruction has to be
unwrapped, which is a problem unto itself [93].

5.1.2 Transmission X-Ray Microscopy (TXM)
Magnification on the X-ray side can be achieved by the implementation of a
transmission X-ray microscope, analogously to what can be done with visible
light. Due to the weak refraction of X-rays, diffractive optics, so-called Fresnel
zone plates, are used for this purpose. A full-field TXM implementation has been
reported by Andrews et al. [94], using either a rotating anode X-ray source or a
synchrotron source to image bone tissue at the nanoscale. They used a reflective
capillary collimator due to its high focusing efficiency. The sample was placed in the
focus. A Fresnel zone plate was used as objective lens to image the beam onto the
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Fig. 1.2 Ptychographic X-ray tomography. (a) Schematic of the experimental setup. (b) The
scanning pattern of the X-ray spot over the sample to form one projection. (c, d) Virtual cuts
through the reconstructed volume showing very good contrast between bone and the LCN. The
bright shell consists of gallium ions deposited by the focused ion beam cutting of the sample. (e)
Volume rendering of the complete imaged volume. Three lacunae can be partially seen, and a fair
amount of the canaliculi seem well resolved. (f) Zoom on one lacuna and its canaliculi. A fair
amount of spurious porosity remains (Images from Dierolf et al. [81])
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detector. Detection was done using a scintillator-based high-resolution CCD camera
with a physical pixel size of ~2 μm. A schematic of the instrument is shown in
Fig. 1.3a. The X-ray energy used was in the range of 4–14 keV. They achieved a
spatial resolution of ~50 nm, compared to the theoretical resolution limit of ~35 nm.

The reported TXM setup was used to image the LCN. Part of one lacuna and its
environing canaliculi were imaged in trabecular bone. The sample was extracted
from the proximal region of a mouse tibia by microtome cutting, followed by
washing with a saline jet to remove marrow. It was then dried and attached to a
steel cannula tip with epoxy for imaging. The resulting sample consisted of a single
trabecula and was less than 50 μm thick, which is approximately the depth of focus

Fig. 1.3 Transmission X-ray microscopy (TXM). (a) Schematic of the experimental setup. (b)
Volume rendering of an osteocyte lacuna in an isolated murine trabecula. (c, d) Virtual cuts through
the reconstructed volume showing the contrast between bone, the lacuna and the canaliculi (Images
from Andrews et al. [94])
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of the TXM. The sample was stained with 1 % uranyl acetate for 12 h to improve
contrast. The lacuna and canaliculi are well resolved in the image, but are fairly
weakly contrasted (Fig. 1.3c, d). Looking at a volume rendering (Fig. 1.3b), the
lacuna and its canaliculi are clearly visible. The canaliculi show a surprising rate of
branching, however, compared to the two other techniques reported here.

ATXM images the attenuation of the sample, i.e. the same contrast as in standard
X-ray μCT. An advantage of TXM is that it can achieve high spatial resolution
without the need for advanced image reconstruction. The disadvantages seem to be
the demanding sample preparation and the limited sample size due to the short depth
of field, approximately 50 μm. The technique also requires fairly low energies,
thereby limiting the thickness of the samples that can be traversed. The lower energy
also increases the X-ray dose deposited in the sample, thus increasing the risk of
radiation damage.

5.1.3 In-line Phase Tomography
It is possible to implement a transmission projection microscope by the use of X-ray
optics to focus the beam and placing the sample after the focus in the resulting
divergent beam. This kind of microscope has been implemented using Kirkpatrick-
Baez reflective optics [95]. As for the methods discussed above, the sample is placed
on a translation/rotation stage to enable tomographic imaging. The camera is
mounted on a translation stage to allow for different factors of geometrical magni-
fication. The magnification is a function of the beam divergence after the focus, the
focus-to-sample distance and the focus-to-detector distance. The resulting free-space
propagation not only creates a magnification effect however, but due to the high
degree of coherence of the beam, phase contrast is also induced. This contrast can be
used to reconstruct the phase shift in the object. One particularity, however, is that
the recorded images will lack information at certain spatial frequencies due to the
properties of the transfer function of the Fresnel propagator. In high-resolution
imaging, this makes it necessary to acquire several (at least two) images per
projection angle, corresponding to different sample-to-detector distances. Another
aspect is that bone samples will always introduce a considerable attenuation effect at
the energies used in practice. This means that both attenuation and phase contrast
will be present in the recorded images, which also imposes a minimum of two
images per projection angle. Otherwise, strong assumptions have to be made on the
sample composition to make phase retrieval possible.

The phase can be retrieved at each projection angle by a process known as phase
retrieval. Several algorithms for phase retrieval from Fresnel diffraction patterns
have been developed. Most of them are based on linearisation of the squared
modulus of the Fresnel transform to achieve efficient, filtering-based solutions [89,
90, 96–99]. In the high-resolution case, there will be non-negligible non-linear
contributions. This makes the use of non-linear reconstruction algorithms necessary
to achieve the resolution permitted by the experimental setup (Sect. 4.3) [100–104].

In-line phase tomography has been used to image several ultrastructural features
in bone [72]. The LCN can be imaged over a relatively large field of view
(Fig. 1.4a–d). The LCN also seems better resolved than then in the previously
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reported studies (cf. Figs. 1.2f, 1.3b and 1.4e). The bone matrix appears strongly
textured (Fig. 1.4a–c) compared to, e.g. images acquired with X-ray ptychographic
tomography (Fig. 1.2c–d). By comparison to qBEI [40] and TEM [44] images, the
arching structure can be identified to be due to the oblique cutting of the mineralised
collagen fibrils. This means that the collagen fibre orientation can be studied directly
in 3D using texture analysis, as we will see below. The cement lines are compara-
tively very well contrasted. In phase tomography, the reconstructed grey level
corresponds to the mass density in non-hydrogen-rich materials. In the images, it
can be seen that the cement line has a significantly higher mass density than the
surrounding osteonal and interstitial tissue regions.

In-line phase tomography has some aspects that make it attractive for bone
imaging. It is a full-field imaging technique, which means that the image acquisition
is relatively fast. Acquisition time of ~4 h per sample has been reported [72], using

Fig. 1.4 Magnified phase tomography of bone. (a–c) Virtual cuts through the reconstructed
volume. Note the high contrast between the LCN and the bone matrix and also the strong contrast
in the matrix presumably due to oblique cutting of the mineralised collagen fibres, as well as the
well-resolved cement line. (d) Volume rendering of all LCN porosity in the sample showing a
relatively large number of lacunae. (e) Zoom on one lacuna and its canaliculi (pink) and the cement
line (green). The LCN is rendered in unprecedented detail, and its relationship to the cement line
can be studied [72]
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full sets of projections (i.e. 3000 projections using a 2048-element-wide detector).
This means that quantitative studies on large series of samples are potentially within
the capabilities of this technique. Further, due to the full-field nature, a relatively
large field of view can be imaged compared to the other available techniques.

The in-line technique currently has one disadvantage in common with
ptychographic tomography, however. Image reconstruction is not straightforward,
since it relies on advanced reconstruction algorithms that presently require consid-
erable expertise to operate. A disadvantage compared to ptychography is currently
the achievable spatial resolution. While no measurement has been reported, by
inspection of the reconstructed volumes, the spatial resolution so far achieved
seems to be ~200 nm (FWHM at interfaces in the reconstructed 3D object). With
these advantages and disadvantages taken together, in-line phase tomography seems
to be an appropriate method for quantitative studies and study of ultrastructural
features in addition to the LCN.

5.2 Collagen Orientation

Three-dimensional images acquired by means of in-line phase tomography allow to
explore the details of the submicron-scale architecture of bone. In particular, the
structure of bone lamellae can be analysed in unprecedented detail.

Lamellar pattern is the dominating arrangement of bone in the human skeleton
and can be found most frequently in the form of osteons. Osteons are approximately
200 μm diameter cylindrical structural units constituted by concentrically arranged
lamellae surrounding the central Haversian canal of 50–100 μm diameter hosting
blood vessels and nerves. Lamellae are 3–7 μm thick layers that were characterised
and defined originally on microscopy images of cut sections. The reason for the
appearance of lamellae was already more than hundred years ago proposed to be the
ultrastructure, namely, the orientation of the collagen-mineral composite [105].

One interesting question has been – and still is – if the lamellar structure is the
result of a collagen self-assembly processes [44, 106] or if it is determined by the
activity of the osteoblasts laying down bone tissue, driven through their
mechanosensing ability, following a predefined programme or signals sent by
osteocytes. However, the major driving force behind studies investigating bone
microarchitecture has been the role of these structural details in determining function
and vice versa. Ultimately, in-depth knowledge on structure-function relationships
may complete our understating of the complex design and remarkable mechanical
properties of these highly optimised skeletal elements [107]. The effect of bone
diseases on the mechanical competence and the underlying alterations in the com-
position and architecture are also of great interest. Moreover, the underlying princi-
ples may be useful for the design of new materials for mimicking bone tissue [106]
or for other bio-inspired engineering purposes.

With respect to the role of ultrastructure in mechanical properties of lamellar
bone, besides numerous other studies, the works of Ascenzi and colleagues have to
be mentioned. These authors extensively researched and reported the potential
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relationships between the osteonal types classified based on appearance under
confocal microscopy and mechanical properties of isolated osteons [108–111] and
lamellae [111] assessed experimentally. However, understanding the exact architec-
ture of lamellar bone remained a challenging task mainly due to the available tools of
investigation. Inference of the three-dimensional arrangement of collagen fibrils
and/or mineral particles was attempted from 2D sections acquired mainly by various
microscopy techniques [109, 112–119], scattering [120–122] and diffraction based
[123], i.e. mainly in reflection or transmission mode. Interpretation of these results
therefore required assumptions and theoretical models. Some of these approaches
lead to partially or fully misleading conclusions as it was pointed out, e.g. by Giraud-
Guille et al. [112]. Using these various methods, several researchers’ opinion
converged towards the agreement that lamellae have a periodic plywood structure.
However, various descriptive models have been proposed including orthogonal
[105], twisted [112], rotated [114] and helicoidal [124] plywoods. Furthermore, a
remarkably different opinion was formulated by Marotti et al. [125], proposing that
the collagen matrix is rather disorganised and the lamellar pattern is the result of
neighbouring regions having distinct collagen densities. A potential explanation for
these different observations has been provided recently [126]. However, there was a
clear need for truly three-dimensional analysis techniques to fully resolve these
structural details and explain the partially or fully contradicting findings of previous
2D analyses.

In-line phase tomography provides the density contrast and spatial resolution that
are sufficient to investigate and quantitatively describe this complex arrangement in
three dimensions.

As pointed out in Sect. 5.1.3, the characteristic arcing pattern apparent in
Fig. 1.4a–c is the result of this lamellar structure and was an important basis for
previous 2D, e.g. electron microscopy-based analyses attempting to resolve the
lamellar structure [112]. Having the 3D data at hand, it is possible to virtually
prepare slices in arbitrary directions. Aligning these slices with the lamellar plane
allows one to observe the arrangement of collagen fibrils within sub-lamellae. This
principle was the basis of the image analysis protocol presented in [127]. In partic-
ular, slice-wise autocorrelation analysis was performed to quantify the local
orientation of the fibrils. We assumed that the in-plane pattern of the fibrils was
quasi-periodic and used the major principal axis of the autocorrelation-based orien-
tation distribution function of periodicity to identify the dominant direction of fibrils
within the given plane. Independently assessed results of consecutive parallel slices
provided the evolution of the mean orientation of the bone lamellae. Several
sub-volumes aligned with the local lamellar coordinate system were investigated.

Using this technique, we confirmed that mineralised collagen fibrils in lamellar
bone are organised into a plywood structure that is made of parallel quasi-planes in
which the fibrils have unidirectional alignment. Within the largest analysed region,
having an in-lamellar-plane dimension of approximately 30 � 70 μm, the standard
deviation of the quantified fibril orientation was as small as five degrees. The
evolution of fibril orientation across lamellae was dominated by smooth transitions;
discrete changes were rare. We found two major plywood pattern types. The first one
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resembled the rotating plywood described earlier [112], with the orientation chang-
ing continuously. For the first time, to our knowledge, we quantified the rate of twist
and found that it was fairly constant across regions and specimens, being approxi-
mately 25	/μm. The range of twist was close to either 180 or 360	. Fibrils completed
a 180	 twist in approximately 7 μm, which corresponds well with lamellar thickness
values reported earlier [128]. In the second lamellar type, the change of fibril
orientation followed a closely sinusoidal pattern, with average amplitude of approx-
imately 30	 and a relatively small offset, on average seven degrees, around the
osteon axis. We called this pattern oscillating plywood and found cases resembling
symmetric as well as rather asymmetric sinusoids. The average half period of these
sinusoids was close to six microns, which is again close to previously reported
lamellar thickness values. This pattern was close to that found earlier [123] in a
single sample, however, with a much smaller offset with respect to the osteon axis.

We found twisting and oscillating plywood patterns to coexist within the same
osteon in a consecutive manner. Close to the external boundary of the osteon, i.e. at
the cement line, we observed in all investigated cases twisting plywood arrangement.
The lamellar structure of osteons was hypothesised to have importance mechanically
by acting as an efficient crack arresting boundary and thus protect the vessels and
nerves within the central canal [107]. Our finding is in line with this hypothesis as
twisted plywood contains all fibril orientations and, by means of collagen bridging,
may therefore be a general defensive mechanism against cracks in any direction
[129] and it is located directly at the external border of the osteon. Furthermore, the
outermost lamella, being the firstly deposited one, may be important in the early
phase of the construction of the osteon.

As a qualitative validation of our approach, in a selected analysis region, the
computed orientation was used to construct a virtual 3D fibril model that compared
well with the corresponding sub-volume of the original greyscale image, and, in
particular, the arch pattern could be reproduced (Fig. 1.5). The figure illustrates the
necessity of 3D analysis as the evaluated complex arrangement displayed in the
centre panel of Fig. 1.5 cannot be retrieved from a 2D section, e.g. from the oblique
cut shown in the left panel.

Apart from the plywood-type arrangements, we could observe rather disorganised
regions [130]; however, these had very rare occurrence. Furthermore, we found that
fibrillar orientation was independent of the local mass density values, suggesting that
the known fluctuation of mechanical properties across lamellae [117, 131–133] is
dominated by the orientation of the fibrils rather than the level of mineralisation.

In summary, our results not only corroborated findings of earlier studies, but
provided novel insight into the lamellar microstructure in bone. Further, a unique set
of quantitative results could be derived from nanoscale three-dimensional data and
allowed reinterpretation of previous observations. Moreover, our findings were in
line with the results of the concurrent, but independently performed, studies of
Reznikov et al. investigating lamellar arrangement in various species by means of
FIB-SEM [42, 60, 134]. This approach is attractive as it provides a resolution of
about 10 nm. However, it is limited to a field of view of 10 μm and at the price of full
destruction of the sample. Finally, the existence of the two plywood arrangements
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