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Abstract

X-ray tomography is a widely used and powerful tool; its significance to
diagnostics was recognized with the Nobel award, and tomographic imaging has
also become a large contributor to several fields of science, from material physics
to biological and palaeontological sciences. Current technology enables
tomography on the micrometre scale, microtomography, in the laboratory. This
provides a non-destructive three-dimensional microscope to probe the internal
structure of radiotranslucent objects, which has obvious implications towards its
applicability. Further, x-rays may be utilized for x-ray scattering experiments,
which probes material properties on the ångström-scale. Crystallographic studies
on various forms of matter, not least of which famously being the DNA molecule,
have also been awarded the Nobel.

In this thesis, the construction of a combined experimental set-up for both
x-ray microtomography and x-ray scattering is documented. The device may be
used to characterize materials on several levels of their hierarchical structure, and
the microtomography data may be used as a reference for targeting the
crystallographic experiment. X-ray diffraction tomography is demonstrated.

An algorithm for x-ray tomography from sparse data is presented. In
many scenarios, the amount of data collected for a tomogram is not sufficient for
traditional algorithms, and would benefit from more robust computational
schemes. Real x-ray data was used for computing a tomographic reconstruction
from a data set two orders of magnitude smaller than what is conventionally used
with set-ups such as the one presented in the thesis.
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Additionally, x-ray microtomography was utilized for morphological
studies in developmental and evolutionary biology, evo-devo for short. The fossil
record shows vast changes in morphology as more complex forms of life evolved,
while the morphology of any given individual organism is the product of its
developmental process. Understanding both evolution and development is
essential for a comprehensive view on the history of life. In this thesis, two
studies on teeth and their development are discussed. In both, dental morphology
was investigated with high-resolution x-ray tomography.
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1 Introduction

X-ray imaging has traditions as old as mankind’s knowledge of the rays
themselves, for Wilhelm Röntgen’s original demonstration of the new rays
(Röntgen, 1896) included what we today call a transmission image or radiograph
of a human hand. In his work, Röntgen also noted a correlation between the
density of illuminated materials and their permeability to x-rays. These
differences in what today is known as the attenuation coefficient form the contrast
mechanism in computed absorption tomography, the object of study in this thesis.

After the discovery of the radiograph, its medical applications were
rapidly recognized. The radiograph has an unfortunate property in that it is a
projection, a reduction of an object from e.g. ℝ → ℝ .  In  the  case  of  a
medical x-ray, this translates in practice to losing information in the direction of
depth when imaging a patient. Various schemes for imaging only planes or layers
within an object were devised (Ziedses Des Planets, 1932) (Kieffer, 1939)
(Olsson, 1944) (Paatero, 1949), and names such as laminagraphy, tomography
and pantomography (Paatero, 1954) were coined. In these early tomographic
methods, a single plane or layer of interest was radiographed by moving the x-
ray source and sensitive film in trajectories whereby features outside the plane of
interest would be blurred due to the motion.

With the advent and subsequent development of computers, novel
radiological approaches were innovated. The question of determining the linear
absorption coefficient distribution of an object from a set of gamma ray line
integrals was considered by Cormack in the 1960’s (Cormack, 1963), and
independently of Cormack’s work in the early 1970’s Godfrey Hounsfield
constructed a rotating line scanning x-ray device which recorded line integrals
from an object (Hounsfield, 1973). For their invention of computed tomography
(nowadays often abbreviated to CT) Hounsfield and Cormack were awarded the
Nobel Prize in Medicine in 1979.

 Hounsfield’s original system solved the set of 28 800 equations with
6 400 variables formed by the measured line integrals to compute a numerical
representation of the attenuation coefficient within the slice. Cormack’s solution
of the system by integral equations, which was originally pioneered by Johann
Radon (Radon, 1917) in 1917, is more reminiscent of the modern implementation
of filtered back-projection.
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Technical progress in x-ray detection and production technologies has
brought into focus the combination of x-ray microscopy and x-ray tomography,
namely x-ray microtomography (variably abbreviated XMT, µCT, HRXCT,
etc.), where, as the name implies, the spatial resolution of the tomograms
approaches or surpasses one micrometre. First reported microtomography
experiments were conducted with synchrotron light (Flannery, Deckman,
Roberge, & D'Amico, 1987), and with advances in x-ray micro- and nanofocus
tubes, microtomography devices for the laboratory are now standard turn-key
products available for wide-scale use.

Synchrotron light enables the use of not only a parallel beam of x-rays,
but also different contrast mechanisms to conventional absorption, such as phase
(Cloetens, et al., 1999), fluorescence, diffraction and absorption spectroscopy
(Martínez-Criado, et al., 2016) for three-dimensional tomography. Phase
contrast, a field of great interest due to its sensitivity to interfaces within imaged
objects, is also an emerging technique with laboratory sources (Pfeiffer,
Weitkamp, Bunk, & David, 2006), (Myers, Mayo, Gureyev, Paganin, & Wilkins,
2007). Diffraction contrast tomography with laboratory x-ray sources has also
been reported (King, Reischig, Adrien, & Ludwig, 2013), and is discussed in
chapter 3.1 of this thesis as it relates to paper I, which describes the
instrumentation erected at the University of Helsinki. An x-ray microtomography
system is complemented by an x-ray diffraction set-up with a pencil beam of
~200 µm diameter coupled with an area detector for spatially localized in situ
diffraction experiments. The absorption microtomography image is used as a
reference for localizing the diffraction experiments.

Computed tomography is a classic example of an inverse problem; how
to retrieve the original density distribution from a set of its line integrals? A brief
discussion on inverse problems, and the modified inverse Radon solution, filtered
back-projection, is found in chapter 2.1. A case of an ill-posed tomography
problem, sparse angle tomography, and a regularization scheme for finding a
solution is the topic of paper II in this thesis. Chapter 3.2 introduces the concept
of total variation regularization, and its application in paper II is discussed. Fan
beam reconstructions were computed from 30 equiangular projections.

Imaging methods are only as valuable as the applications they find, and
this thesis is no exception. X-ray microtomography was utilized as a structural
probe in evo-devo biology, which is the subject matter of papers III and IV.
Chapter 4 of the thesis briefly discusses evolutionary and developmental biology,
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the role of teeth in their study, and summarizes the two papers. The surface
morphology of embryonic mouse molars, specifically their complexity, was
quantified utilizing x-ray microtomography in paper III, and the surface and
internal structures of adult mouse molars were imaged with x-ray tomography in
paper IV.
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2 X-ray methods in tomographic imaging
2.1 Tomographic reconstruction algorithms
2.1.1 Filtered back-projection

The fundamental question in tomographic imaging, retrieving a suitably regular
function  on ℝ  from its lower-dimensional projections	 ( ): ℝ → ℝ , is
a classic example of an inverse problem. In his work on integral transforms,
Johann Radon showed an important relation between a two-dimensional function
and its line integrals (Radon, 1917). The integral transform derived therein is
known as the Radon transform (and its inverse), and the reconstruction algorithm
derived thereof is known today as the filtered back-projection. A brief outline of
the reconstruction scheme is presented below, loosely following the presentation
in (Kak & Slaney, 2001).

Let ( , ) be a non-negative, compactly supported function on	ℝ .
Define the Radon transform	ℜ ( , ) = ∫ ( , ) , where the line integrals
are taken over the lines which fulfil	 sin + cos =  over	 ∈ 	 [0,2 ]. For
an individual projection over angle	  this may be written as

( ) = 	∬ ( , ) ( sin + cos − ) . (1)

The Radon transform is associated with the Fourier transform by the Fourier slice
theorem (or central slice theorem) in a straightforward way. The main thrust of
the central slice theorem may be summarized as follows: The one-dimensional
Fourier transform of a single projection ( ) corresponds to a single radial line
in the two-dimensional Fourier transform of the object function	 ( , ).
Formulated in mathematical terms: Let

( , ) = 	 ( , ) ( ) (2)

be the two-dimensional Fourier transform of the object function and

( ) = 	 ( ) (3)
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the one-dimensional Fourier transform of the projections	 ( ), with spatial
frequencies , ,  corresponding to the spatial coordinates , ,  respectively.
The Fourier slice theorem thereby states that

( , ) = ( ) (4)
where the left-hand side of the equation is the polar coordinate representation of
equation 2. By Radon’s relation, combining equations 1 and 4 it is possible to
obtain the original object function	 ( , ) with inverse Fourier transform

( , ) = 	 ( , ) ( ) (5)

with the relations = 	 	 sin , = 	 cos , =  substituted for
the polar coordinate transform.

By manipulating equation 5 using the property ( , + ) = (− , )
it follows that

( , ) = 	 ( ) ( )| | , (6)

and further substituting equation 3

( , ) = 	 | | 	 ( ) (7)

from which the term filtered back-projection derives. The integration over
represents a filtering of the projections ( ) with the function | | in Fourier
space, and the angular integral is the back-projection over all angles. In a sense,
each one-dimensional projection  is smeared back onto the two-dimensional
objective function plane from its respective angle	 .

The function | | in the integrand in equation 7 is not square-integrable.
The function may be modified by adding an exponential term | | | |, > 0,
to ensure convergence, but in practical computations the filtering function is
often windowed instead. The introduction of a rectangle function (Ram-Lak
filter), or a rectangular function flattened with a suitable function such as sinc
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(Shepp-Logan window), cosine (Hamming, Hanning, Blackman windows), or
similar.

Another aspect of practical implementation is discretization of the
reconstruction formula, and the ensuing formation of computational grids.
Instead of a continuous objective function ( , ) the reconstruction is formed
into a two-dimensional grid of pixels. Any real-world measurement of the
projections  samples the -axis at finite intervals, and it is a natural choice to
sample the reconstruction grid at the same length scale. A finer grid would
increase the amount of pixels without any true gain in resolution, and a coarser
grid and the resultant sampling of captured data would lessen the impact of noise
at the cost of spatial resolution.

In the geometry described above, the line integrals are collected parallel
to one another. Due to technical limitations, which shall be discussed in section
2.2, it is often necessary to collect the line integrals in different constellations of
line geometries, most notably the fan beam geometry and the cone beam
geometry (and variations thereof, such as the helical). In the fan beam geometry,
it is possible to derive an analytical result similar to the parallel case above by
weighting the backprojected projections according to the trigonometric relations
arising from the geometry. Additionally, it is possible to re-sample the collected
fan beam sinogram to a parallel beam sinogram. In the cone beam case, the
source-detector trajectory is such that the Radon space is not fully sampled
(Grangeat, 1991), and reconstruction schemes are approximate. Trajectories
which complete the Radon space were proposed by e.g. (Tuy, 1983), and today
the sufficiency condition for a Radon-complete trajectory is known as the Tuy-
Smith condition. A common reconstruction strategy for the circular cone beam
geometry is the Feldkamp (or FDK) algorithm (Feldkamp, Davis, & Kress,
1984), which is not markedly deficient with small cone opening angles (Rizo,
Grangeat, Sire, Lemasson, & Melennec, 1991).

2.1.2 Ill-posedness and regularization
In the previous section, the analytical, continuous Radon and FBP results

were considered. In real-world applications the relationship between a
mathematical model and observed quantities, representing physical systems,
becomes a more convoluted question. In general, let  be a piecewise continuous
function associated with some system of interest,  a linear operator modelling
e.g. a measurement process,  a vector of some measured quantity and <
measurement noise. A model of the measurement may then be stated as
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= 	 + 	 . (8)

In this notation, the direct problem would be finding the measurement  given
the system	 , and in the inverse problem one is given the measurement  and
must retrieve the quantity  (or information thereof). Inverse problems are often
mathematically ill-posed, being the opposite of well-posed. The definition of
well-posedness given by Hadamard for a mathematical model of a physical
system is given by three conditions (Kirsch, 1996):

1. A solution exists

2. The solution is unique

3. The solution depends continuously on the data

Usually when numerically solving inverse problems, numerical instability
(indicating a failure of the third condition) proves problematic. Even if
exists, but is not continuous, even small contributions from noise  in the
measurement  can lead to arbitrarily large fluctuations in the reconstructed	 .

In the case of tomographic imaging, this dilemma arises when dealing
with e.g. sparse or limited angle projection data. The theoretically necessary
amount of projections is roughly	 , where  is the number of pixels on
the horizontal detector row; when the obtained number of projections is two
orders of magnitude lower or less (sparse), the usual FBP reconstruction produces
sub-par results. In this case, the inverse problem is ill-posed, and alternative
reconstruction schemes are advisable.

Instead of attempting to compute the naïve inverse	 ≈ 	 , which in
ill-posed scenarios is prone to exhibit arbitrarily large numerical fluctuations, the
solution may be sought with a regularization strategy. Define ℛ , > 0, as  a
family of linear mappings such that

lim
→
ℛ = (9)

for all  in the domain of . Additionally, the regularized solution should tend
towards the true solution as the noise level  tends to zero, i.e. ℛ ( ) →

 as → 0. Now the computational task is finding the minimizer
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minℛ ( − ) (10)

from the family ℛ . This may be understood as adding in a priori information to
the solution in the form of the choice of model  and the regularization
scheme	ℛ . A classic example is the Tikhonov regularization

argmin{‖ − ‖ + ‖ ‖ } , > 0, (11)

which seeks a solution where the residual term −  is small (the solution
matches the measurement) and the -norm of the solution is small (which in this
case is the prior information). Finally, regardless of the chosen priori, a
minimization algorithm must be chosen, which may have drastic effects on the
computational efficiency of the reconstruction scheme.

2.2 X-ray tomography
In the previous section, the projections  were considered to be general

line integrals as a mathematical concept. In practice, one way of gathering line
integrals is via illuminating matter with particle- or electromagnetic radiation,
such as x-rays, and observing the attenuation of the illuminating flux.

The Beer-Lambert law for the transmitted x-ray intensity  in the
monochromatic case may be stated as

ln = 	− ( , ) (12)

where the function ( , ) is known as the linear attenuation coefficient. Clearly
of the same form as equation 1, the attenuation of x-rays as they pass through
matter may be used as input for the line integrals in the Radon transform.
Physically, in the energy regime used in the papers in this thesis (60 – 120 keV),
the x-ray absorption cross section = 	 + 	 +
	  is the sum of the cross-sections of the photoelectric effect and x-ray
scattering, both elastic (Thomson) and inelastic (Compton).

In a conventional laboratory setting, the x-ray source is an x-ray tube,
which generates x-rays through bombardment of a (usually metallic) target
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material with high-velocity electrons. X-rays are produced both by the
bremsstrahlung effect, and the characteristic x-ray emission of the tube target
material if excited by sufficiently energetic electrons. The bremsstrahlung
produces a continuum of x-ray energies, i.e. an x-ray tube is a polychromatic
radiation source. The linear attenuation coefficient ( , ) is a function of both
the energy of the illuminating radiation,	 , and the atomic composition of the
illuminated matter,	 ∑ . The energy dependence trends as	 	 ∝ 	 ,
but exhibits step-wise increases at the characteristic energies of the illuminated
material, and the cross section of the photoelectric effect trends
as	 	 ∝ 	 , providing the contrast mechanism in absorption-based x-
ray tomography (Als-Nielsen & McMorrow, 2000, pp. 19-21).

An undesirable consequence of the polychromatic radiation used in
laboratory-source x-ray tomography is known as beam hardening. Due to the
aforementioned energy and elemental dependency of	 , the spectrum of the
illuminating x-rays changes as it passes through the sample material, resulting in
a non-linear relation between the measured projections 	  and the physical	 .
This problem is compounded by the sample (usually) having different attenuation
profiles in different directions	 , whereby the projections from different angles
do not correctly complement each other in the back-projection scheme.
Generally, the lower energy portion of the illuminating x-ray spectrum is
attenuated relatively more than the higher energies, shifting the first moment of
the spectrum energy distribution towards the higher energies, which gives rise to
the term beam hardening. Effectively it is seen as inconsistencies in the
reconstructed gray values, e.g. as cupping and streaking artefacts.

An x-ray tube in a tomography set-up is often used as a point source. The
natural advantage of this is the attained geometric magnification, as the image
captured at the detector is magnified by the ratio of the source-to-detector and the
source-to-sample distances. The point source coupled with a two-dimensional
detector results in a cone-beam geometry, necessitating the use of a suitable
computational algorithm such as the FDK reconstruction scheme.

A further draw-back of x-ray tube sources is the low x-ray flux, often
compounded by tightly focused electron spot implementations for high-
magnification systems. The low flux translates to exposure times of the order of
several seconds on the x-ray detector, which coupled with the requirement of
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≅	  results in typical acquisition times of hours for a
tomography-suitable set of radiographs.

The issues arising from polychromatism, low intensity and point-like
source geometry are nullified when utilizing high-brilliance synchrotron light, as
the high flux permits monochromatization and fast exposure times. Additionally,
the monochromatic, coherent and high-intensity synchrotron light beam permits
imaging using signals other than absorption, such as phase contrast
holotomography (Cloetens, et al., 1999). Phase-contrast imaging techniques for
laboratory-based sources are also being developed (Myers, Mayo, Gureyev,
Paganin, & Wilkins, 2007), (Holzner, et al., 2010) due to high demand in
structural studies for low-Z materials, such as those found in biology. The
tomography imaging in this thesis did not utilize phase contrast or synchrotron
sources, and a more detailed description of both are beyond the scope of this
work.

2.3 X-ray diffraction
In section 2.2, x-ray absorption was considered as the diminished

intensity of the illuminating x-ray beam. Only in the case of the photoelectric
effect is the illuminating x-ray energy truly absorbed into the illuminated
material; the absorption cross-section is composed of x-ray scattering as well. In
this case, the intensity along the line integral of the projection is also diminished,
but the incident x-rays scattered by the material now traverse along new paths,
which may or may not intersect the detector. Therefore, for absorption
tomography the scattered x-rays which reach the detector are essentially noise.
However, the scattered x-rays do provide valuable information on the illuminated
material in a complementary and fundamental way.

In addition to x-ray transmission images, another time-honoured use of x-
rays as a probe in materials science is x-ray diffraction and scattering. X-ray
scattering may be used to study material properties in the length scales of x-ray
wavelengths, namely nanometer and ångström distances. For the purposes of this
work, only x-ray diffraction, i.e. scattering from ordered, crystalline matter, will
be considered. A brief outline of the central concepts follows, based on (Cullity
& Stock, 2001) and (Als-Nielsen & McMorrow, 2000).

X-ray diffraction is the constructive interference of scattered
electromagnetic waves from individual scattering centres. For the different
scattered waves to constructively interfere, the scattering centres must be
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arranged regularly as integer multiples of the incident radiation wavelength. The
Bragg condition formulates this mathematically as

= 	2 sin , (13)

where  is the spacing of the scattering centers,  the wavelength, 	 ∈ ℕ and
the angle between the incident x-ray and the scattering plane. This is illustrated
in figure 1. Here the scattering centres are atoms in a periodic lattice. This type

of atomic structure is typical of crystalline
solids, such as dental enamel discussed in
chapter 4.

In a Bravais lattice, the lattice points are
given by	 ⃗ = 	 ∑ ⃗ , where 	 ∈ ℤ and
⃗  are the primitive vectors that span the unit
cell of the lattice. The Miller indices ℎ, , ∈ ℤ
define the crystal lattice planes. A diffraction
maximum that satisfies the Laue condition for
some set of indices hkl is known as the (ℎ )-
reflection from the illuminated crystal.

Utilizing synchrotron light, x-ray diffraction may also be applied in
imaging studies either in conjunction with tomography as a source of
complementary information (e.g. (Pyzalla, et al., 2005)), or more directly in
various diffraction tomography schemes (e.g. (Reischig, et al., 2013) and
(Poulsen, 2012)). As with more conventional tomography, synchrotron light
sources provide many advantages to the technical implementation of diffraction
tomography techniques, but implementations with laboratory based x-ray sources
are also an active field of study, see e.g. (King, Reischig, Adrien, & Ludwig,
2013) and (McDonald, et al., 2015). Various differing (synchrotron and
laboratory-based) implementations have given rise to numerous naming
conventions, and this work does not intend to delve into a literature review on the
subject, but suffice it to say that x-ray diffraction tomography is a wide and
developing field. The tomography and diffraction instrumentation developed at
the University of Helsinki as part of this thesis are described in paper I and
summarized in chapter 3.1, with an illustrative example of diffraction
tomography.

Figure 1: Bragg diffraction condition:
The path difference, 	 , between

the rays scattered from adjacent planes
must be an integer multiple of the

wavelength.
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3 X-ray tomography metrology and
methodology studies

3.1 Combining x-ray scattering and tomography
instrumentation with home-lab sources

3.1.1 Instrumentation and design
As briefly outlined in chapter 2, x-ray microtomography and x-ray

diffraction are both valuable instruments in probing material properties,
providing structural information from length scales a few orders of magnitude
apart. The instrument devised as part of this thesis work was designed to combine
the two methods, and is presented in paper I. The chosen research methodology
was to associate x-ray diffraction information with details observed in the
microstructure of samples imaged with x-ray absorption tomography, and this
dictated the choice of instrumentation architecture; a complementary x-ray
diffraction beamline was constructed on top of an x-ray microtomography
beamline.

The foundation of the instrument is the customized turn-key
microtomography device, phoenix|x-ray Nanotom 180 NF (GE Measurement &
Control, Germany). The x-ray source, x|s 180 high-power nanofocus, is a
tungsten-target transmission-type tube with an operating voltage between 20 kV

Figure 2: The experimental hutch. Main devices marked with arrows.
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and 180 kV. The x-ray detector is a flat panel Hamamatsu C7942SK-05 CMOS
detector with a GOS scintillator screen (Hamamatsu Photonics, Japan) with an
adjustable source-detector distance between 200 mm and 500 mm.

Instead of the standard desktop model, the tomography system is housed
within a radiation-shielded 2.4	m	 × 3.8	m	 × 2.8	m hutch. This permitted the
construction of the secondary beamline, as pictured in figure 2. The x-ray source
is a molybdenum-target microfocus tube (Incoatec GmbH, Germany), and the x-
ray detector is a PILATUS 1M hybrid pixel CMOS area detector (Dectris Ltd.,
Switzerland). The x-ray beam from the microfocus tube is monochromatized to
the molybdenum  energy and focused to a diamond-shaped pencil beam by a
Montel optic housing, and further collimated with a variable divergence aperture
and a vertical slit apparatus. With the current set-up, the pencil beam width at the
sample rotation axis is	~	200	μm.

The scattering beam line is positioned at a roughly 90° angle to the axis
of the tomography beam line. The microfocus tube is positioned over the
trajectory of the Y-axis screw housing of the sample manipulator, and the
PILATUS detector’s height is matched accordingly so that the pencil beam hits
near the detector plate mid-point.

3.1.2 Associating tomography data with scattering data:
Localized scattering studies

The size of the scattering pencil beam combined with the field-of-view of
the tomography beam line (variable between ~	0.5 … 120 mm) permits localized
scattering snapshots from sub-volumes of absorption-imaged samples. To use the
absorption imaging reconstruction as a reference for aiming the scattering pencil
beam, the following steps were undertaken:

∂ Associate the coordinate system of the CNC sample manipulator
system motors to the coordinate system of the absorption
tomography reconstruction

∂ Locate the scattering pencil beam spot in the sample manipulator
coordinates

∂ Compute the sample manipulator motor positions that place the
chosen point in the absorption tomography reconstruction into the
scattering beam line spot
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 Through this procedure it is possible to choose an arbitrary point in the
3D-grid of the absorption tomography reconstruction as the centre point of the
scattering beam (provided that the sample manipulator motor limits permit such
a configuration). Further considerations such as penetration of molybdenum
radiation through the sample thickness etc. must naturally also be taken into
account.

As an example, in (Kohout, et al., 2014) x-ray scattering patterns were
recorded from different locales within cosmic dust particles of sub-millimetre
size, showing differences between atmospherically molten and presumably
pristine cosmic dust material. In contrast with (King, Reischig, Adrien, &
Ludwig, 2013), instead of illuminating the entire sample volume for obtaining
the scattering pattern, the localized nature of the scattering experiment permitted
characterizing the crystallographic properties of areas within the sample which
clearly differed in texture in the absorption tomography reconstruction.

Finally, the system may also
be used to obtain crystallographic data in a raster-type point scan pattern, which
in turn may be used as a variable for back-projection in the FBP scheme,
reminiscent of first-generation absorption CT devices. In figure 3 is a typical x-
ray absorption radiograph of a vole molar and a comparison raster scan projection
of the (211)-reflection of dental enamel (hydroxyapatite) from the same sample
orientation.  Following a similar rastering procedure, an FBP-sufficient data set
was acquired for a tomographic reconstruction. A line scan of 30 points with a
100 micron step size were gathered over 24 angular steps over 180°. The (211)-

Figure 3: Left: Radiogram of a juvenile vole
molar. Right: 2D map of the (211)-reflection from
dental enamel from same sample.
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reflection of hydroxyapatite was integrated over the azimuthal angle and used as
the variable in the back-projection. In figure 4 is a comparison between the (211)-
reflection reconstruction and the absorption tomography reconstruction.

Gathering the diffraction patterns for tomography even for as small an
object as the juvenile tooth with laboratory x-ray equipment is time-consuming,
particularly when compared with the performance of synchrotron light sources.
One potential improvement for the laboratory would be the utilization of sparse
tomography. One implementation of sparse tomography is described in paper II,
and the main points are discussed in the following chapter.

Figure 4: Left: Absorption tomography
reconstruction, 2 micron voxel size. Sum of 100
horizontal slices. Right: Diffraction tomogram
from the (211)-reflection of hydroxyapatite,
100 micron voxel size.
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3.2 A total variation regularization algorithm in sparse
tomography

3.2.1 Sparse angle tomography and total variation
regularization

In chapter 2.1.1, the continuous Radon transform and its inverse solution
with filtered back-projection were discussed, and often in practical solutions for
x-ray tomography the continuous case is simply approximated by acquiring a
sufficient ( ≅	 ) number of radiographs. However, in some
situations it is either undesirable or not feasible to obtain such a number of
projections: a straight-forward way of reducing radiation damage to a sample (or
patient) is reducing the number of exposures, the measurement geometry may be
limited due to patient anatomy (Kolehmainen, et al., 2003), or the radiograph
acquisition is based on multiple stationary source-detector pairs (Stiel, Stiel,
Klotz, & Nienaber, 1993).

It is known (Quinto, 1993) that from the object function ( , ) only
those singularities may be stably reconstructed from the imaged	ℜ ( , ) which
are perpendicular to the line	ℓ( , ), with ( , ) arbitrarily close to the
measured	( , ). Roughly speaking, those features which are perpendicular to the
projection angle  back-project into macroscopic features in the reconstruction,
but those parallel to  do not contribute to the back-projection in that direction.
From this it is easy to see that the problem of recovering the object function

( , ) becomes more and more ill-posed the fewer projections  have been
obtained. As discussed in chapter 2.1.2, ill-posed problems may be attacked
utilizing regularization. One such regularization scheme is known as total
variation.

Suggested for image noise reduction (Rudin, Osher, & Fatemi, 1992),
minimizing the total variation of a 2-dimensional image was found to better
preserve sharp features and edges than more conventional	 -norm based
minimization schemes. Similarly, the total variation regularization strategy for
the tomographic case may be formulated as

minℒ ( ) ≡ ‖ − ‖ + TV( ), (14)
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with the total variation of the object function ( , ) denoted by TV( ), and the
regularization parameter 	 > 0. The total variation term TV( ) may be defined
in several ways; the definition chosen for this work is given in equation 16. A
detailed discussion on total variation regularization may be found in e.g. (Acar &
Vogel, 1994). The first tomography application of total variation methods was
reported by (Delaney & Bresler, 1998), and the first demonstration on real data
was shown in (Siltanen, et al., 2003). Further applications of total variation
regularization to tomography in the literature may be found in e.g. (Tian, Jia,
Yuan, Pan, & Jiang, 2011), (Jensen, Jørgensen, Hansen, & Jensen, 2012), (Tang,
Nett, & Chen, 2009), and (Sidky & Pan, 2008). A real-data example of total
variation reconstruction is shown in figure 5, where the computation was
implemented based on the formulation in (Mueller & Siltanen, 2012) and the
Barzelai-Borwein optimization method (Barzilai & Borwein, 1988).

3.2.2 Total variation and DB-PSGD

The total variation regularization in equation 14 may be further
constrained by requiring non-negativity. In the x-ray tomography case, this
corresponds to the a priori information that the x-ray attenuation is positive
everywhere in the imaged region, which is a physically well-founded
assumption1. In paper II, a reconstruction scheme with this assumption is
introduced. The seemingly innocuous non-negativity assumption turns out to be
a fairly significant computational boon: if the object function  in equation

1 Even in the case where the imaged sample contained radioactives or other radiation sources of
suitable energy, the emitted rays would not serve to amplify the incoming  in the sense of the
gathered line integrals, but only contribute noise.

Figure 5: Left: An FBP reconstruction of the skull of Castor fiber from 900 projections Middle: FBP
reconstruction from 36 equiangular projections Right: Total variation reconstruction from 36 equiangular

projections. Reconstructions computed by the author and Dr. J.-P. Suuronen.
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minℒ ( ) (15)

is discretized into  pixels, then ∈ ℝ , but if ≥ 0	∀	 ∈ , the solution is
found in a much smaller subset of ℝ .

The proposed method is dubbed discontinuity-based projected
subgradient descent (DB-PSGD). The total variation term is divided into two
parts, the “continuous” and the jump part, where the jump is associated with the
boundaries of the pixel grid of the reconstruction. A comparison was also made
with the projected Barzilai-Borwein method. Projected Barzilai-Borwein is
examined in e.g. (Dai & Fletcher, 2005).

As per chapter 2, let the object function	 : Ω ⊂ ℝ → ℝ, but now
discretize Ω = [0, ] × [0, ] into = ×  pixels	 ≡ : 1 ≤ ≤ , and

= [ , , … , ] ∈ ℝ , with  the value of  in pixel . The discretized
version of equation 8 is A = , with ∈ ℝ  representing the measured line
integrals (projections), and the measurement operator  is discretized as A ∈
ℝ ×  with A  corresponding to the length of the x-ray path  in pixel . Denote
the pixel boundaries as the union = ⋃ ∈ , and the proposed total variation
in the continuous case may now be written as

TV( ) ≡ | − | + |∇ |
∈

(16)

where the first term is the jump of the pixel boundaries and the second term the
“continuous” part associated with each pixel. In the numerical, discretized
version the resulting minimization solution is the subgradient descent scheme
with the iteration

= ( − ∆ ), = 1,2,3, … (17)

 Here  is the non-negativity projection operator

(18)
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( ) ≡
f , if	f ≥ 0
0, if	f < 0

 and

∆ = 2A (A − ) − D
D

|D | + D
D

|D |
+ (D + D ) + (D + D )

(19)

where the square matrices D , D ∈ ℝ ×  are the discrete differential operators

for the two spatial directions, with D = 0, = 1,2 if D = 0. This is

the discrete Euler-Lagrange equation for	 . The iteration step size  is given by

= min , max , ∈ FR :	 =
2

, ≥ −1 (20)

 where the discrete functional ( ) ≡ ‖A − ‖ + D  is used for
evaluating ∈ FR ≡ { : ( ) < ( ), = − }. The term D  is
the discrete approximation of the Euclidean norm of the gradient of  with the

jth component	 D = f − f + f − f .

For the projected Barzilai-Borwein (PBB) method, a similar
discretization of the functional was adopted,

min ( ) ≡ ‖A − ‖ + D
, (21)

where the term D  is the discrete Euclidean norm approximation as above, and
the 1-norm is approximated by a smoothed absolute value function as

(22)
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‖ ‖ , ≡ f +

 where 	 > 0 is a small smoothing parameter. The iteration is similar to (17)

= ( − ∆ ), = 1,2,3, … (23)

 with the step size computed by

=
( − ) ( − )

( − ) ∇ ( ) − ∇ ( )
. (24)

The DB-PSGD and PBB were both tested on measured real sparse x-ray
tomography data. For the evaluation of the algorithms the central slice, which in
the cone-beam geometry reduces to the fan beam case, was chosen for the
computations. The test object was a walnut, which has appreciable x-ray
attenuation and a relatively complicated internal structure. The computational
times of the DB-PSGD iterations were about twice as long as those of the PBB,
but for  example the relative  error of the DB-PSGD reconstructions converged
to below 50% in less than half of the iterations compared to PBB (see figure 3 of
paper III). On visual inspection the DB-PSGD reconstructions are slightly
sharper and better preserved the edges of the imaged target. See figure 6 for an
illustration with reconstructions from 30 projections and 200 iterations.

Figure 6: Left: FBP of a walnut from 1200 projections Middle: DB-PSGD from 30 projections, =
5 × 10 Right: PBB from 30 projections, = 5 × 10 .
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4 X-ray microtomography applications in evo-
devo biology

4.1 Background
4.1.1 Evolutionary and developmental biology combined

X-ray tomography, as mentioned earlier, has found its way into the
toolbox of the biological sciences. In this work papers III and IV utilized x-ray
microtomography, and these results are discussed in the following. Evolutionary
developmental biology, ‘evo-devo’ for short, is a synthesis of the sciences of
biological change, namely developmental biology, evolutionary biology and
palaeontology (Raff, 2000). In evolution organisms exhibit changes in
morphology across generations, whereas developmental biology studies the
changes in morphology during the growth of an individual organism.

The growth of an individual organism obviously reflects the genome of
their respective species, but the expression of their phenotype is the result of the
specific growth processes that took place within said individual. Developmental
biology, as per the name, is the study of the processes of development, embryonic
and otherwise (Gilbert, 2014). In this work, the focus was on the morphology
produced during growth, and its cellular level origins. During development, cells
communicate differentiation, migration and division via specific molecules
known as signalling molecules. Typically inducer cells (or the extracellular
matrix) secrete paracrine factor proteins, which evokes a response in surrounding
cells with the correct receptor proteins. This cellular communication mechanism
drives their communal behaviour, and thereby determines the functionality,
morphology, size and placement of organs.

X-ray imaging is rapidly becoming another standard tool in the study of
evolutionary biology, in no small part due to adoption of simple staining agents
(Metscher, 2009) which provide fully three-dimensional anatomical data on
embryonic tissue. Recent examples include studies on regeneration of teeth in
sharks (Rasch, et al., 2016), the patterning of the turtle shell (Moustakas-Verho,
et al., 2014) and the history of external genitalia (Tschopp, et al., 2014). A
staining agent for immunostaining gene product molecules for x-ray imaging has
also been proposed (Metscher & Müller, 2011).

As per Van Valen, evolution may be considered as the control of
development by ecology (Van Valen, 1973). The successes and failures of the
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development of the individual determine their viability in their habitat, and their
potential for passing their genome on to the next generation. The development of
each new individual represents a possibility for new morphologies that succeed
in changing environs. The diverging morphologies result in speciation, a key
process of evolution. Conversely, by observing the morphological changes and
similarities within the fossil record is it possible to identify relations between
species, a field of study known as evolutionary systematics.

Synchrotron imaging has become a significant contributor to
palaeontological research, such as human ancestry (Smith, et al., 2007) (Smith,
et al., 2010), ammonites (Kruta, Landman, Rouget, Cecca, & Tafforeau, 2011),
centipedes (Edgecombe, et al., 2012), and early mammal ancestors (Gill, et al.,
2014). The non-destructive nature of x-ray imaging is well suited for sample
materials which are precious or even unique, but whose internal structure
provides key information for the palaeontological sciences.

4.1.2 Teeth in evolution and development
From a physicist’s perspective, teeth must play an essential role in the

make-up of an organism, being part of the masticatory apparatus which in turn is
essential for the acquisition of nutrition, or energy. Chewing, the repetitive
motion of the jaw to manipulate food into smaller particles, exposes the teeth to
constant wear both by the food material and the tooth-on-tooth-contact. The
colliding or occlusal surfaces of the teeth therefore place certain hardness
requirements on the dental construction materials.

Typically mammalian teeth are composed of two tissues, enamel and
dentine. Both contain hydroxyapatite Ca10(PO4)6(OH)2 (verified by x-ray
diffraction as early as the 1930’s (Gruner, McConnell, & Armstrong, 1937)),
which forms the mineralized tissue. The degree of mineralization is very high in
enamel, in the range 85% to 92% by volume in human enamel for example
(Lucas, 2004, p. 22). Dentine is comprised of 48% mineralized tissue by volume,
the rest being an organic matrix (Lucas, 2004, p. 27). Developmentally, the
enamel is formed by the epithelial cells and dentine by the mesenchymal cells.
The folding of the interface between epithelium and mesenchyme forms the tooth
shape, and this interface is known as the enamel-dentine junction in the adult.

A key morphological component of the tooth crown are tooth cusps, for
example the familiar bumpy bulges on a human molar. While it is not fruitful to
belabour the full details of the nomenclature of cusp identity of (Osborn, 1907)
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here, the interested reader may find a useful road map in for example (Hillson,
2005). A mouse molar crown with cusps identified is shown in figure 7. The

cusps visible on adult teeth are
often associated with the structures
known as enamel knots in
developing tooth germs, which
direct the growth of the
surrounding dental tissue via
various signalling pathways
(Jernvall & Thesleff, 2000). The
enamel knots thereby control the
formation of the tooth crown
morphology.

Tooth shape is, naturally, an indicator of the animal’s diet. One aspect of
interest is the morphology of the tooth crown, whose complexity corresponds
directly to the type(s) of food the animal consumes (Evans, Wilson, Fortelius, &
Jernvall, 2007). Roughly speaking, developmentally the question becomes how
a morphology is produced, and evolutionarily which diet the observed
morphology indicates.

In paper III, the effect of three signalling pathways on the development
of dental crown complexity was studied and the complexity quantified utilizing
x-ray tomography. In paper IV, modifications in two signalling pathways were
observed to produce morphologies consistent with ancestral species.

4.2 Studied systems
4.2.1 Increasing dental complexity

Morphological complexity has been argued to have an upwards trend
through the fossil record towards the present day (Carroll, 2001), and it is
therefore an interesting question how this increase comes about developmentally.
In this work, the model organ of choice was the mouse molar; its dental
complexity has a well-known functional basis, and in addition to the general
convenience of the mouse as a model organism, the mechanisms of development
of a mouse tooth are relatively well-established. The growth of the tooth is guided
by the secondary enamel knots, with each acting as an epithelial signalling centre
and ultimately forming a cusp (Vaahtokari, Åberg, Jernvall, Keränen, & Thesleff,
1996), (Jernvall, Keränen, & Thesleff, 2000).

Figure 7: A mouse molar. Cusp
nomenclature based on (Osborn, 1907).
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Of the known mutations that affect molars in mice, most either halt tooth
development, reduce cusps or alters their configuration, and only 3 cause
additional cusps to form (paper III, supplementary table 1). This appears as a
disparity between the observed extant variations and the trend of increasing
complexity in the past. The key insight in this study was observing both the
individual and joint effects of three different signalling pathways: EDA, activin
A and SHH.

Increase in the
EDA pathway produced
no apparent change in
cusp number, but altered
the overall tooth growth
to be larger. Increasing
Activin A signalling
produced several new
cusps, while slightly
diminishing total tooth
size. Inhibiting SHH
signalling with

cyclopamine also increased the number of cusps, while also reducing the overall
size of the tooth. The double treatments of EDA + Activin A, Activin A +
cyclopamine and EDA + cyclopamine further increased the cusp number in
ascending order, and finally the triple treatment of all pathways practically
doubled the cusp number in the first molar. The cusp number of the first molar
in all treatments is tabulated in table 1, and are depicted in figure 8.

Treatment Control EDA Activin
A

Cyclo-
pamine

EDA +
Activin A

Activin A +
cyclopamine

EDA +
cyclopamine

Triple

Average
cusp

number

5.6 ±
0.52

5.4 ±
0.52

7.8 ±
1.23

6.8 ±
1.55 8.0 ± 1.15 9.0 ± 1.60 10.13 ±

1.13
12.5 ±
1.84

Table 1 Average number of cusps, both normal and additional ones, on the first molar in each treatment.

X-ray tomography was utilized to virtually segment the interface between
the epithelium and mesenchyme (i.e. the future enamel-dentine junction) to
quantitatively investigate the surface complexity. Given the very fragile nature
of developing tooth germs, their minute size (less than a cubic millimetre) and
other complicating factors, the protocol by Metscher (2009) provides a

Figure 8. Cultured teeth in signalling treatments. Image originally
published in paper III. Copyright Nature Publishing Group.
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straightforward and efficient way of
imaging the tissue. In this manner, the
future EDJ could be extracted non-
invasively, and analysed with an
orientation patch count measure
(OPC)  to quantify and contrast the
modified teeth with other extant
species (Evans, Wilson, Fortelius, &
Jernvall, 2007). An example of
segmenting the tissues is illustrated
in figure 9.

Additionally, x-ray tomography reconstructions of adult mouse molars
with overexpression of either Eda, Edar, or their combination Eda;Edar under
K14 promoter were examined in order to analyse the changes in morphology, as
shown in figure 11.  The K14- Eda exhibits an incipient cusp-connecting crest,
the K14- Edar two, and these are further developed in the combination (asterisks,
figure 10). Further, the K14- Edar exhibits an additional cusp on the second
molar, shown with an arrowhead, which is also present in the combination K14-

Eda;K14-Edar.
The K14-

Eda;K14-Edar
also developed
an additional
cingulid cusp,
shown in the

magnification
in figure 10.
These and other

morphological
features such as
relative cusp
heights are
reminiscent of

other
mammalian

dentitions, and prompted the question: What is the role of various signalling
pathways in the development of different dental features? Morphological

Figure 10: X-ray tomography reconstructions of adult mouse molars. Additional
cusps marked with arrowheads and longitudinal crests with asterisks. Scale bar

0.5 mm. Originally published in the supplementary material of paper III as
supplementary figure 4. Copyright Nature Publishing Group.

Figure 9: Segmentation of the tooth germ from the
tomogram. Left: Raw data of a slice Right:

Segmentation of dental tissue. Scale bar 0.5 mm.
Originally published in supplement of paper III.

Copyright Nature Publishing Group.
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characteristics are used in determining the evolutionary relationships of extinct
species, but their developmental background is not always well-understood.
Research on this question was reported in paper IV, and is briefly summarized in
the next chapter.

4.2.2 Turning back time: Tuning development and
recovering features from the fossil record

Following from the previous work, EDA signalling treatment was applied
to an Eda null mutant strain of mice, i.e. one without function of the Eda gene.
The lack of functional Eda (or ectodysplasin signalling) causes simplifying
changes to the developed tooth morphology (Kangas, Evans, Thesleff, &
Jernvall, 2004); the trigonid cusps are fused, the talonid does not express cusps
at all, and the hypoconulid and anteroconid cusps do not develop. Null mutant
teeth were cultured in signalling treatments of increasing concentration, and those
teeth grown in higher concentration treatments recovered wild type cusp
characteristics, as has been observed earlier (Gaide & Schneider, 2003).

Observing the growth of those teeth with rescued wild type
characteristics, the initiation of cusp formation appeared out of order: increased
EDA signalling concentration preponed the initiation of some cusps.
Additionally, the trigonid cusps which present fused in Eda null mutation
separated into the protoconid and metaconid cusps. The talonid presents as a
shallow plateau in Eda null teeth, but presented first a single cusp and then as
both the hypoconid and entoconid cusps with increasing EDA treatment. The
hypoconulid and the anteroconid cusps were restored by the EDA treatment.

In mammalian evolution, during the evolution of tribospheny (see e.g.
(Luo, Cifelli, & Kielan-Jaworowska, 2001)) in Mesozoic mammals, the three-
cusped talonid was added to the morphology of the lower molar. The three-
pronged talonid adds a basin or ‘mortar’ against which the protocone of the upper
molar grinds (the ‘pestle’) to crush food material (Luo, 2007). The talonid first
appeared in the Triassic synapsids, a pre-mammalian ancestor, as a single cusp
posterior to the trigonid (Butler, 1990). The EDA treatment of the Eda null tooth
morphology restoring first a single cusp, and then both the hypoconid and
entoconid, resembles this evolutionary innovation. Additionally, a positive
correlation was found between talonid height and cusp number of the developing
treated Eda null teeth, which corresponds to the pattern found among extant
carnivoran species.
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The morphology of the Eda null teeth were also modified to closer
resemble morphologies of extinct ancestral species. First, Eda null teeth were
cultured with an SHH signalling inhibitor, which caused the development of
separated cusps but preserved the elevated talonid characteristic of ancestral

morphologies. In
addition to the culture-
grown teeth, in vivo
experiments of
inhibiting SHH
signalling in Eda null
mice were carried out.
The resultant tooth
morphology, with well-
separated cusps lacking
the so-called
metalophid which
connects the trigonid
cusps in the wild type
mouse, resembles that
of the taxon
Tribosphenomys (Meng
& Wyss, 2001). Results

of the SHH-signalling-inhibited experiments are depicted in figure 11.

X-ray tomography imaging of the Eda null, in vivo SHH inhibited mouse
jaws provided surface reconstructions of the teeth and internal structural
information (e.g. the enamel-dentine junction), and the surface of the
Tribosphenomys teeth. In the case of fossil material, the use of x-ray imaging has
obvious advantages, and in the case of extant animals virtual segmentation and
histology is a robust yet non-invasive method for obtaining structural
information, such as the internal tooth morphology.

Figure 11: Mouse molars engineered to exhibit basal character states.
Image originally published in paper IV. Copyright Nature Publishing
Group.
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5 Concluding remarks

“A finite set of radiographs tells nothing at all.” - (Smith, Solmon, & Wagner,
1977)

X-ray imaging is rapidly becoming another staple of the structural probes
in materials science, and x-ray microtomography in particular is of great interest
in the biological sciences. Virtual histology of both soft tissue samples in
developmental biology and of priceless palaeontological (fossil) samples provide
detailed anatomical information in a non-destructive manner, which has obvious
benefits in both scenarios. Practice has shown that often the most challenging
aspect of the microtomographical analysis is the post-processing and
segmentation of the obtained three-dimensional data.

From the now-routine experiments with laboratory source
microtomography, the next obvious step is synchrotron radiation micro- and
nanotomography. Examining, for example, the ultrastructure of dentine and
enamel with synchrotron holotomography or similar high-resolution probes is an
emerging field of interest in palaeontology (Wang, et al., 2015).

Combining x-ray tomography with x-ray diffraction to examine the
structural properties of dental tissues is another example of synchrotron light
based studies, e.g. mapping enamel crystallite orientation spatially (Simmons,
Al-Jawad, Kilcoyne, & Wood, 2011). By combining x-ray microtomography and
spatially localized x-ray diffraction in the laboratory, quantifying the structure of
mineralized tissue is potentially feasible.

X-ray diffraction tomography as exampled in chapter 3.1 may be a
valuable addition to structural studies of various materials, but from a
metrological standpoint there is room for improvement. The shown example of a
single diffraction tomography slice of a rodent molar of roughly one millimetre
diameter required 24 hours of image acquisition time, for a 30 by 23 pixel
sinogram. For larger samples, or fully three-dimensional diffraction tomography
(i.e. stacking multiple slices), the data acquisition times rapidly become
unwieldy. One solution to this temporal quandary would be reducing the amount
of projections acquired and utilizing reconstruction strategies based on
regularization.
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Another sub-field of imaging to potentially benefit from sparse
tomography methods is time-resolved, or 4D-imaging. A set of projections that
roughly fulfils the condition ≅	  typically  takes  hours  to
acquire with the absorption microtomography set-up used in this thesis, whereby
dropping the number of projections by an order of magnitude or two would also
drastically reduce the acquisition time. This could be utilized to gather
tomographic data sets with a time step of minutes rather than hours. Similarly, x-
ray imaging systems with a fixed, small number of projection directions would
be capable of a high temporal resolution, but the reconstruction problem would
be very ill-posed, and would necessitate regularization-based strategies (Niemi,
et al., 2015).

This work is has been carried out with laboratory-based equipment, and
indeed paper I details the construction of a combined tomography-scattering
device. Laboratory x-ray sources are affordable and therefore widely used, which
motivates furthering their utility for applications in other fields of science.
Bench-top x-ray microtomography devices are becoming more and more
ubiquitous, and devices capable of phase contrast imaging are also emerging.
Conversely, while synchrotron beam time is the epitome of a scarce resource, the
properties of synchrotron light enable experiments which would be either
inordinately difficult or outright impossible in the laboratory. As noted in chapter
4, particularly palaeontology has adopted synchrotron light imaging to a high
degree, and interest is not likely to wane in the future.



30 REFERENCES

References
Acar, R., & Vogel, C. R. (1994). Analysis of bounded variation penalty

methods for ill-posed problems. Inverse Problems, 10, 1217 - 1229.

Als-Nielsen, J., & McMorrow, D. (2000). Elements of Modern X-Ray Physics.
John Wiley & Sons, Ltd.

Barzilai, J., & Borwein, J. (1988). Two-Point Step Size Gradient Methods. IMA
Journal of Numerical Analysis, 8, 141 - 148.

Butler, P. M. (1990). Early trends in the evolution of tribosphenic molars.
Biological Reviews, 65(4), 529 - 552.

Carroll, S. B. (2001). Chance and necessity: the evolution of morphological
complexity and diversity. Nature, 409, 1102 - 1109.

Cloetens, P., Ludwig, W., Baruchel, J., Van Dyck, D., Van Landuyt, J., Guigay,
J., & Schlenker, M. (1999). Holotomography: Quantitative phase
tomography with micrometer resolution using hard synchrotron
radiation x-rays. Applied Physics Letters, 75(19), 2912-2914.

Cormack, A. (1963). Representation of a Function by Its Line Integrals, with
Some Radiological Applications. Journal of Applied Physics, 34(9),
2722 - 2727.

Cullity, B. D., & Stock, S. (2001). Elements of X-Ray Diffraction, 3rd Edition.
Prentice Hall, Inc.

Dai, Y.-H., & Fletcher, R. (2005). Projected Barzilai-Borwein methods for
large-scale box-constrained quadratic programming. Numerische
Matematik, 100, 21 - 47.

Delaney, A., & Bresler, Y. (1998). Globally Convergent Edge-Preserving
Regularized Reconstruction: An Application to Limited-Angle
Tomography. IEEE Transactions on Image Processing, 7(2), 204 - 221.

Edgecombe, G. D., Vahtera, V., Stock, S. R., Kallonen, A., Xiao, X., Rack, A.,
& Giribet, G. (2012). A scolopocryptopid centipede (Chilopoda:
Scolopendromorpha) from Mexican amber: synchrotron
microtomography and phylogenetic placement using a combined
morphological and molecular data set. Zoological Journal of the
Linnean Society, 166(4), 768 - 786.



REFERENCES 31

Evans, A. R., Wilson, G. P., Fortelius, M., & Jernvall, J. (2007). High-level
similarity of dentitions in carnivorans and rodents. Nature, 445(4), 78 -
81.

Feldkamp, L. A., Davis, L. C., & Kress, J. W. (1984). Practical cone-beam
algorithm. Journal of the Optical Society of America, 1(6).

Flannery, B., Deckman, H., Roberge, W., & D'Amico, K. (1987). Three-
dimensional x-ray microtomography. Science, 237(4821), 1439 - 1444.

Gaide, O., & Schneider, P. (2003). Permanent correction of an inherited
ectodermal dysplasia with recombinant EDA. Nature Medicine, 9, 614 -
618.

Gilbert, S. F. (2014). Developmental Biology (10th ed.). Sinauer Associates,
Inc.

Gill, P. G., Purnell, M. A., Crumpton, N., Brown, K. R., Gostling, N. J.,
Stampanoni, M., & Rayfield, E. J. (2014). Dietary specializations and
diversity in feeding ecology of the earliest stem mammals. Nature, 512,
303 - 305.

Grangeat, P. (1991). Mathematical framework of cone beam 3D reconstruction
via the first derivative of the Radon transform. In G. Herman, A. Louis,
& F. Natterer, Mathematical methods in tomography (pp. 66 - 97).
Springer-Verlag Berlin Heidelberg.

Gruner, J. W., McConnell, D., & Armstrong, W. (1937). The relationship
between crystal structure and chemical composition of enamel and
dentin. Journal of Biological Chemistry, 121, 771 - 781.

Hillson, S. (2005). Teeth. New York: Cambridge University Press.

Holzner, C., Feser, M., Vogt, S., Hornberger, B., Baines, S., & Jacobsen, C.
(2010). Zernike phase contrast in scanning microscopy with X-rays.
Nature Physics, 6, 883-887. doi:10.1038/NOHYS1765

Hounsfield, G. (1973). Computerized transverse axial scanning (tomography):
Part I. Description of the system. British Journal of Radiology, 46, 1016
- 1022.



32 REFERENCES

Jensen, T., Jørgensen, J., Hansen, P., & Jensen, S. (2012). Implementation of an
optimal first-order method for strongly convex total variation
regularization. BIT Numerical Mathematics, 52(2), 329 - 356.

Jernvall, J., & Thesleff, I. (2000). Reiterative signaling and patterning during
mammalian tooth morphogenesis. Mechanisms of Development, 92(1),
19 - 29.

Jernvall, J., Keränen, S. V., & Thesleff, I. (2000). Evolutionary modification of
development in mammalian teeth: Quantifying gene expression patterns
and topography. Proceedings of the National Academy of Sciences of
the United States of America, 97(26), 14444 - 14448.

Kak, A., & Slaney, M. (2001). Principles of Computerized Tomographic
Imaging. Philadelphia: Society for Industrial and Applied Mathematics.

Kangas, A., Evans, A., Thesleff, I., & Jernvall, J. (2004). Nonindependence of
mammalian dental characters. Nature, 432, 211 - 214.

Kieffer, J. (1939). Analysis of Laminagraphic Motions and Their Values .
Radiology, 33(5), 560 - 585.

King, A., Reischig, P., Adrien, J., & Ludwig, W. (2013). First laboratory X-ray
diffraction contrast tomography for grain mapping of polycrystals.
Journal of Applied Crystallography, 46, 1734-1740.

Kirsch, A. (1996). An Introduction to the Mathematical Theory of Inverse
Problems. Springer-Verlag New York, Inc.

Kohout, T., Kallonen, A., Suuronen, J.-P., Rochette, P., Hutzler, A., Gattacceca,
J., . . . Čuda, J. (2014). Density, porosity, mineralogy, and internal
structure of cosmic dust and alteration of its properties during high-
velocity atmospheric entry. Meteoritics & Planetary Science, 49(7),
1157 - 1170. doi:10.1111/maps.12325

Kolehmainen, V., Siltanen, S., Järvenpää, S., Kaipio, J. P., Koistinen, P.,
Lassas, M., . . . Somersalo, E. (2003). Statistical inversion for medical
x-ray tomography with few radiographs: II. Application to dental
radiology. Physics in Medicine and Biology, 48, 1465 - 1490.



REFERENCES 33

Kruta, I., Landman, N., Rouget, I., Cecca, F., & Tafforeau, P. (2011). The Role
of Ammonites in the Mesozoic Marine Food Web Revealed by Jaw
Preservation. Science, 331(6013), 70 - 72.

Lucas, P. W. (2004). Dental Functional Morphology. New York: Cambridge
University Press.

Luo, Z.-X. (2007). Transformation and diversification in early mammal
evolution. Nature, 450, 1011 - 1019.

Luo, Z.-X., Cifelli, R., & Kielan-Jaworowska. (2001). Dual origin of
tribosphenic mammals. Nature, 409, 53 - 57.

Martínez-Criado, G., Villanova, J., Tucolou, R., Salomon, D., Suuronen, J.-P.,
Labouré, S., . . . Morse, J. (2016). ID16B: a hard X-ray nanoprobe
beamline at the ESRF for nano-analysis. Journal of synchrotron
radiation, 23(1), 344 - 352.

McDonald, S. A., Reischig, P., Holzner, C., Lauridsen, E. M., Withers, P. J.,
Merkle, A. P., & Feser, M. (2015). Non-destructive mapping of grain
orientations in 3D by laboratory X-ray microscopy. Scientific Reports,
5:14665. doi:10.1038/SREP14665

Meng, J., & Wyss, A. R. (2001). The morphology of Tribosphenomys
(Rodentiaformes, Mammalia): Phylogenetic implications for basal
Glires. Journal of Mammalian Evolution, 8, 1 - 71.

Metscher, B. D. (2009). MicroCT for Developmental Biology: A Versatile Tool
for High-Contrast 3D Imaging at Histological Resolutions.
Developmental Dynamics, 238(3), 632 - 640.

Metscher, B. D., & Müller, G. B. (2011). MicroCT for Molecular Imaging:
Quantitative Visualization of Complete Three-Dimensional
Distributions of Gene Products in Embryonic Limbs. Developmental
dynamics, 240(10), 2301 - 2308.

Moustakas-Verho, J. E., Zimm, R., Cebra-Thomas, J., Lempiäinen, N. K.,
Kallonen, A., Mitchell, K. L., . . . Gilbert, S. F. (2014). The origin and
loss of periodic patterning in the turtle shell. Development, 141(15),
3033 - 3039.



34 REFERENCES

Mueller, J., & Siltanen, S. (2012). Linear and Nonlinear Inverse Problems with
Practical Applications. SIAM.

Myers, G. R., Mayo, S. C., Gureyev, T. E., Paganin, D. M., & Wilkins, S. W.
(2007). Polychromatic cone-beam phase-contrast tomography. Physical
Review A, 76:045804.

Niemi, E., Lassas, M., Kallonen, A., Harhanen, L., Hämäläinen, K., & Siltanen,
S. (2015). Dynamic multi-source X-ray tomography using a spacetime
level set method. Journal of Computational Physics, 291, 218 - 237.

Olsson, O. (1944). Eine Methode zur Radiographie Oberflächlicher Schichten.
Acta Radiologica, 25(5-6), 701 - 718.

Osborn, H. F. (1907). Evolution of mammalian molar teeth. London:
MacMillan.

Paatero, Y. (1949). A new tomographical method for radiographing curved
outer surfaces. Acta Radiologica, 32(2 - 3), 177 - 184.

Paatero, Y. (1954). Pantomography in theory and use. Acta Radiologica, 41(4),
321 - 335.

Pfeiffer, F., Weitkamp, T., Bunk, O., & David, C. (2006). Phase retrieval and
differential phase-contrast imaging with low-brilliance X-ray sources.
Nature Physics, 2, 258 - 261.

Poulsen, H. F. (2012). An introduction to three-dimensional X-ray diffraction
microscopy. Journal of Applied Crystallography, 45, 1084-1097.

Pyzalla, A., Camin, B., Buslaps, T., Di Michiel, M., Kaminski, H., Kottar, A., .
. . Reimers, W. (2005). Simultanous Tomography and Diffraction
Analysis of Creep Damage. Science, 308, 92-95.

Quinto, E. T. (1993). Singularities of the x-ray transform and limited data
tomography in R^2 and R^3. SIAM Journal of Mathematical Analysis,
24(5), 1215 - 1225.

Radon, J. (1917). On the determination of functions from their integral values
along certain manifolds (translated by P. C. Parks in 1986, IEEE
Transactions on medical imaging vol. 5 no. 4). IEEE Transactions on
Medical Imaging, 5, 170–176.



REFERENCES 35

Raff, R. (2000). Evo-devo: the evolution of a new discipline. Nature Reviews:
Genetics, 1, 74 - 79.

Rasch, L. J., Martin, K. J., Cooper, R. L., Metscher, B. D., Underwood, C. J., &
Fraser, G. J. (2016). An ancient dental gene set governs development
and continuous regeneration of teeth in sharks. Developmental Biology.
doi:10.1016/j.ydbio.2016.01.038

Reischig, P., King, A., Nervo, L., Viganó, N., Guilhem, Y., Palenstijn, W. J., . .
. Ludwig, W. (2013). Advances in X-ray diffraction contrast
tomography: flexibility in the setup geometry and application to
multiphase materials. Journal of Applied Crystallography, 46, 297-311.

Rizo, P., Grangeat, P., Sire, P., Lemasson, P., & Melennec, P. (1991).
Comparison of two three-dimensional x-ray cone-beam-reconstruction
algorithms with circular source trajectories. Journal of the Optical
Society of America A, 8(10), 1639 - 1648.

Rudin, L., Osher, S., & Fatemi, E. (1992). Nonlinear total variation based noise
removal algorithms. Physica D, 60(1 - 4), 259 - 268.

Röntgen, W. C. (1896). On a new kind of rays. Science, 227 - 231.

Sidky, E., & Pan, X. (2008). Image reconstruction in circular cone-beam
computed tomography by constrained, total-variation minimization.
Physics in Medicine and Biology, 53(17), 4777 - 4807.

Siltanen, S., Kolehmainen, V., Järvenpää, S., Kaipio, J. P., Koistinen, P.,
Lassas, M., . . . Somersalo, E. (2003). Statistical inversion for medical
x-ray tomography with few radiographs: I. General theory. Physics in
Medicine and Biology, 48, 1437 - 1463.

Simmons, L., Al-Jawad, M., Kilcoyne, S., & Wood, D. (2011). Distribution of
enamel crystallite orientation through an entire tooth crown studied
using synchrotron X-ray diffraction. European Journal of Oral
Sciences, 119, 19 - 24.

Smith, K., Solmon, D., & Wagner, S. (1977). Practical and mathematical
aspects of the problem of reconstructing objects from radiographs.
Bulletin of the American Mathematical Society, 83(6), 1227 - 1270.



36 REFERENCES

Smith, T. M., Tafforeau, P., Reid, D. J., Grün, R., Eggins, S., Boutakiout, M., &
Hublin, J.-J. (2007). Earliest evidence of modern human life history in
North African early Homo sapiens. Proceedings of the National
Academy of Sciences of the United States of America, 104(15), 6128 -
6133.

Smith, T. M., Tafforeau, P., Reid, D. J., Pouech, J., Lazzari, V., Zermeno, J. P.,
. . . Hublin, J.-J. (2010). Dental evidence for ontogenetic differences
between modern humans and Neanderthals. Proceedings of the National
Academy of Sciences of the United States of America, 107(49), 20923 -
20928.

Stiel, G., Stiel, L., Klotz, E., & Nienaber, C. (1993). Digital Flashing
Tomosynthesis: A Promising Technique for Angiocardiographic
Screening. IEEE Transactions on Medical Imaging, 12(2), 314 - 321.

Tang, J., Nett, B., & Chen, G.-H. (2009). Performance comparison between
total variation (TV)-based compressed sensing and statistical iterative
reconstruction algorithms. Physics in Medicine and Biology, 54(19).

Tian, Z., Jia, X., Yuan, K., Pan, T., & Jiang, S. (2011). Low-dose CT
reconstruction via edge-preserving total variation regularization. Physics
in Medicine and Biology, 56(18), 5949 - 5967.

Tschopp, P., Sherratt, E., Sanger, T. J., Groner, A. C., Aspiras, A. C., Hu, J. K.,
. . . Tabin, C. J. (2014). A relative shift in cloacal location repositions
external genitalia in amniote evolution. Nature, 516, 391 - 394.

Tuy, H. K. (1983). An inversion formula for cone-beam reconstruction. SIAM
Journal of Applied Mathematics, 43(3), 546 - 552.

Vaahtokari, A., Åberg, T., Jernvall, J., Keränen, S., & Thesleff, I. (1996). The
enamel knots as a signaling center in the developing mouse tooth.
Mechanisms of development, 54 (1), 39 - 43.

Van Valen, L. (1973). Festschrift. Science, 180, 488.

Wang, C.-C., Song, Y.-F., Song, S.-R., Ji, Q., Chiang, C.-C., Meng, Q., . . .
Reisz, R. (2015). Evolution and Function of Dinosaur Teeth at
Ultramicrostructural Level Revealed Using Synchrotron Transmission
X-ray Microscopy. Scientific Reports, 5(15202). doi:10.1038/srep15202



REFERENCES 37

Ziedses Des Planets, B. G. (1932). Eine Neue Methode Zur Differenzierung in
der Röntgenographie (Planigraphies). Acta Radiologica, 13(2), 182 -
192.




	Acknowledgements
	Abstract
	List of papers
	Author’s contribution
	Contents
	1 Introduction
	2 X-ray methods in tomographic imaging
	3 X-ray tomography metrology and methodology studies
	4 X-ray microtomography applications in evodevobiology
	5 Concluding remarks
	References



