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Résumé

Ce travail de thése décrit deux techniques d'imagerie 3D dans le domaine des rayons X pour
localiser, de maniere non invasive et a faible dose, des nanoparticules théranostiques dans les
tissus biologiques et dans les cellules.

Les nanoparticules théranostiques ouvrent de nouvelles frontiéres dans la recherche

oncologique. Le mot "théranostique™ provient de la fusion de deux termes: "thérapeutique™ et
"diagnostique" et souligne le fait que ce type de nanoagents exerce une double activité. D'une
part, grace a leurs propriétés diagnostiques, ils aident a visualiser la tumeur lorsqu'ils sont
combineés a plusieurs techniques d'imagerie (telles que I'imagerie par résonance magnétique -
IRM, la tomographie par émission de positrons - PET, la tomographie, I'imagerie optique).
D'autre part, ils renforcent l'effet létal des rayons X sur les cellules cancéreuses lors de
traitements par irradiation.

Dans ce cadre, la pénétration et la localisation de nanoparticules au sein des organismes
doivent étre surveillés pour établir des évaluations et des protocoles cliniques et précliniques.
La question de la distribution des nanoparticules joue un réle fondamental pour limiter
tout effet toxique et pour prédire leur capacité de radiosensibilisation tumorale. A I'échelle
nanomeétrique, les techniques de microscopie permettent d'observer l'internalisation de
nanoparticules dans les cellules; tandis qu'a grande échelle MRI et PET réussissent
seulement a montrer globalement que les nanoparticules ont atteint leur objectif, étant limité
par une faible résolution spatiale. Jusgu'a présent, la seule technique capable de donner une
certitude sur la présence de nanoparticules localisées dans les tissus (et donc sur une échelle
intermédiaire) est le LIBS, la spectroscopie de plasma produit par laser. Bien qu’elle ait une
résolution spatiale de quelques micromeétres, elle a le désavantage d’étre une méthode
invasive.

Le manque de méthodes d'imagerie 3D non invasives a moyenne échelle a motivé ce travail
de thése. Ici, l'utilisation de la tomographie X par contraste de phase est proposée comme
outil d’imagerie complémentaire aux techniques bien consolidées mentionnées ci-dessus. Elle
permet d'observer les structures internes d'un échantillon sans le perturber et d'obtenir des
reconstructions 3D a partir d'une série d'images 2D acquises sous différents angles. De plus,
le contraste de phase permet de récupérer des détails anatomiques importants qui, autrement,
ne pourraient pas étre observés avec une tomographie standard, car les matériaux biologiques
ont de faibles variations de coefficients d'absorption.

Cependant, la tomographie implique la I’absorption d'une dose considérable de rayonnement
potentiellement nocif pour les échantillons biologiques. Obtenir un bon compromis entre la
qualité de I’image et la dose absorbée par les rayons X est un sujet trés important
aujourd'hui. Cette thése fait partie d'un projet européen FET, appelé VOXEL (Volumetric X-
ray Extremely Low dose), qui, selon nous, apportera une perspective de changement en
entrainant une réduction drastique de la dose absorbée par les rayons X, par rapport aux
méthodes classiques de radiographie par rayons X. VOXEL se divise en deux branches: 1’une
visant a réaliser un prototype compact de microscope plénoptique a rayons X mous pour
I’imagerie cellulaire dans la "fenétre d’eau” et I’autre, une caméra plénoptique a rayons X dur
pour I’imagerie des petits animaux. Une caméra plénoptique capture les composants spatiaux
et angulaires de la lumiére et est capable de réaliser des images 3D apres une seule



exposition. Au cours de ma these, jai travaillé spécifiquement sur le développement d’un
microscope plénoptique a rayons X mous au Laboratoire d’Optique Appliquée.

Le premier chapitre présente les concepts généraux de la tomographie a rayons X et de
I’imagerie par contraste de phase. La méthodologie utilisée pour la reconstruction et I'analyse
des images et la suppression des artifices est décrite.

Dans le deuxieme chapitre, la tomographie X par contraste de phase est présentée comme une
méthode valable pour localiser différents types de nanoparticules théranostiques
(nanoparticules de gadolinium, d'or et de platine) dans des organes de souris. Les images ont
été acquises a ESRF (European Synchrotron Radiation Facility) en collaboration avec CNR-
Nanotec (Rome, Italie) et [D’Institute for Advanced Biosciences (IAB-Grenaoble,
France). Des résultats nouveaux et inattendus ont été obtenus concernant la répartition des
nanoparticules dans les métastases cérébrales causée par le mélanome. Les résultats obtenus
révelent également la capacité de la technique a visualiser les pigments de mélanine dans le
mélanome.

Le troisieme chapitre présente les résultats de la détection de plaques amyloides dans la
maladie d'Alzheimer’s apres I'administration de nanoparticules chargées de gadolinium. Le
but de I'expérience était de comprendre le mécanisme de diffusion et de distribution des
nanoparticules, une fois que la barriere hémato-encéphalique ouverte par des ultrasons
focalisés. Ce travail a été réalisé en collaboration avec I’ESRF, CNR-Nanotec, |IAB and
NeuroSpin Lab (CEA, Saclay et Grenaoble).

Le chapitre quatre explique en détails la théorie et le fonctionnement de la caméra
plénoptique visible dont s'inspire le projet VOXEL. Le traitement des données pour
obtenir la refocalisation des images et pour visualiser les différents points de vue de la scéne
acquise est expliqué.

Dans le cinquieme chapitre, le premier prototype de microscope plénoptique a rayons X mous
a été décrit. C’est un microscope compact fonctionnant dans la "fenétre d'eau” avec la
nouveauté de I’adjonction d'une matrice des lentilles de Fresnel placée devant le détecteur.
L'une des applications futures possibles de la caméra plénoptique a rayons X mous serait
I'imagerie de nanoparticules dans des cellules avec une résolution spatiale de 100 nm.
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Introduction

In recent years, the use of nanoparticles has attracted attention in various fields
like paints, cosmetics or pharmaceutics. In particular, the development of metal-
based theranostic nanoparticles is nowadays a new frontier of oncological research
[8]. The word “Theranostics” derives from the fusion of two terms: “therapeu-
tic” and “diagnostics” and it stresses the fact that this kind of nanoagents exert
a double activity. On one hand thanks to their diagnostic properties, they help
visualizing the tumor when combined with several imaging techniques (such as
Magnetic Resonance Imaging -MRI, Positron Emission Tomography -PET, To-
mography, Optical imaging). On the other hand, they enhance the lethal effect of
X-rays on cancer cells during irradiation treatments [9, 10, 11, 12].

In this framework, nanoparticles penetration and localization inside the organisms
need to be monitored for establishing clinical and pre-clinical evaluations and pro-
tocols. The issue of nanoparticles distribution plays a fundamental role to limit
any toxic effect and to predict their capability of tumor radiosensitization. Up to
date numerous in-vitro, ex-vivo and in-vivo studies at large and at small scales
have been performed to observe nanoparticles in tissues and in cells. MRI and
PET are 3D techniques but they show only globally the presence of nanoparticles
in tumors without providing any information about their exact position, since they
are limited by a spatial resolution of few millimiters in-vivo, and down to sub-100
pum ex-vivo [13, 14, 15]. Optical techniques, such as Laser Induced Breakdown
Spectroscopy (LIBS) or Transmission Electron Microscopy (TEM) are considered
as pseudo-3D techniques. They are able to achieve high spatial resolutions (10 um
and few tens of nm, respectively), but at the cost of slicing the specimen [16, 1].
They require very thin samples with thickness of few micrometers. The images of
the sample slices can be stacked to create 3D models but with the possibility of
an imperfect alignment and at the prize of loosing information from the sample
part that has been removed during the sectioning. At cellular scale there is also



fluorescence microscopy. In order to visualize the nanoparticles, it requires the use
of fluorophore crafted on nanoparticles surface at the risk of altering the nanopar-
ticles penetration and aggregation dynamic [17, 18, 19].

The demand of nanoparticles bio-localization at a median scale resolution mo-
tivated this thesis work. Here, the use of X-ray Phase-Contrast Tomography
(XPCT) is proposed as diagnostic imaging tool complementary to the well consol-
idate above mentioned techniques. X-ray tomogaphy has the advantage of being
non invasive and of visualising the entire organ down to its structural features.
The technique consists in acquiring multiple 2D images at many angles for numer-
ically producing 3D images. If combined with phase-contrast imaging, it allows
discriminating anatomical details of soft tissues that otherwise would not be pos-
sible to observe with standard absorption tomography [20].

In order to achieve a volumetric reconstruction up to thousands X-ray projections
may be necessary. Thus, the radiation dose delivered to the sample is high. X-ray
absorbed doses are potentially harmful for human. Therefore, for ethics reasons,
there is a strong limitation also for animal imaging. Moreover, considering biologi-
cal imaging a high irradiation dose may induce damages also in living cells [21, 22].
Thus, during X-ray cell tomography it is often preferred to use frozen than living
cells.

Getting a good trade-off between image quality and X-ray absorbed dose is a hot
topic today.

This thesis is part of a European FET project, named VOXEL (Volumetric X-ray
Extremely Low dose), that we believe will bring a change perspective by leading
to a drastic reduction of the X-ray absorbed dose, compared to traditional X-ray
imaging methods. VOXEL splits in two branches: one aiming at prototyping a
compact soft X-ray plenoptic microscope for cell imaging in the “water window”
and, the other a hard X-ray plenoptic camera for small animal imaging.

A plenoptic camera is a device capable of producing 3D images in a single ex-
posure. Thanks to a main lens and a microlens array coupled to a detector, the
spatial and angular components of the light rays can be collected [23]. At the
moment, this technology exists only for the visible light and VOXEL ambition is
to transfer it to the X-ray domain.

During my thesis, I worked specifically on the “water window” prototype that is
today under test at Laboratoire d’Optique Appliquée, while the hard X-ray pro-
totype is under construction at Imagine Optique- Bordeaux.



In Chapter 1 of this manuscript, the general concepts of X-ray tomography, the
problem of image reconstruction and the phase-contrast approach are discussed.
Moreover, the protocol adopted for the data treatment of the XPCT images illus-
trated in the following chapters is made known. It is provided a detailed description
of the steps accomplished to reconstruct the 2D virtual slices from the projections

datasets and the techniques used for attenuating common artefacts are described.

In Chapter 2, the results obtained in the framework of resolving nanoparticles
distribution in mice organs (kidney, liver, spleen, brain and lung) doped with
gadolinium, gold or platinum nanoparticles are shown. The images were acquired
at European Synchrotron Radiation Facility (ESRF) in collaboration with CNR-
Nanotec (Roma, Italy) and Institute for Advanced Biosciences (Grenoble, France).
Raw data were entirely processed in our institute. In particular, new and unex-
pected results were obtained regarding nanoparticles repartition intra- and inter-
melanoma mouse brain metastases. Moreover, XPCT was used to achieve high-
resolution insights of brain structures and to visualize melanin pigments distribu-
tion in melanoma tumor samples.

In Chapter 3, the results regarding the detection of amyloid plaques loaded with
gadolinium-based nanoparticles are displayed. Recently, nanoparticles are also
used to mark amyloid plaques in model mice of Alzheimer’s disease. In collabo-
ration with CNR-Nanotec, TAB and NeuroSpin Lab (CEA, Saclay and Grenobe),
XPCT images of mouse brain samples in advanced state of Alzheimer’s disease
were acquired at ESRF synchrotron during an expirement I led. The goal of
the experiment was understanding the mechanism of diffusion and distribution
of nanoparticles, once the brain-blood barrier is permeated through focused ul-
trasound [24]. Several cases were examined and their XPCT images are here
illustrated.

In Chapter 4, the plenoptic camera is introduced. We built our own traditional
plenoptic camera system for collecting images with visible light and testing its
special features. Within this chapter the meaning of light field is explained. The
camera capability of creating sub-aperture images and the refocusing algorithm
are presented and illustrated in the visible.



In Chapter 5, the first prototype of soft X-ray plenoptic microscope is described.
Altough synchrotron radiation-based X-ray tomography for cell imaging is a bench-
mark for measurements in the “water window” [2], we designed a compact desktop-
size plenoptic soft X-ray microscope based on a classical microscope developed by
Wachulak and collaborators [7]. A matrice of Fresnel zone plates was added to
make it work as a plenoptic camera. “Water window” is the spectral range com-
prised between oxygen K-shell (A = 2.3 nm) and carbon K-shell (A = 4.4 nm)
[25]. This is a wavelength range suitable at imaging hydrated cells, because water
is transparent whereas carbon-based structures strongly absorb. One of the pos-
sible future application of the soft X-ray camera would be imaging nanoparticles
in cells with 100 nm spatial resolution.

Lastly, a brief summary of the work done during my thesis and the perspectives

for future developments are reported.



Chapter 1

X-ray tomography imaging: the
Phase-Contrast approach

The word “tomography” derives from the union of two Greek words: “tomos”, slice,
and “grapho”, to write. Tomographic imaging is a 3D non-destructive method ca-
pable of producing virtual cross-section images of objects of any composition by
using different sources (X-rays, neutrons, ultrasound, visible light, magnetic reso-
nance, etc.). It is a versatile technique applied in many fields: radiology, biology,
archeology, oceanography, material science. Thanks to its non-invasive nature, it is
considered particularly suitable at investigating biological samples for pre-clinical
and clinical applications.

This thesis deals with X-ray tomography and, it focuses on a specific tomo-
graphic approach: X-ray Phase-Contrast Tomography (XPCT) carried out with
synchrotron light source.

Typically, classical X-ray absorption tomography allows determining the 3D spa-
tial distribution of the attenuation coefficients of an object by placing the detector
very close to the sample. In an XPCT experiment the detector is placed farther
away from the sample, instead. The image formation process is purely based on re-
fraction of X-rays by the sample and, if an appropriate phase-retrieval algorithm is
implemented, a phase map can be finally retrieved. Compared to classical absorp-
tion tomography, XPCT offers the advantage of better discriminating the sample
inner components if suffering of poor X-ray contrast.

A tomography experiment at a synchrotron radiation facility consists of several
steps: beamtime request, sample preparation, image acquisition and data recon-
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struction process. Specially, the reconstruction of XPCT images requires a spe-
cific and long data treatment. Synchrotron beamlines make available softwares
for the reconstruction of the collected data. As the beamtimes are short, it is
very important during the allocated shifts to make a fast qualitative control of the
acquired images for optimizing the acquisition. The full reconstruction work and
the quantitative image analysis are often postponed to the end of the beamtime
and, performed at the user’s home institution.

The first part of this chapter introduces X-ray tomography and describes the non-
trivial problem of image reconstruction from a tomographic dataset. Then, the
in-line phase-contrast technique and the phase-retrieval approaches for homoge-
neous and inhomogeneous materials are presented. In the second part of the
chapter, the image processing techniques used for the practical reconstruction of
the data collected in this thesis are described. It is explained step by step how
the virtual slices of the sample were obtained from the acquired projections by
using the open-source SYRMEP Tomo Project software and, how the most recur-
ring artefacts in X-ray tomography were fixed by using FIJI plugins. Moreover,
the approach of image matching necessary to compare images of the same sample
acquired in different configurations is described. Finally, it gives a glance to the
most common volume rendering techniques adopted for the 3D visualization of the

measured organs.

1.1 X-ray tomography

X-ray tomography is a 3D non-intrusive imaging method that allows the visual-
ization of the inner structures of a sample through a series of cross-sections, as if
a virtual sectioning of the body was carried out. Its development results from the
lack of depth information in radiography images, where the volume of an object
is compressed into a single 2D image and many structures overlap on the same
plane. More precisely, an X-ray tomography measurement is capable of supplying
information about the 3D spatial distribution of the attenuation coefficients within
any object.

The cross-section images are obtained from a sequence of 2D images of a sample
acquired at many angles. These multi-angle views are called “projections”, or
also “radiographies”. In case of parallel beam (as for the data of this thesis and

illustrated in Fig. 1.1), each projection renders the total attenuation of the X-rays
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propagating across the sample [26].

5
N

Figure 1.1: A sample of non-uniform composition backlighted by a parallel X-ray beam.
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Since it is not possible to distinguish inner structures from one single projection,
the sample is rotated over wide angles with a constant tiny angular increment (see
Fig. 1.2).

2422227
WYYV VYV

Figure 1.2: Drawing illustrating X-rays passing across the sample following rotation.

This leads to other equispaced lines that overlap to the previous ones until the
sample is completely covered. The more the number of the views of the sample
may be obtained, the more its internal components may be distinguished after an
appropriate image reconstruction process [27].

The total rotation of the sample usually covers 180°. When the sample is too large
in respect with the horizontal field of view of the camera, it may be rotated over
360° in order to cover its entire horizontal extension. This strategy is called “half-
acquisition” mode and it requires a special step, named sinogram stitching, during
the image reconstruction process. As explained farther in the paragraph “Data
reconstruction process”, this supplementary operation allows to have sinograms as

7
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if they were acquired over 180°, but with a horizontal field of view twice larger
than a normal sinogram.

Furthermore, before each tomographic measurement, a series of “flat-field” im-
ages, i.e. images of the background without the sample, and “dark-images”, i.e.
images with the X-ray shutter closed, are acquired with the aim of normalizing the
collected projections during the reconstruction step. X-ray tomographic imaging
may be achieved with laser-driven [28, 29, 30, 31] or synchrotron X-ray source.
Performing X-ray tomography experiments with synchrotron radiation has the ad-
vantage of getting high-resolution images with a good signal-to-noise ratio. In
addition, thanks to the large available photon flux, samples are usually exposed
for a short time during the measurements.

1.1.1 Approaches to image reconstruction

The image reconstruction process allows determining the 3D spatial distribution
of the attenuation coefficients of an object without knowing a-prior: its inner com-
position. Recovering sample cross-sections from a set of projections is not a trivial
mathematical problem. In non-ideal cases the objects are composed of different
materials and hence, they have variable density and absorption coefficients [27]. As
consequence, the Lambert-Beer law must be adapted for non-uniform objects. The
shined object may be imagined subdivided into multiple smaller pieces (as illus-
trated in Fig. 1.3), each of them distinguished by a certain attenuation coefficient
iy and a length [,,.

Figure 1.3: Discretization of non-homogeneous sample in order to achieve image re-

construction.

Thus, the Lambert-Beer law (equation 5.17 in Appendix B) becomes:

N
I = [pemdhigmnelle - omimBln — [ o=3m1pnAl (1.1)

From which it follows that:



1.1. X-RAY TOMOGRAPHY

__m<£)::§juﬁun (1.2)

When Al tends to zero, the summation becomes the integration over the full length
of the object:

p—/umﬂ (1.3)

This line integral, p, denotes the total X-ray beam attenuation along a straight
ray path. A set of line integrals at a given angle originates a projection image,
and a tomographic dataset comprises total attenuation measurements obtained at
different angles and, at different distances from the center according to the shape
of the object under study. The Fourier Slice Theorem is used to reconstruct the
slices of an object.

1.1.2 Fourier Slice Theorem

Let be f(x,y) the object to reconstruct, and let be p(t,0) a projection of f(z,y)
taken at angle 6, where ¢ is the distance of the projected rays from the center of the
object. Let be (s,t) a new rotated coordinate system, where the axis s is parallel
to the bundle of X-rays crossing the sample at angle 6. In the new coordinate
system (Fig. 1.4), at a given angle 6 the projection of a point (z,y) will have
coordinates:

t =xcosf+ ysinf
Y (1.4)
s = —xsinf + ycosf

and the image f(z,y) may be represented by f'(¢, s).

Therefore, a projection at angle 6 is:
pt.0) = [ fit.s)ds (1.5

and its Fourier transform is:
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p(t,9)

Figure 1.4: Schematic representation showing the relationship between the coordinate

systems (x,y) and (s,t).

P(w,0) = /_00 /_OO f'(t, s)e” 2™t dsdt (1.6)

By applying the coordinate transformation, the Fourier transform of the projection
can also be written in the following way:

P(w, 9) _ / / f(.’L’, y)e—i27rw(accos(9+ysin g)dzdy (17)

whereas the Fourier transform of the function to reconstruct, f(x,y), is:

Flu,v) = / / F(,y)e 2@ drdy (18)

The variables (u,v) define straight lines in the Fourier domain. The following
relationship between the coordinates:

u=wcost
(1.9)
v = —wsinf
makes the right-hand sides of equations (1.7) and (1.8) equal:
F(wcosf,wsinf) = P(w, ) (1.10)

10
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Thus, it has been demonstrated that at a given angle 6 the Fourier transform
of a projection is a 2D slice in the Fourier domain and subsequenty, this can be
extended to all other projections acquired over the range from 0 to 7. By using the
inverse Fourier transform, the object f(z,y) can finally be reconstructed. Fig. 1.5
illustrates in a schematic manner the Fourier Slice Theorem. In this representation
the 2D Fourier transform of the entire object is depicted with a grey rectangle
while the 2D Fourier transform of a parallel projection is identified by the red line.
As consequence of the rotation, there will be multiple red lines passing through
the center and corresponding to the 2D Fourier transforms of all the collected

projections.

p(t,9) \_l

Fourier Transform F(wcosd, wsind)

}

Fourier Transform F(u,v)

Figure 1.5: Schematic representation of the Fourier Slice Theorem: the Fourier trans-
form of a parallel projection is a slice (here indicated as a red line) of the 2D Fourier
transform of the object f(z,y) (drawn like a grey rectangle). Following rotation, the 2D
Fourier transform of the object will be covered by multiple red lines passing through the
center corresponding to the collected projections during the aquisition.

11
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1.2 Sinogram images

Sinograms are an alternative representation of the acquired projections. A single
sinogram is a 2D matrix that is obtained by using the collected projection data.
Let’s imagine to extract one row from the projection image obtained at angle 6,
and, to extract the same row from the subsequent projection image acquired at
angle #> and, so on. As it is described in Fig. 1.6a, by horizontally stacking the
same projection line as a function of all the angles at which the tomography was
performed, a 2D matrix is obtained and it is called sinogram. Thus, a sinogram
is composed of a total number of rows equal to the total number of projections
(hence, of angles) and, its number of columns is equal to the width of the field of
view of the detector; while the total number of produced sinograms is equal to the
height of the field of view of the detector (Fig. 1.6a). In other words, the full set
of sinograms corresponds to the projection of the entire object.

A sinogram is mathematically defined by the Radon transform:
R(t,0) = / / f(z,y)d(x cos(f) + ysin(f) — t)dzdy (1.11)

The Radon transform is obtained by applying a delta function on the line integral,
introduced previously. A sinogram looks like several overlapping sinusoids (Fig.
1.6b), because the Radon transform of an off-center point is a sinusoid.

The inverse Radon transform provides the solution for retrieving a function from
its line integrals. It means that in the tomography framework, the use of the
inverse Radon transform allows retriving the cross-sections of the object. The
reconstruction process leads to a number of cross-sections, or slices, equal to the
number of available sinograms. There are severals mathematical approaches that
use the inverse Radon transform to retrieve the cross-sections of an object: the
most popular is the Filtered Back Projection (FBP) algorithm that will be de-
scribed in more details in the second part of this chapter as this is the one we used

to treat our experimental data.

12
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Figure 1.6: (a) Sinogram matrix. (b) Sinogram image.
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1.3 X-ray Phase-Contrast Tomography

1.3.1 Theory of phase-contrast imaging

Biologic tissues are known to have weak contrast properties. This makes challeng-
ing the segmentation process of their X-ray images and, the subsequent creation
of 3D models. XPCT offers the solution to overcome this limit by providing con-
trasted images.
Phase-contrast approach has ancient roots. It started in 1933 with Fritz Zernike’s
work on phase-contrast method with its fast application to biomedical world [32].
A second step was done in 1948 by Dennis Gabor’s work on holography [33]. In
1965 Ulrich Bonse and Michael Hart demonstrated X-ray holography by crystal
interferometry [34]. In 1986 Abraham Szdke proposed the idea of internal source
holographic microscopy [35]. The first demonstration was done in 1995 by Anatoly
Snigirev at ESRF with a propagation geometry and a detection of Fresnel Fringes
[36]. In 1996, Wilkins et al., at CSIRO, demonstrated in line holography with
micro-focused X-ray tube [37].
The main physical phenomenon behind phase-contrast imaging is X-ray refraction.
When X-rays pass through the sample, according to the composition and structure
of the object, they are refracted at the interfaces. Thanks to an appropariate prop-
agation distance set between the sample and the detector, some rays concentrate
on some paths while inducing a vacancy of rays right next to them. This leads to
the measurement at the detector plane of peaks and valleys in correspondence of
the object boundaries, as it is illustrated in Fig. 1.7.
The fringes that appear in the image are typical of the near-field imaging regime,
thereby the Fresnel diffraction equation is valid. To fulfill the near-field condition,
the distance between the object and the detector, z, has to be smaller than the
square of the smallest distinguishable feature, d, in the imaged object divided by
the wavelength of the radiation [38]:

d2

—. 1.12
r<< (1.12)

The optimal distance, z, should be set in order to be shorter than the critical
distance, z.:
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X-ray Detector
Parallel beam Sample
>
s =>
€—>€ >
D z

Figure 1.7: Layout of an in-line phase-contrast tomography set-up, with a sample
embedded in an X-ray parallel beam.

(242
A

(1.13)

Ze =

where A is the pixel size and, \ is the wavelength of the used radiation. Typically,
2. can vary between 1 mm and 100 m for pixel sizes ranging between 0.1 ym and
50 wm and, energies comprised between 5 keV and 120 keV [38].

For instance, in our phase-contrast experiments the projections were recorded by
a CMOS camera connected to an optical system having a final pixel size of 3 um x
3 um. For measurements at 76.9 keV, 79.2 keV, 79.9 keV, and 82.2 keV, it was set
a propagation distance of 11 m, while acquisitions at 48.5 keV and 51.5 keV were
done both at 11 m and at 2.3 m.

When the distance sample-detector becomes longer and longer, the fringes broaden
and the near-field regime is replaced by the intermediate regime, where diffraction
fringes are visible [39].

In a phase-contrast experiment, the profile beam recorded by the detector is a
mixture of attenuation and phase-shift. These two physical parameters are respec-
tively related to the imaginary, 3, and real part, §, of the X-ray refractive index of
a material (Appendix C). Both § and § are strongly influenced by the energy of the
incoming radiation. For light elements, ¢ is several orders of magnitude greater
than £ at the same energy [40]. Therefore, the variations in soft tissue density
induce stronger phase-contrast than absorption-contrast [20]. This explains why
XPCT is more suitable at discriminating the inner components of a soft tissue that
otherwise would not be possible to identify by standard absorption tomography.
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Phase-contrast may be achieved through several techniques, such as propagation-
based imaging [36], analyzer-based imaging [41, 42], grating interferometry [43, 44],
edge-illumination [45]. These approaches differ by the experimental set-up, by the
image-signal provided and by the amount of radiation dose delivered to the sam-
ple [20]. This thesis focuses only on the in-line propagation-based method, whose
layout scheme is presented in Fig. 1.7.

The propagation-based method is free from aberrations, it does not use optics. It
has the advantage of imparting a reduced radiation dose to the specimen [37, 46,
47]. The final contrast of the image depends on several factors, such as: the pixel
size of the detector, the image reconstruction process, the energy of the radiation
and the divergence of the beam [48, 20]. In order to better illustrate the concept of
phase-contrast imaging using free propagation (technique used in chapters 2 and
3), it is displayed three images achieved by 3D ray-trace code (developed by M.
Cotelo from Universidad Politecnica de Madrid, Spain and run and treated by T.
T. T. Le from Imagine Optic). The code is considering the propagation, using
Snell law at interfaces, and absorption (Beer-Lambert law). Intrinsically, the rays
are treated as independent from each other, meaning a fully incoherent beam. The
three images have been obtained by placing a detector at 5 ¢m, 1 m and 10 m from
the sample exit. The same data treatment has been applied to the three images
(Gaussian blur ¢ = 3 and LUT inversion) to clean up moiré fringes coming from
the different sampling frequencies from the detector (9 um pixels, 2500 x 2500)
and the refracted rays that have non-uniform frequency due to refraction.

The sample was a 1 ¢m diameter sphere made of brain with a core mimicking a
1 mm of diameter tumor loaded with 9% of gadolinium. The X-rays were tuned
at 51.5 keV leading of f = 4.11 x 107 and § = 8.82 x 10~® for the brain and
S =1.84x10"2 and § = 8.70 x 10~® for the tumor. The brain is placed in air
with 8 = 6 = 107'2. About 10 millions rays were launched in a parallel beam
mimicking the ESRF experiments.

On Fig. 1.8a, one can see the two spheres projected on 2D plane with the gadolin-
ium being much whiter than the brain. The detector is placed at 5 ¢m from the
sample. In this modelling some rays go around the brain leading to a dark grey
background. A line-out has been performed at the centre of the image and the
result is displayed on Fig. 1.8b. Apart a residual modulation coming from the
moiré fringes, that are pure artefact, we observe a smooth diminution of the signal
from the edges to the central part.
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Figure 1.8: (a) Image achieved by 3D ray-trace code by considering the detector at 5
c¢m from the sample. (b) Line-out performed at the centre of Fig. 1.8a, where a smooth

diminution of the signal from the edges to the central part can be observed.

By moving the detector at 1 m away from the sample (Fig. 1.9a) and using the
same rays exiting from the sample than in the precedent figure, we observe that
the image of the brain is less contrasted as compared to the background than for
Fig. 1.8a. Also, we observe a very light over-intensity ring on the brain edge. This
is confirmed by the line-out displayed on Fig. 1.9b.
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Figure 1.9: (a) Image achieved by 3D ray-trace code by considering the detector at 1
m from the sample. (b) Line-out performed at the centre of Fig. 1.9a.

Finally, we placed the detector 10 m away from the sample that corresponds
roughly to the distances used during ESRF experiments. The image on Fig. 1.10a
displays a very clear and well-contrasted double ring (whiter for the inner part
and much darker in the outer part). Although difficult to observe, a ring appeared
also around the gadolinium core. The line-out (Fig. 1.10b) shows intense over-
intensities on the brain edge (about 30% intensity enhancement) accompanied by
a weak depletion in the inner part of the brain. A peak less intense appears also
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around the gadolinium edge. The effect is weaker since rays are strongly absorbed
in gadolinium.
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Figure 1.10: (a) Image achieved by 3D ray-trace code by considering the detector at 10
m from the sample. (b) Line-out performed at the centre of Fig. 1.10a showing intense
over-intensities on the brain edge followed by a weak depletion in the inner part of the

brain.

This simulation shows that phase-contrast imaging, in general, does not rely on
beam coherence but is only due the deflection of incoherent rays inside the sample.
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We would like to note that using coherent beam for the backlighting will lead to
the generation of a hologram. Since the real part of index of refraction (§) is very
small, the fringes coming from phase-contrast imaging are visible only by placing
the detector far away. For very large distances, not displayed here, the ring trends
to shade. The optimal distance depends on the sample characteristics (index of

refraction, density variation and shape).

1.3.2 Phase retrieval

In propagation-based phase-contrast experiments, the projections recorded by the
detector contain the phase-shift induced by the sample and, the transmitted ra-
diation resulting from the attenuation produced by the sample inner components.
This imaging modality allows distinguishing materials on the basis of their refrac-
tive index and attenuation properties [49].

Phase and intensity are linked through the transport of intensity equation, accord-
ing to which the lateral Laplacian of the phase is proportional to the longitudinal
gradient of intensity (Eq. 1.14) [50]. Under specific assumptions, Paganin et al.
solved this equation to recover the phase [51] and thus, the spatial distribution of
the parameter §. Their algorithm is valid for homogeneous samples and it is one
of the most popular in this field. Its mathematical derivation will be shown in
the following paragraph. Other phase-retrieval approaches presented in literature
are based on the assumption of large Fresnel numbers [52], or on the dissection of
multi-component materials [49, 53] in case of non-homogeneous materials.
Anyway, phase-retrieval is not a mandatory step to have the final slices. As the
lateral Laplacian of the phase enhances the external and internal countours of the
object allowing the edges visualization of the sample, cross-sections are informative
even without the implementation of a phase-retrieval algorithm. In Fig. 1.11 are
compared an edge-enhanced image obtained withouth phase-retrieval (Fig. 1.11a)

and a phase-retrieved image achieved with Paganin’s algorithm (1.11b).
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(b)

Figure 1.11: (a) Edge-enhanced slice showing a mouse brain tumor. (b) Phase retrieved

slice showing a mouse brain tumor.

This paragraph repeats the mathematics described by Paganin and collaborators
in [51] for obtaining the decoupling of the phase from the intensity of a recorded
projection.
The phase-retrieval approach derived by Paganin is based on the solution of the
transport of intensity equation under paraxial approximation [50]:

2m 0

Vi -(I(ry,2)Vip(ry,2)) = —T&I(rl,z). (1.14)

This equation derives from the Helmholtz equation and it describes the evolution
of the intensity of a propagating monochromatic scalar electromagnetic wave. The
intensity and the phase of the beam are indicated by I(r,, z) and ¢(r |, 2), respec-
tively; whereas A is the radiation wavelength and r, is the position vector lying
in the plane perpendicular to the optical axis. The paraxial approximation estab-
lishes the constraint that all the X-rays passing through the sample propagate at
small angles with respect to the axis of the system.

In order to extract the phase from the equation (1.14), the algorithm initially relies
on a series of assumptions:

1. The point source of X-rays is far away, leading to collimated illumination

and unit magnification.
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2. The incident radiation is a monochromatic plane wave of uniform intensity

over the area occupied by the sample.

3. The object under examination is made up of a single material; i.e. it has a

homogeneous composition.
4. The object is sufficiently thin.

Because of the assumption n°2, the intensity radiation at the exit plane from the
object (z = 0) may be well approximated with the Lambert Beer’s Law (Appendix
B):

I(ry,z=0) = Ipe "), (1.15)

Here, I, is the intensity of the incident radiation at the entrance of the sample, u
is the linear attenuation coefficient and 7'(r ) the projected thickness of the object
onto the detector plane. It is assumed that the detector is at a distance z from
the sample. As it is required by the condition n°4, if the object is thin enough,
the phase of the transmitted radiation at z = 0 is proportional to the projected
thickness through 1.16 [37]:

o(r,z=0)= —QTW(ST(rL). (1.16)

By replacing in (1.14) the intensity and the phase at z = 0 as they are defined
in the equations (1.15) and (1.16) respectively, the transport of intensity equation

becomes:

b 0
—pfovie*ﬂm) = al(rl, z=0). (1.17)

When the detector plane is sufficiently close to the sample, the right-hand side of

the equation (1.17) may be approximated as follows:

o I — e HT(r)]
—](I‘L, 5= O) ~ (rJ_7 Z) e 0
0z z

(1.18)

By replacing the right-hand side of equation (1.17) with the right-hand side of
equation (1.18) and by grouping the terms, it results that:
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5 I
( - %vi + 1)e—uT<u> _ % (1.19)

and that may be re-arranged in the following way:

_ I(ry,2)
T(r )
]06 H ( l) — m (120)

The image at the exit from the sample (at z = 0) and, the phase-contrast image
produced onto the detector (at z) can be expressed through the Fresnel diffraction

equation written in terms of Fourier transform. Thus, the image at z = 0 results:

I .
[Oe—uT(rL):Q_O/ ]r:{e—uT(lu)}ezkrudkL (1.21)
™

and the image at z:
1 .
[(I'J_,Z) = 2—/ JT"{I(I'J_,Z)}GZkLrJ‘ko_ (122)
7

where F{} is the Fourier transform. By replacing (1.21) and (1.22) in (1.20) and
by isolating the term containing the projected thickness, one get:

_ F{I(ry,2)}/ o
2otk 2+ 1

f‘{e*MT(PL)} (1.23)

By executing the inverse Fourier transform, it can be extracted the projected
thickness:

T(ry) = —izn<f—1{ﬂ[(”’z>}”°}). (1.24)

zop k[P +1

The parameters 3 and p are linked by means of the X-ray refractive index according

to the following relationship:

p = 4B/, (1.25)
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Paganin’s algorithm is still valid even if few assumptions stated at the beginning
are not fulfilled, as for instance: the constraint that the source is infinitely distant
from the object or the condition that the object has to be homogeneous. In fact,
this mathematical approach works for a system with magnifications different from
unit, as with a microfocus X-ray souce [54] and for a sample made up of a mixed
composition but poorly absorbing, like a biologic material [38]. In this specific
case of a non-homogeneous material, the phase-map can be obtained by arranging
the equations (1.16) and (1.25) in the equation (1.24):

ote) =35 (F { Gavinsie T} ) (1.26)

Thus, it results that the phase-map is dependent on the ratio /3, rather than
on their absolute values [38]. This makes the phase-retrieval algorithm valid for
all those samples in which the average ratio §/f is constant [51]. The a priori
knowledge of an object composition helps in determining the exact proportion of
each component of a material. Most of biological materials are approximatively
considered homogeneous, despite their density variation. This is permitted es-
pecially above 30 keV, as Compton scattering dominates in attenuation and, as
consequence, d and [ are proportional to the local density of an object [20] (Ap-
pendix C). This favours that their ratio is considered constant throughout the
sample [51, 38]. The image reconstruction problem becomes more complicated if
the object under investigation is composed of many very different materials; for
instance, an organ doped with high-Z metal-based nanoparticles. The values of
0 and (8 for a high-Z metals are several magnitude order greater than those of
a biological material; thus, the approximation that the ratio §/f3 is constant all
over the sample fails. In this case, the simplification of reconstructing the images
regarding tissues with nanoparticles like-homogeneous materials breaks down. For
mixed materials the refractive index map n(r) is expected to be a mix of soft
tissue, n(ry), and nanoparticles, n(rq), refractive indexes [49]. The challenging
part of this thesis will be demonstrating how to isolate the signal due to the weak
concentration of nanoparticles from the signal due to tissue. See apendix C for the

calculation of 6 and § for compunds.
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1.4 Data reconstruction process

The tomography images showed in this thesis were reconstructed by using the
open-source software: SYRMEP Tomo Project [55]. All the solutions offered by
SYRMEP Tomo Project are implemented in ASTRA Matlab toolbox [56]. The
software allows working on large datasets collected at synchrotron facilities. It is
conceived for converting the projections saved as TIFF, or EDF files, into TDF
(Tomo Data Format) files. TDF belongs to HDF5 [57] file format that is suit-
able to handle large amount of data and store together raw data and experimen-
tal metadata information, such as: used energy, camera pixel size, and distance
sample-camera [58]. SYRMEP Tomo Project has a graphical user interface (GUI)
composed of: a side menu with the steps to carry out during the work of image
reconstruction; a window for visualizing the images and for adjusting the degree
of “brightness/contrast” and, of zooming in and out; a region to inform the user
about the progress of the running jobs (see Figure 1.12).

Postprocessing

Figure 1.12: Graphical interface of SYRMEP Tomo Project software.

The workflow for the reconstruction of the volumetric datasets divides in five
fundamental steps: dataset preview, pre-processing, phase-retrieval, reconstruction,
and post-processing.

It is useful as a first step to look at both the projections and sinograms of the
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sample. This can be done through the dataset preview. It shows the metadata and
can give a quick look on the collected measurements by switching from projection-
order to sinogram-order and vice-versa. An example of XPCT projection of a
melanoma is illustrated in Fig. 1.13a. X-ray projections may be affected by
noise due to instabilities of the X-ray beam, such as a low photons count, or due
to the possible presence of dust and scratches accumulated on the screen of the
detector. In fact, it is possible to notice impurities (white spots) due to the optical
system connected to the detector in the projection of Fig. 1.13a. These defects
in addition to a mis-calibration of the detector can lead to the formation of ring
artifacts [27, 59]. To correct the initial projections, “flat-field” and “dark-field”
projection images are used during the flat-field correction in the software pre-
processing phase. As mentioned previously, a certain number of “white” projection
images are acquired without the sample at the beginning and at the end of each
measurement. They are referred as “flat-field” images. Similarly, an equal number
of images is recorded with the shutter closed and are said “dark” images. The flat-
field correction is a normalization procedure essential for improving the quality of
the images that must be reconstructed. The projections (P) of the sample are
normalized (N) with dark (D) and flat field (F) images according to the ratio [60]:
_P-D

N="—" 1.2
7D (1.27)

Flat-field correction is followed by sinogram stitching, and ring-removal operations.
When the samples are too large to be imaged entirely in the horizontal field of view
of the camera, the choice of the half-acquisition approach is made: the samples
are rotated over 360° rather than 180°. In half-acquisition mode (as for the data
presented in this thesis), the sinogram stitching is required. This step transforms
the 2D projections originally acquired over 360°, in 2D projections recorded over
180° but with a width twice the conventional one. Consequently, sinograms are
twice larger. In order to perform the operation of sinogram stitching, the software
is conceived to suggest the most appropriate center of rotation [61]. If the center
of rotation proposed by the software does not fit appropriately, it can be adjusted
subequently by the user after looking at the preview of a reconstruced slice. In
Fig. 1.13c an example of stitched sinogram for a mouse brain sample is displayed.
The software also helps to soften the ring artefacts that may occur in the final

reconstructed slices by treating the sinograms directly. In fact, the presence of
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(a) (b)

(c)

Figure 1.13: (a) 2D XPCT projection of a melanoma. (b) 2D XPCT projection of the
same sample in Fig. 1.13a after the implementation of Paganin’s algorithm. (c) Stitched

sinogram for a mouse brain sample.

possible rings can be identified a priori by observing if anomalous vertical stripes
are visible in the sinogram images, as in the case of Fig. 1.13c where few thick
vertical lines overlap the multiple sinusoids. The software allows the user to use
one of the following ring removal filters: Raven [62], Boin and Haibel [63], Munch
[64], Oimoen [65].

To get a phase-shift map, a phase-retrieval algorithm can be applied for disentan-
gling the phase from the intensity. Thus, the next step after the pre-processing, is
indeed the phase-retrieval. In this section of the software pipeline, two algorithms
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are available: Paganin’s method [51] implemented for solving the transport of in-
tensity equation [50]; and, Moosman’s approach based on the projected version of
the contrast-transfer function [52].

Paganin’s algorithm was used to treat the data of this thesis. For instance, Fig.
1.13b illustrates the phase-retrieved projection of a raw projection capturing a
melanoma view (Fig. 1.13a) after the implementation of Paganin’s algorithm.
The last step to complete the reconstruction process consists in the application of
a tomographic reconstruction algorithm. SYRMEP Tomo Project offers the possi-
bility of choosing among the traditional Filtered Back Projection (FBP) algorithm
and algebraic reconstruction techniques, such as: Simultaneous Iterative Recon-
struction Technique (SIRT) [66], Simultanecous Algebraic Reconstruction Tech-
nique (SART) [67], Conjugate Gradient Least Squares (CGLS) [68], Equally Sloped
Tomography (EST) [69], Minimum Residual FBP (MR-FBP) [70]. FBP method is
the most common approach and it is widely recommended in case of large datasets,
whereas the algebraic techniques may be more efficient with a limited number of
projections [55].

Finally, the post-processing window allows cropping the final images and calibrat-
ing their gray scale values.

The images reported in this manuscript were obtained according to this proto-
col: normalization with conventional and dynamic flat-field correction, sinogram
stitching, ring removal on sinogram images by choosing one of the ring removal
filters listed before and tuning its specific parameters according to a visual assess-
ment of preliminary reconstructed slices, phase retrieval implementation through
Paganin’s method and slices reconstruction with FBP algorithm in combination
with Shepp-Logan filter.

Filtered Back-Projection algorithm is an alternative implementation of the Fourier
Slice Theorem. As it was mentioned before, the theorem states that the Fourier
transform of a projection is a line passing through the origin in 2D Fourier space.
Although the theorem proposes a solution to the problem of reconstruction of to-
mography images, it is difficult to implement because the sampling pattern in the
Fourier space is in polar coordinates. To perform a 2D inverse Fourier transform,
these samples must be interpolated on a Cartesian grid and this is not an easy
step as it could produce errors that compromise the appearance of the final image
[27].

The Back-Projection algorithm relies on the idea of roughly estimating the origi-
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nal image by back propagating the acquired projections through the object, along
the directions in which the views were originally acquired. In this way, the final
back-projected image is given by the sum of all back-projected views. But back-
projection from many directions results in a denser sampling near the origin and
a sparser sampling away fom the origin. This non-uniform sampling leads to final
blurred images.

To reduce this blurring effect, a high-pass ramp filter is used in combination with
the back-projection. This approach is known as Filtered Back-Projection. The
filtering operation can be applied before or after the back-projection step. If the
back-projection is performed first, the unblur operation consists in the use of a 2D
filter, afterward; if the filtering is applied before the back-projecton, the operation
is simpler since each projection has to be convolved with a 1D filter.

To derivate the back-projection formula, let start from the inverse 2D Fourier
transform of the image function f(z,y) in Cartesian coordinate:

f(a:,y):/ / F(u, v)e? @49 dy dy (1.28)

and let switch to polar coordinate system:

2m 00
fla,y) = / dQ/ F(w cos B, wsin §)f2m(@cosbtysing) g, (1.29)
0 0

By applying the Fourier Slice Theorem, the Fourier transform of the image function
can be replaced with the Fourier transform of its projection at angle 6:

F(wcosf,wsinf) = P(w, ) (1.30)
Consequently, the inverse 2D Fourier transform results:
2 00 ) ]
flz,y) = / d@/ P(w, 6’)612W($C0$0+y31“9)wdw (1.31)
0 0
For parallel sampling geometry, this relationship is valid among the projections:

p(t,0 + ) = P(—t,0) (1.32)
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Similarly, for their Fourier transforms:
P(w,0 +7) = P(—w, ) (1.33)

Therefore by taking into account this symmetry property and by using the coor-
dinate system shown in Eq. 1.4, Eq. 1.31 becomes:

flz,y) = /07r do /00 P(w, 0)|w|e”™*™ dw (1.34)

P(w, 0)|w]| is the Fourier transfom representing a projection at angle 6 in the spatial
domain, filtered by a function whose frequency domain response is |w|. This is
known as filtered back-projection and states that the reconstructed image at the
location (z,y) is the sum of all filtered projection samples passing through that
point. Eq. 1.34 can also be rewritten as follows:

flz,y) = / g(xcosb + ysin 6)dl (1.35)
0
since
g(t,0) = g(x cosf + ysinh) = / P(w, 0)|w|e2me(@costrysing) g, (1.36)

The function |w]| is not integrable; therefore, a band-limited filter has to be intro-
duced at this point. The most common filters are: Ram-Lak that uses a rectan-
gular window; Shepp-Logan that uses a sync window [71] and Hamming that uses

a generalized Hamming window.

1.5 Post-Processing via FIJI

By means of the open-source software FIJI [72], the reconstructed datasets have
been visualized in sequence and, in some cases, subjected to post-processing treat-
ments for correcting minor remaining artifacts and enhancing the data quality.
The software offers a wide choice of filters and plugins for different applications.
As basic step after the reconstruction, it allows setting brightness/contrast levels
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in order to distinguish and emphasize anatomic features of the sample.
The following sections are dedicated to a detailed description of the plugins used
to reconstruct the slices presented in this manuscript.

1.5.1 Filtered Gaussian blurred image

A recurring artefact in the reconstructed slices is the presence of an over-saturated
central disk that covers the underlying structural information of the sample, as
in Fig.1.14a. This inconvenience can be corrected by subtracting the “Gaussian
Blur” filter of the image.

“Gaussian Blur” is a low-pass filter attenuating the high frequencies. The filter
creates an image blurring effect through a convolution of the original image with
the 2D Gaussian function [73]:

_ 12+y2

g(x,y) = e 22 (1.37)

The degree of smoothing of the image is related to the standard deviation, o, of
the distribution. The quality of the resulting image depends on how the user sets
the optimal value for o. If ¢ is too high, the filter has no effect on the image, the
central artefact is untouched. On the other hand, if ¢ is too small the subtracted
image will be edge-enhanced too much, instead. The user has the task of finding
the best compromise between artefacts suppression and image conservation. Fig.
1.14b shows the resulting image after the subtraction of a Gaussian blur filter with
o = 50.
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Figure 1.14: (a) Original XPCT image showing a whiter disk at the center. (b) XPCT
image obtained by the subtraction from Fig. 1.14a of its Gaussian blur filtered image
with o = 50.

1.5.2 Ring artefact removal

Ring artefacts are the most annoying since they compromise the appearance and
the quantitative analysis of the images. They might be due to impurities in the
scintillator or mis-calibration of the X-ray detectors [27, 59]. These defects affect
the recording of the projections by generating unrealistic concentric circles, or
semicircles that superimpose to the final slices after the reconstruction process.
Although sinograms are subjected to de-stripe filtering in the pre-processing step
implemented in SYRMEP Tomo Project, it may happen that filter parameters are
not appropriately tuned with the fear of suppressing features of the specimen. As a
consequence, some rings continue to be present in the final images. Here, it will be
shown how to correct ring artefacts in the post-processing phase by using the open-
source software FIJI. The solution lies in the application over the reconstructed
polar slices of the “Stripe Filter” contained in the “Xlib” plugin developed by
Munch et al. [64]. This filter is based on the implementation of the Gaussian filter
in the Fourier domain on decomposed images by a 2D discrete wavelet transform.
Fig. 1.15a illustrates a XPCT image of a mouse brain reconstructed with the
standard pipeline presented in the previous paragraph: residual dark and bright
rings compromise the interpretation of the figure and hide anatomic structures.
The adopted strategy for preserving the original image comprises the following
steps:

32



1.5. POST-PROCESSING VIA FI1JI

1. Conversion of the slice with ring artefacts to polar coordinates by means of
ImageJ “Polar Transformer” plugin. In this way the rings in the input image
(Fig. 1.15a) become vertical stripes in the polar system (see Fig 1.15¢);

2. Decomposition of the image in polar coordinates by Daubechies wavelets by
choosing an appropriate decomposition level through the option Stripe Filter
of “Xlib” plugin of FIJI. In mathematical terms, this command corresponds
to the decomposition of a 2D-signal into four terms:

L
flz,y) = Z Z CLi0PLi (2, y) + Z Z Z Ch(i Ynajo (2, y) +
k =1 3 k

J

L L
DD CotinVetiso@v) + DD ) Cagis Vg (@, v)
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(1.38)

where the first term is a low pass term, and the remaining are horizontal, ver-
tical and diagonal terms respectively; where Ct 1), Chjx)» Cviik), Cagk)
are coefficients; ®1 ) is the scaling function, and Wya;1) , Wvain > Ydgjx
are Daubechies wavelets|64].

3. Damping the Fourier transform of f(x,y) through the multiplication of its
coefficients with a Gaussian function:

-2

g(#,9) =1—¢ 22 (1.39)
The value o represents the width of the filter in the vertical direction.

4. The “Stripe Filter” automatically generates the inverse wavelet transform of
the inverse Fourier transform of the Gaussian filtered image (see Figl.15d).

5. Conversion back to Cartesian coordinates by means of “Polar Transformer”
plugin (see Fig.1.15Db).

The final image obtained through this protocol (Fig. 1.15b) shows how ring arti-
facts have successfully been suppressed.
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Figure 1.15: (a) XPCT image with ring artefacts. (b) XPCT image corrected by Stripe
Filtering with parameters DB24, level = 7, 0 = 4. (c¢) Image 1.15a converted into polar
coordinates. (d) Image after the stripe filtering operation in polar coordinates.

The parameters of “Stripe Filter” have been set with a qualitative criterion: the
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optimal values were chosen on visual assessment until the rings disappeared com-

pletely.

1.5.3 Volume rendering techniques

Volume rendering is a display technique used for reducing a set of 2D sequential
images that form a volume into a single 2D view. Maximum intensity projection
and minimum intensity projection are a variant of direct volume rendering [27].
A maximum intensity projection figure is obtained by projecting onto a plane the
brightest pixels encountered by a set of parallel imaginary rays passing through
the volume. This kind of graphical representation allows standing out the dens-
est structures like highly absorbing objects. An example of maximum intensity
projection image is shown in Fig. 1.16.

—
1000 pm

Figure 1.16: Maximum intensity projection image of a mouse brain stack of slices cor-
responding to a thickness of 1.5 mm. Owing to the presence of gadolinium nanoparticles
injected in the sample and accumulated in tumors, the image allows recognizing the
multiple metastases (displayed in white and indicated by red arrows) developed in the

mouse brain.

This image shows a mouse brain section with multiple metastases filled with
gadolinium nanoparticles (white masses indicated by red arrows) and, in white
a set of not perfused vessels. Analogously, a minimum intensity projection image
is produced through the projection of the minimum pixel values met by a ray
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along a line. This sort of image is useful for identifying the points with the lowest
attenuation coefficients, such as empty vessels or air pathways. An example of
minimum intensity projection is displayed in Fig. 1.17 and reveals the pattern of
empty vessels after the perfusion of a mouse brain.

—_—
1000 pm

Figure 1.17: Minimum intensity projection image of the same mouse brain stack of
slices seen in Fig. 1.16. As indicated by the red arrows, the image allows recognizing the
shadows of the metastatic masses and trasversal (black spots) and longitudinal empty
vessels as those indicated by the yellow arrows.

The intensity of maximum and minimum projections depends on the length of the
projection path; to limit intensity fluctuations, it is recommended to perform the
projections over small sections instead of the entire volume of the object [27]. The
images of maximum and minimum intensity shown in this thesis were created by
using FIJI. The software was used also for producing new images by combining
maximum and minimum projection images through basic mathematical opera-
tions, such as the image depicting the mouse liver vasculature in Fig. 1.18. For
instance, this image was obtained from the subtraction of maximum-minimum im-
ages of the same sample section. The image shows two main veins, recognizable
for their large diameters and wide bifurcations, surrounded by a tangled net of
peripheral arteries.

Another example of combined volume rendered image is displayed in Fig. 1.19 for
which the ratio of maximum and minimum projection images of the same stack of
slice was taken. It shows the vessels pattern in the mouse brain.
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1000 pm

Figure 1.18: Volume rendered image depicting mouse liver vascular network. The im-
age was obtained from the difference between the projections of maximum and minimum
pixel values of a liver section thick 2.06 mm.
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Figure 1.19: Volume rendered image depicting a thin section of the mouse brain
vascular network. The image was obtained from the ratio between the projections of

maximum and minimum pixel values.
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1.6 Visualizations of 3D organ models

Volume visualization allows the visual representation of a full dataset, or of a part
of it, by superimposing a sequence of 2D aligned images. The volume visualization
relies on two basic steps: segmentation and classification of the voxels.

The segmentation is realized by evaluating the voxel intensity distribution in a
histogram, where the horizontal axis represents all existing voxel values, and the
vertical axis the number of voxels with that intensity. Different tissue types may
be differentiated according to their composition and density. A large number of
voxels with the same intensity indicate a region made up of a homogeneous mate-
rial. The classification step allows discriminating how individual voxels contribute
to the final image, instead [74]. Generally, the voxel values are mapped to the
optical properties of the material to be represented through one or more transfer
functions, depending on lightening model. In standard cases, colours and opacity
are assigned to voxels [75]. The 3D visualization of the organs explored in this the-
sis was performed by using the open-source software VolView !. The software has
a graphical interface that shows sagittal, coronal and axial planes (Appendix D) at
the same time and produces volume representations by superimposing the slices,
previously pre-processed and aligned. The user may rotate the volume around one
of the three orthogonal axes and may adjust its appearance through a side panel
that allows setting opacity and colours. Voxels are mapped by a linear piece-wise
function. The user may enhance the structures of interest in the volume by the
control points at the end of each segment of the function. Different colours de-
scribe different types of material. Opacity function allows making transparent less
relevant structures such as the outer surface of an object, and enhanced the visu-
alization of anatomic features normally hidden, such as vessels and nanoparticles
uptake. For instance, in Fig. 1.20 the 3D volume rendering of a mouse spleen is
displayed. The representation in false colours scale shows the densest spleen areas

varying from orange to green.

Thttp://www.vtk.org/
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Figure 1.20: 3D visualization in false colours of a mouse spleen. The highest intensity
pixels (from orange to green) correspond to the densest parts of the spleen.

1.7 Summary

The first part of this chapter summarized the theoretical aspects on which X-ray
tomography is based and, the problem of image reconstruction. Mathematical dis-
sertations of the main theorem (Fourier Slice Theorem) and algorithms (Paganin’s
phase retrieval and FBP) used are included.

This first general part was necessary to intoduce the tomography imaging method
adopted in this thesis: X-ray Phase-Contrast Tomography (XPCT). XPCT has
been chosen to resolve nanoparticles distribution in several mice organs for differ-
ent pre-clinical evaluations. One of the main objectives of this thesis is to demon-
strate how to discriminate nanoparticles signal from the surrounding tissue. As it
was mentioned, the problem of image reconstruction for an inhomogeneous mate-
rial is challenging and the adopted strategy will be illustrated in the next chapters.
In the second part of the chapter, the image processing strategies adopted for the
XPCT data treatment have been described. The steps accomplished by Syrmep
Tomo Project for the production of the virtual slices of the sample from its pro-
jections have been explained in detail.

Although the software used for the XPCT image reconstruction supports a de-ring
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operation; some minor artefacts could continue to affect the final images. There-
fore, descriptions of the main FIJI plugins applied in the post-processing phase for
the improvement of the reconstructed slices have been reported.

F1JI software was also used for obtaining volume rendered images through the pro-
jection of maximum intensity pixel values, minimun intensity pixel values and by
performing combinations of the previous volume rendered images through differ-
ent mathematical operations. Furthermore, with FIJI it was possible to correlate
stacks of slices belonging to different datasets.

The 3D volume visualizations and segmentations in false colour scale were realized
through Volview software, instead.
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Chapter 2

Application of tomographic
imaging in Theranostics

Within this chapter, new and unprecedented XPCT images of mice tissue loaded
with three different types of theranostic agents are illustrated. Theranostic nanopar-
ticles are a promising point of strength of oncological research. They are ultra-
small agents useful at the same time for therapeutic and diagnostic purposes.
Thanks to their small size, nanoparticles can permeate and passively accumulate
in tumors. In addition, owing to their metallic atoms they enhance the tumor
visualization and the tumor radiosensitization effects.

In this framework, we explored the potentiality of the XPCT approach as a novel
and complementary median-scale imaging method to resolve nanoparticles distri-
bution in tissues. Here we present the reconstructed images after a XPCT experi-
ment carried out at the biomedical beamline ID17 at European Synchrotron Radi-
ation Facility (ESRF Grenoble, France). The investigation was performed in col-
laboration with CNR-Nanotec (Rome, Italy), Institute for Advanced Biosciences
(Grenoble, France) and Institut Lumiere-Matiere (Lyon France) and, the full data
processing was done at Laboratoire d’Optique Appliquée (Palaiseau, France).

To introduce our results, a brief summary of the state of the art about nanoparti-
cles imaging at large and small scales is reported. Then, the problem of nanopar-
ticles elimination is treated. Three distinct cases are examined: a mouse kid-
ney containing gadolinium loaded nanoparticles, gold zwitterionic nanoclusters
retained in a mouse liver and a mouse spleen with platinum nanoparticles. Subse-

quently, the images of a mouse lung affected by carcinoma and reporting multiple
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metastases loaded with nebulized gadolinium nanoparticles are displayed. Then,
high-resolution images showing gadolinium nanoparticles repartition in multiple
melanoma brain metastases are illustrated, followed by the visualization of melanin
pigments distribution in melanoma tumor layers. In conclusion, the use of K-edge
subtraction imaging for isolating nanoparticles signal from the surrounding tissue

components is discussed.

2.1 Imaging of theranostic nanoparticles: state
of the art

Nanoparticles penetration and distribution in living organisms is a problem of a
crucial importance for pre-clinical evaluations. Many imaging techniques at dif-
ferent scales are adopted to monitor nanoparticles behavior, from their interaction
with constituents of the cell, up to their arrangement in organ tissues.

At cellular level there are several optical techniques with a resolution of some
hundreds of nanometers allowing the visualization of nanoparticles internaliza-
tion in cells, such as confocal microscopy, fluorescence microscopy, transmission
electron microscopy (TEM), two-photon microscopy, photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM)
[76, 17, 77, 78, 79]. However, nanoparticles detection by fluorescence techniques
requires the application of fluorophores, but at the risk of misrepresenting the real
nanoparticles distribution since external probe can detach from nanoparticles [16].
At higher-scales Laser Induced Breakdown Spectroscopy (LIBS) has been per-
formed to get insights about nanoparticles location in biological tissues with few
tens of pum of spatial resolution [1]. Even if pseudo-3D representations were
achieved [80], it showed some limitations. It is an invasive method, implying
an irreversible cut of the sample into sections few pm thick. Consequently, by
focusing on a specific area, it loses sight of the whole organ and makes challenging
the full three-dimensional visualization of nanoparticles distribution in an organ-
ism. Moreover, because of laser ablation LIBS could damage surface tissue [81]
and remove part of the nanoparticles [16].

Diagnostic techniques such as Magnetic Resonance Imaging (MRI) and Positron
Emission Tomography (PET) are often used at organ-scale or body-scale and pro-
vide 3D information, but they are strongly limited by low resolution (few mm
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in-vivo and sub-100 pum ex-vivo) [13, 14, 15]. Due to their resolution, they can
only globally show if nanoparticles reached their target but they are not suitable
to find them precisely in a tissue. From this, we concluded that 3D high-resolution
nanoparticles localization in body organs is still a topic to better investigate.

This thesis focuses on the three-dimensional mapping of nanoparticles by means of
X-ray Phase Contrast Tomography (XPCT). XPCT is non-destructive multi-scale
technique that, thanks to the strong X-ray penetration power, allows the imaging
of the inner tissues of an organ without any physical manipulation of the sample
itself and, at the same time it permits of visualizing anatomical features on a me-
dian scale between few mm (MRI and PET) and sub-pm (microscopy techniques)
[82, 83]. Medical X-ray diagnostics relies on the different absorption properties
of the elements constituting the imaged material. Soft tissues, like biological ma-
terials, are mainly composed by light atoms (80% of water and a bit less than
20% of carbon), thus they are characterized by low absorption and low capacity
of providing contrast in radiological images; whereas heavy metals (gadolinium,
gold, platinum, bismuth) are very absorbing. Some are used as contrast agents.
Since theranostic nanoparticles are made up of metals with high Z-numbers and
tend to form clusters of different size and shape after the injection, the detection of
nanoparticles through XPCT images is based on the contrast differences produced

by nanoparticles with respect to surrounding tissues.

2.2 Experimental conditions

All the examined samples were removed from mice at different times after the
administration of gadolinium, gold or platinum nanoparticles.

The gadolinium-loaded nanoparticles used in this thesis are named AGuIX® and
they are mainly described in [84, 85]. Briefly, AGuIX® are made up of a polysilox-
ane matrix surrounded by DOTAGA (1,4,7,10-tetraazacyclododecane-1-glutaric
anhydride- 4,7,10-triacetic acid)-gadolinium®* chelates and exhibit a hydrody-
namic diameter of about 3 nm. Today they are under clinical experimentation
and, clinical trials phase I has been already completed. These kind of nanoparti-
cles were provided by NH TherAguiX [86] and administered in many of the samples
presented in this thesis. Indeed, we examined their biodistribution in mice kidney;,
lungs and brain.

The gold nanoclusters have a zwitterionic coating that provides high stability in
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water [87] and a hydrodynamic diameter of roughly 2.3 nm [88]. They were also
provided by Institute for Advanced Biosciences and we examined only a mouse
liver containing this kind of theranostic nanoparticles.

The platinum-based nanoparticles have a hydrodynamic diameter of roughly 6.2
nm. They were provided by Institute for Advanced Biosciences and we examined
their biodistribution in a mouse spleen.

All samples were immobilized with Agar-Agar gel in Eppendorf tubes and placed
on a high-resolution rotation stage. The samples were illuminated with a quasi-
monochromatic X-ray parallel beam according to the in-line phase-contast geom-
etry (see Chapter 1).

The beam available at ID17 beamline has a minimum size equals to 10.0 x 51.0
pm?, and a maximum size equals to 150.0 x 7.0 mm? [89]. Due to a Si(111) double
bent Laue crystal, beam monocrhomaticity is AE/E ~ 10~* in the energy range
25-150 keV [90].

The projections were recorded by a CMOS camera connected to an optical system
having a final pixel area of 3 umx 3 um. The propagation distances and the energy
acquisition varied according to the examined samples and they are specified for
each shown sample in the following sections. Because of the narrow field of view of
the camera (7 mm x 6.4 mm), all the samples were measured in half-acquisition
(i.e. over 360°) and virtually divided in more pieces along the vertical axis. Each
piece of the tomographic scan resulted in 4000 projections. The acquisition time
of the projections was 0.07 s for a single-projection.

2.3 Renal clearance

It is known that long term retention of nanoparticles in organisms could induce
toxicity [91, 92, 93, 12]. Therefore, in the pre-clinical evaluation phase monitor-
ing their metabolism, accumulation, distribution and clearance is of fundamental
importance. As starting point for the localization of the nanoparticles in biologi-
cal tissues by XPCT, we focused on the renal elimination of the above-mentioned
gadolinium-based nanoparticles, AGuIX®.

In previous pre-clinical studies it was found that AGuIX® are mainly eliminated
through kidneys and that one day after their administration less than 0.2% of the
injected dose was detected in other mice organs [94, 95, 85, 96, 97, 19]. More in
detail, Laser Induced Breakdown Spectroscopy (LIBS) allowed accurately study-
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ing the kinetics of elimination of AGuIX® thanks to its sensitivity to the chemical
composition of the scanned materials [1, 19]. LIBS is a label-free technique used
to quantify multichemical elements in biological tissues. It consists in focusing
laser pulses on the surface of a sample in order to create a plasma and then get
an elemental map pixel by pixel. This map is retrieved by extracting the emission
lines of atoms and ions excited by the high plasma temperature [16]. In Fig. 2.1,
it is shown a map of nanoparticles distribution by means of LIBS scans.

Figure 2.1: LIBS coronal sections of murine kidneys from [1]. The images show a
quantitative map of gadolinium and sodium in kidneys from 5 minutes up to 1 week
after nanoparticles injection. The images were acquired with 40 pm spatial resolution.

Fig. 2.1 depicts the coronal sections of several mouse kidneys removed at different
times (from five minutes to 1 week) after the intraveneous injection of AGuIX®.
The images were recorded at 40 pum spatial resolution and are the superimposi-
tion of gadolinium (green) and sodium (red) maps. Since sodium is a constitutive
element of the kidney, it was homogeneously detected all over the kidney whereas
gadolinium was found mainly all around the cortex. This study reveals that the
peak of accumulation of nanoparticles in kidney is three hours after their ad-
ministration. Today, LIBS represents the most accurate 2D imaging approach to
identify nanoparticles in biological materials as it can discern between endogenous
and exogenus compounds of a specimen.

XPCT provides also high-resolution images at the organ scale but despite LIBS
it does not compromise the integrity of the sample. This thesis aims at showing
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that XPCT can be considered as a complementary tool to LIBS measurements. To
test XPCT capabilities in locating nanoparticles, a mouse kidney was extracted 3
hours after the injection of AGuIX® nanoparticles and then, subjected to XPCT
measurements. In Fig. 2.2, it is shown the 3D representation of an inner section
of the kidney. The volume was created by superimposing a part of the virtual re-
constructed XPC'T slices of the kidney. The segmented image in false colour scale
displays the highest intensity pixels in red/dark orange. This is the signal due to
the presence of nanoparticles that were detected mainly in the peripheral region
of the kidney and near the main collecting ducts. The remaining kidney tissue
is represented in green. This result is in good agreement with the LIBS image
depicting the case of a kidney 4 hours after injection of gadolinium nanoparticles,

and it pushed us to deepen this issue of nanoparticles biolocalization by XPCT.
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Figure 2.2: 3D visualization of a segmented piece of kidney. The image displays in
red/dark orange the gadolinium nanoparticles and in green the renal tissue. According
to this view, nanoparticles are distributed in the peripheral region of the kidney and in

minor concentration next to the main vessels.
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2.4 Liver elimination

Generally, nanoparticles with a size comprised between 20 and 200 nm are elim-
inated by the reticuloendothelial system (RES) [19]. This system includes the
macrophages, the Kupffer cells placed in the liver and the reticular cells placed in
the lungs, spleen, bone marrow and lymph nodes.

Nanoparticles design influences their life time in-vivo and their elimination process.
Specifically, the key parameters conditioning nanoparticles pharmacokinetics, tu-
mor uptake, biodistribution and retention are size, shape, chemical composition,
surface coating, electric charge [92]. For instance, positively or negatively charged
nanoparticles demonstrated to have short half-lives in blood and to be cleared
mostly by liver and spleen [98]; thus reducing the possibility of accumulation in
tumors. Conversely, nanoparticles coated with pegylated or zwitterionic molecules
showed longer half-lives time in the vascular system, instead [98, 99]; thus increas-
ing tumor uptake and the possible benefits deriving from therapies [88]. Liu and
collaborators showed that gold nanoclusters coated with glutathione may reach a
good trade-off between fast renal clearance and early passive tumor accumulation
[100], while Xie and collaborators investigated their radiosensitization capabilities
[101]. Thus, today there is a growing interest in the development of new gold
nanoclusters with other surface coatings.

In this framework, the behaviour of zwitterionic gold nanoclusters in glioblastoma
mouse model was observed with the support of multimodal imaging techniques,
such as in-vivo whole body fluorescence imaging, LIBS and XPCT [88]. Within
this collaboration with Institute for Advanced Biosciences, the use of XPCT was
required to get complementary visualization of gold particles in liver tissue. We
imaged a mouse liver 5 hours post-injection of 600 puM in 200 pL of AuZwMe,
(zwitterionic gold nanoclusters). XPCT was performed at 82.20 keV, above gold
K-edge. The propagation distance between the liver and the camera was set at
11 m. The virtual slices were reconstructed according to the protocol described in
Chapter 1 with a ratio 6/5 = 300.

In Fig. 2.3 a 2D reconstructed XPCT slice is shown. Thanks to the high-resolution
and the phase-contrast technique, the full anatomy of the liver is displayed with
impressive sensitivity [102]. From the fully reconstructed dataset, it seems that
gold nanoparticles scattered everywhere in the soft tissue giving a bright appear-
ance to the tissue. As indicated by the red arrows, white areas made up of very
small spots are mainly accumulated close to the hepatic vessels. This gives a
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promising idea that it could be the signal of the presence of gold nanoparticles

captured by the Kupffer cells present in the liver [103].

Figure 2.3: 2D XPCT virtual slice of the mouse liver where the red arrows indicate

possible liver areas with gold nanoclusters accumulations.

Fig. 2.4 shows a section of the liver vasculature. From this visualization, bright
spots are enhanced into peripheral small arteries. This could be due to the presence
of a small concentration of nanoparticles still entrapped into the vasculature at the

moment of the sacrifice.

Figure 2.4: Volume representation of a liver section showing the vasculature. Some

vessels appear brighter than others, very probably because of entrapped nanoparticles.
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In Fig. 2.5, it is shown a 3D reconstruction of a thin piece of liver enabling
the map visualization of densest areas in yellow. The image shows a homogeneous
distribution of the highest pixel values pushing us to believe that gold nanoclusters
are homogeneously distributed in the liver. XPCT is in agreement with LIBS
measurements as described in [88].

Intensity (a. u.)

Figure 2.5: 3D rendering of a small portion of mouse liver (600 pum thickness). The
representation in false colours shows in yellow the hepatic regions with the highest pixel
values, i.e. the liver regions at highest density. This signal can be associated to the

diffuse presence of gold nanoclusters retained in the liver.

In addition, Fig. 2.6 displays four different views of the entire 3D rendered liver.
As it can be seen, a non-uniform yellow patina coats the liver surface and very
dense regions were detected also in the liver tissue and visualized in orange. These
could be the signatures of the scattered homogeneous signal produced by gold
nanoparticles retained in the liver, while it is not clear yet the origin of the intense
signal measured on the liver external surface. It could be due to gold deposition
or it could be an artefact due to a not well tuned ratio §/8 [104]. Data treatment
is still under process to deepen this unexpected effect.
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Figure 2.6: 3D visualization in false colours at different angles of the entire mouse

liver.

2.5 Spleen elimination

Within this section, the XPCT images of a mouse spleen removed 5 min after the
injection of 100 puL pure solution of platinum nanoparticles are displayed. The
raw data were obtained with a propagation distance of 11 m and an energy of 79.9
keV, a value slightly above platinum K-edge. The phase-retrieval algorithm was
implemented with a ratio §/5 = 73. Here below, two spleen cross-sections (Fig.
2.7 and Fig. 2.9a) are displayed. The XPCT technique allowed achieving a spleen
insight rich of details. For instance by looking at Fig. 2.7, it can be observed that
B-cells, pointed by green arrows, can be well-discriminated from the red pulp, in

turn indicated by orange arrows.
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Figure 2.7: 2D XPCT virtual slice of the mouse spleen. Green arrows indicate the
B-cells, while orange arrows the red pulp. The red rectangle highlights a spleen region
where we detected signal attributable to the presence of platinum nanoparticles.

If we focus on the red rectangle superimposed to Fig. 2.7 (magnified also in Fig.
2.8a), a signal that could be attributable to platinum nanoparticles was found. As
it can be seen, several hyper-intense dots, pointed by red arrows, were detected
in the red pulp next to the marginal zone of the spleen cells. By looking at the
full volume dataset has been excluded that this signal might belong to vessels. In
addition, these white dots were compared to the resulting signal coming from the
average of a stack of slices selected around this region of interest in Fig. 2.8a. The
average map is displayed in Fig. 2.8b and it is represented in a colour scale from
green to white. As it can be seen, the spleen tissue, coloured in green, is quite
uniform, except for few bright white dots in the red pulp, whose visualization is

enhanced by the red arrows.
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Figure 2.8: (a) Magnified region of interest within the red rectangle in Fig. 2.7. The
red arrows focus on some dense spots detected in the red pulp, next to the marginal
zones of the B-cells. (b) Image resulting from the calculation of the average of a stack of
slices taken around the region of interest shown in Fig. 2.8a. The image is in false colours
and it allows enhancing highest intensity pixels by the white colour. As indicated by the
red arrows, the most intense signal was detected in the red pulp and in some points on
the spleen edge. These dense points could be due to clusters of platinum nanoparticles.

Similar white spot deposits were detected at other depths in the spleen and also
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in peripheral region, as it is illustrated in Fig. 2.9a. The region within the red
rectangle is magnified in Fig. 2.9b. Red arrows helps to visualize the possible
accumulations of platinum nanoparticles in the red pulp.

(b)

Figure 2.9: (a) 2D XPCT image of the mouse spleen extracted at another depth from

the volumetric dataset. The red rectangle highlights a peripheral region rich of hyper-
intense white spots. (b) Close-up of the red rectangle in Fig. 2.9a. Red arrows show the

possible platinum accumulation in the spleen tissue.
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The presence of nanoparticles in the red pulp, very close to the B-cells has been
confirmed also by LIBS measurements. A LIBS slice (courtesy of Dr. Lucie Sancey)
is shown in Fig. 2.10. In this representation, platinum nanoparticles are identified
as yellow points, whereas phosphore and iron that are constitutive elements of the

spleen are labeled in blue and pink, respectively.

Figure 2.10: LIBS image showing the main elements composing the spleen. Phos-
phorus is depicted in blue, iron in pink and platinum in yellow. According to LIBS
measurements, a few content of platinum nanoparticles was located in the red pulp

(here in pink) next to the B-cells (here in blue).
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2.6 Imaging of gadolinium nanoparticles in lung

carcinoma

Malignant lung cancers are named carcinomas. They can be due to small cell lung
cancer (SCLC) or non-small cell lung cancer (NSCLC) and represent the leading
cause of tumor mortality worldwide [105]. The failure of anticancer treatments
is linked to the inability of getting high concentrations of drugs in tumor sites
and to the high radio-sensitivity of the lungs [106]. Next to local chemotherapy,
inhalation of aerosolized drugs is a promising option for delivering larger doses and
finer particles into the lungs [107, 108].

In recent years, the administration of high-Z elements based-nanoparticles has be-
come a tempting strategy to enhance the X-rays effects in tumor sites [109, 110,
111, 106]. In this scenario in collaboration with the Institute for Advanced Bio-
sciences and Institut Lumiere-Matiere, we examined the nanoparticles distribution
in an implanted carcinoma that originated multiple metastases in a mouse lung
sample. The lungs were explanted 1 hour after the administration of nebulized
AGuIX® nanoparticles. The goal of the XPCT experiment was to evaluate the
target efficiency of tumor sites from the gadolinium compounds. Here below, a
series of preliminary 2D XPCT images are illustrated. Lungs are huge organs;
mouse lungs have roughly a height of 1.5 e¢m. This required the acquisition of
many datasets to cover the entire vertical extension of the organ. In Fig. 2.11,
a 2D XPCT virtual slice depicting a lung cross-section is illustrated. A high-
resolution inset of the area under the red rectangle in Fig. 2.11a is shown in Fig.
2.11b. Thanks to the natural contrast and the synchrotron high brightness, a so-
phisticated discrimination among different soft tissues was achieved. The close-up
of Fig. 2.11b displays, by a red arrow, a density change in the lung tissue that
we believe is caused by a cancer lesion. This irregular object has a bright appear-
ance, very probably due to the contrast enhancement produced by the gadolinium

nanoparticles retained inside.
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Figure 2.11: (a) 2D XPCT image of the mouse lungs carrying carcinoma metastases.
(b) High-resolution close-up of the red rectangle depicted in Fig. 2.11a. The image
denotes a sudden change of the lung tissue density, very probably due to the presence
of a meatastasis.

In Fig. 2.12a, it is illustrated a tiny volume reconstruction with three regions
of interest highlighted by red, yellow and green rectangles and magnified in Fig.
2.12b, 2.12¢, 2.12d, respectively. As pointed by the coloured arrows, all of them
show suspicious masses of high intensity. They could be lung malignancies and
according to the grey scale map of XPCT images their white colour is justifiable
for the conspicuous presence of nanoparticles. They are surrounded by multiple
black spots representing transversal vessels in the reading of XPCT images. Thus,
very reasonably these white and irregular masses could be vascularised pulmonary

metastases.
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Figure 2.12: (a) Volume representation of a thin mouse lung section. (b) High-
resolution close-up of the red rectangle depicted in Fig. 2.11a. The image denotes a
sudden change of the lung tissue density, very probably due to the presence of a metas-
tasis enhanced by gadolinium nanoparticles. This abnormal structure is pointed by red
arrows. (c) High-resolution close-up of the yellow rectangle depicted in Fig. 2.11a. The
yellow arrows indicate abnormal bright structures that could be metastases filled with
gadolinium. (d) High-resolution close-up of the green rectangle depicted in Fig. 2.11a.

By a green arrow the image shows another suspicious metastasis.

Finally, the image of maximum projection intensities illustrated in Fig. 2.13a
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gives an insight of the lung extensive vasculature. The red rectangle captures an
important detail found in the lower part of the lung. As it can be seen from its
high-resolution close-up in Fig. 2.13b, multiple white spots were detected in a
tissue area surrounded by the tangled net of vessels. They could be accumulations
of gadolinium nanoparticles, whose signal was enhanced by the projection of the

maximum intensity pixels.

Figure 2.13: (a) Volume representation of a thin lung section depicting the vessels
pattern. (b) High-resolution close-up of the red rectangle depicted in Fig. 2.13a. This
sub-figure denotes the accumulation of dense objectes (very probably nanoparticles) in

correspondence of the irregular mass detected in Fig. 2.12a and 2.12b.

2.7 Resolving 3D biodistribution of nanoparti-

cles inside melanoma brain metastases

Melanoma is one of the most aggressive skin cancers and shows a strong tendency
to metastasize [112]. 60 % of melanoma patients develop multiple metastases in
the central nervous system and the survival patient rate is very low (5-19 % ac-
cording to the location and number of metastases) [113, 114]. Brain metastases are
among the most difficult tumors to treat because the blood-brain barrier (BBB)
hampers large molecules, such as anti-cancer medications, from entering the brain
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[115]. Surgical resection and brain radiotherapy demonstrate to be only palliative
cares [116, 117, 118]. Moreover, tissue irradiation by radiotherapy may induce the
cell necrosis of healthy tissues surrounding the tumor volumes [119].

In recent years, the administration of theranostic biocompatible nanoparticles to
eradicate this kind of cancers is under experimentation. Thanks to their physical
and chemical properties, these nanoagents are small enough to passively cross the
blood-brain barrier and accumulate in cerebral tumors [120, 121]. It has been
demonstrated that they enhance the tumor visualization by multi-modal imag-
ing techniques and increase the tumor radiosensitization [9, 10, 109, 110, 111, 1,
106]. Following the interaction between the X-rays and their metal components,
nanoparticles produce a shower of Auger and photo-electrons that, in turn, pro-
duce reactive oxygen species inducing damages to the DNA of the tumor cells and
leading to tumor subsequent destruction [122, 123, 124]. This strategy circum-
scribes the therapy to the malignancy region and leads to minor side effects in the
healthy tissue. Therefore, the knowledge of nanoparticles repartition in tumors
and retention in healthy tissues is fundamental for optimizing radiotherapy proto-
cols and to predict the effects of irradiation.

Within this section, it is presented for the first time a XPCT study on the distri-
bution of AGuIX® nanoparticles in melanoma brain metastases of different size
and at different locations inside the brain. It is known that XPCT is suitable to
detect tumors in mice brains for pre-clinical evaluations [44]. Thus, it was feasible
to characterize the number of metastases formed inside the brain, their position
and their morphology. It was chosen to image a mouse brain sacrificed one hour
after the administration of the gadolinium nanoparticles, since very often irradia-
tion is accomplished at this time [125, 126, 127]. XPCT provided unprecedented
insights of the complex internal structure of each individual melanoma metastasis
grown in the brain. In this work, the XPCT images were compared with MRI
and histology results. XPCT was performed first, then MRI on the ex-vivo intact
brain and, at the end, histology since it requires the sectioning of specific slices
from the full brain. The XPCT volumetric dataset of the brain with metastases
was compared with the volumetric dataset of a control brain, with some images
illustrated in the next paragraph.
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2.7.1 XPCT images of a healthy mouse brain

A healthy mouse brain without AGuIX® nanoparticles was used as control sample
for characterizing the metastatic regions and identifying nanoparticles in the sick
brain. The sample was imaged at 51.5 keV with a propagation distance of 11 m.
Here below in Fig. 2.14, 2.15, 2.16, four coronal cross-sections of the brain are
shown. The 2D XPCT views were selected at different depths in the volumetric
dataset, starting from mid-depth of the brain (Fig. 2.14) up to the cerebellum
(Fig. 2.16). As it can be seen, the tissue shows a uniform density in all of them
and no evidence of morphological changes attributable to the presence of tumor

lesions was found.

Figure 2.14: 2D XPCT coronal image of the healthy brain sample selected at mid-
depth of the brain.
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Figure 2.16: 2D XPCT coronal image of the healthy brain sample showing the cere-
bellum.

A brain volume representation is illustrated in Fig. 2.17. This sample was not
perfused post-mortem; therefore its vasculature looks white due the presence of
hemoglobin in the vessels. It is the only intense signal found during the imaging of
this control brain. In Fig. 2.17, the healthy ventricle is framed by the yellow box.
It can be observed that the structure appears normal with well defined boundaries
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and crossed by white vessels organized according to a specific pattern.

(b)

Figure 2.17: Brain reconstruction 732 pum thick. The yellow rectangle highlights the

lateral venticle. The ventricle has well-defined boundaries and does not show abnormal-

ities.
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2.7.2 Classical imaging techniques for visualising brain tu-

mors

In Fig. 2.18a, it is displayed an image of the sample used as model of brain
melanoma metastases loaded with AGuIX® nanoparticles. The black arrow in
Fig. 2.18a displays the point of injection of tumor cells BI6F10 through the cortex.
This large cancerous lesion is the main one, other metastases are also present at
the posterior side of the brain. They are illustrated in Fig. 2.18b. Due to the high
and irregular content of melanin, the external metastases are recognizable by their
black colour.

(a) (b)

Figure 2.18: (a) Image of the mouse brain carrying the melanoma primary tumor.
The black dot on the left upper hemisphere, indicated by the black arrow, represents
the injection point of the tumor cells. (b) Picture of the back side of the mouse brain.
This view allows observing the melanoma metastases (in black) spread on the external
surface of the brain.

Nanoparticles were administered intravenously twelve days after the tumor im-
plantation, when the metastases were highly spread. It was expected that the
nanoparticles crossed the blood-brain barrier and penetrated inside the tumor and
the multiple metastases before sacrificing the mouse one hour later. The mouse
brain was subjected to XPCT measurements, MRI and histology in order to de-
tect and compare the biodistribution of nanoparticles inside the different cancer
lesions. Since melanomas are characterized by a high content of melanin, histology
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analysis was carried out for distinguishing melanin aggregates in the brain and it
confirmed the presence of melanoma. The histology image in Fig. 2.19 displays
an axial slice of the brain, where the large brown dot (indicated by the yellow ar-
row) in the left hemisphere is the primary melanoma. At high magnification, the
histology reveals the presence of tumor cells, that were clearly seen due to their
specific chaotic arrangement and to the production of black melanin pigmentation.
This tumor grew in correspondence of the point of injection of the tumor cells seen
in Fig. 2.18a. However, this kind of investigation does not provide any evidence
about the location of nanoparticles inside the melanoma.

Figure 2.19: (a) Histology image of the brain with a x2.5 objective. The yellow arrow

indicates melanin aggregation typical of melanomas.

The brain was also undergone to a MRI scan. A coronal view was selected from the
T,! sequence (Fig. 2.20a). The yellow arrow shows how deep the tumor took place
in the brain cortex compared to the injection site. The tumor shape is evidenced
thanks to AGuIX® nanoparticles that are T1-MRI positive contrast agents, i.e.
the tumor filled with gadolinium is imaged in white.

The MRI zoomed view in Fig. 2.20b provides an apparent homogeneous nanopar-
ticles distribution in the tumor lesion, at the current spatial resolution (60 pm).
The same cancerous lesion was detected by XPCT at higher resolution. The results
are shown in the following paragraphs.

'Relaxion time measuring how quickly the longitudinal magnetization recovers to its ground
state.
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(b)

Figure 2.20: (a) MRI image, coronal view. The yellow arrow points the main melanoma

lesion developed in the mouse brain cortex in correspondence of the point of the injection
of tumor cells. (b) Close-up of the MRI image on the tumor showing an apparent
homogeneous distribution of nanoparticles.

2.7.3 XPCT images of the mouse brain with melanoma
metastases

In this paragraph the XPCT brain images collected at 51.5 kel and acquired
with a propagation distance of 2.3 m are shown. The virtual slices were recon-
structed with a ratio §/5 = 73. The volumetric information provided by XPCT
revealed that the primary lesion induced the growth of multiple metastases of dif-
ferent size and at a different location in the brain, resulting in a different impact
of nanoparticles penetration inside them. Thanks to its high-resolution, XPCT al-
lowed resolving nanoparticles position inside the metastatic regions, while leaving
the brain intact.

Here below, 2D virtual slices, volume renderings and 3D representations of the
brain are shown. Referring to the XPCT grey scale maps, the 2D images show
the high-density areas of the brain in white due to the contribution of gadolinium
nanoagents, and the low-density areas in dark grey and black. This latter is the
case of empty areas, transversal vessels, bloodstains and melanin.

Fig. 2.21a is a 2D slice showing by means of coloured rectangles three regions of
interest. The volume renderings of the regions under the yellow and red rectangles
are displayed in Fig. 2.21b and Fig. 2.21c.
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Figure 2.21: (a) Mouse brain cross-section with metastases highlighted under coloured
rectangles, whose volume renderings are displayed in Fig. 2.21c, 2.21b and 2.21d. (b)
Volume visualization of a portion of brain containing a metastasis grown in the lateral
ventricle. The yellow arrows indicate the non-homogeneous accumulation of nanoparti-
cles inside the tumor tissue. (c) View on the point of injection of tumor cells and on the
amount of nanoparticles (white small objects pointed by the yellow arrow) delivered up
to the tumor. A great amount of gadolinium could not permeate the tumor membrane
and remained localized at the edges with the healthy tissue as indicated by the arrow.
(d) Volume reconstruction of the metastasis developed in the inferior part of the brain
and illustrated under the green box in Fig. 2.21a. Yellow arrows show nanoparticles
accumulated in the metastasis, especially in the front part and nanoparticles entrapped
in the vessels.
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In the red close-up image (Fig. 2.21c), it is possible to identify the point of
injection of the melanoma cells through the cortex and the tumor that originated
more deeply in the cortex. The tumor is recognizable because of the sudden
change of density of the cerebral tissue. Unlike the lower-resolution MRI image,
here it is shown that nanoparticles (in white) followed a curved trajectory up to a
bottleneck point without filling completely the tumor volume. A little amount of
gadolinium successfully reached the central core of the tumor, while the remaining
amount of permeated nanoparticles remained localized mainly on one side of the
tumor, as indicated by the yellow arrow. Metastatic melanoma tumors are known
to be well-vascularised; therefore, the large black stains visible at the edges with
normal tissue might be bloodstains caused by the particular tendency of melanoma
vessels to bleed [128], or melanin pigments. The yellow rectangle in Fig. 2.21a
shows a metastasis invading the lateral ventricle. From its volume reconstruction
in Fig. 2.21b, it is clear that a certain quantity of gadolinium extravasated from
the hemorrhagic flow and deposited in the tumor tissue. Nanoparticles stayed
concentrated in the central part (see yellow arrows in Fig. 2.21b) of the tumor close
to the blood hemorrhage and left uncovered some parts of the metastatic region.
The green box in Fig. 2.21a indicates the tumor cells that developed in the inferior
part of the brain. A volume rendering of this brain region is illustrated in Fig.
2.21d. The metastasis exhibits a deformed mass pushing the neighboring normal
tissue on the front side. Nanoparticles were mainly detected next to the bleed zones
and in the upper part of the malignancy. Similarly to the other imaged metastases,
also this one contains an abundant bleeding. The bloodstains correspond to the
lowest density pixels rendered in black. The metastasis is surrounded by multiple
vessels. The image clearly shows the nanoparticles entrapped inside the vasculature
because the mouse was sacrificed before all the dose was delivered to the tumor
(see the yellow arrows). This metastasis is also represented in a 3D image in false
colour scale, shown in Fig. 2.22.
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Figure 2.22: 3D segmented visualization in false colours of the area under the green
box in 2.21a. The highest intensity pixels, displayed in orange, correspond to the densest

pixels: gadolinium nanoparticles.

The stronger signal in orange corresponds to the high gadolinium density. The 3D
view helps in observing that nanoparticles did not cover the tumor homogeneously
and that a weak amount was still entrapped in the vascular system.

The 2D cross-section in Fig. 2.23a shows two other regions of the brain with
metastases: the yellow rectangle shows at a new depth the metastasis developed
in the lateral ventricle (whose zoom is illustrated in Fig. 2.23b) and, the red
box two small metastases originated in a posterior structure of the brain. From
the close-up of Fig. 2.23b, it can be observed that this metastasis has an irreg-
ular shape and produced a considerable variation of the cerebral tissue density.
Nanoparticles filled this structure and produced its contrast enhancement in re-
spect with the surrounding normal brain tissue. The tumor mass seems pushing
the surrounding healthy tissue and it is driven by a large amount of blood vessels
(black dots). Whithin the tumor, many bright dots (signature of the gadolinium)
can be distinguished. They are mainly extravasated close to bloodstains, and in
minor concentration in other points of the metastasis farther from the blood traces.
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(b)

Figure 2.23: (a) 2D XPCT slice showing two tumor lesions under the red rectangle

in a posterior structure of the brain and, a metastasis developed in the lateral ventricle
under the yellow box. (b) Close-up illustration of the metastasis invading the lateral

ventricle.

In Fig. 2.24 and 2.25 are illustrated the projections of maximum and minimum
intensity values of a stack of 120 slices selected around the red region of interest in
Fig. 2.23a. The projection of maximum intensity in Fig. 2.24 reveals the pattern
of distribution of gadolinium nanoparticles inside the tumor tissue (white area)
and the pattern of arterioles connected to the metastasis.

The projection of minimum intensity in Fig. 2.25 shows the brain tisue inho-
mogeneity due to the presence of the tumor. The brain region marked by the
tumor is dark in respect with the surrounding healthy tissue characterized by a
rich concentration of black spots, especially in the upper part of the metastasis.
This black signal could come from a mixture of vessels and melanin. Furthermore,
the image shows also that the two metastases are connected by means of a blood
vessel (longitudinal view of the vessel).
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Figure 2.24: Maximum intensity projection of the area under the red rectangle in Fig.
2.23a.

Figure 2.25: Minimum intensity projection of the same area in Fig. 2.23a.

Fig.2.26 is the sum of the maximum and minimum intensity projections. From this
volume rendering, it is possible to visualize in high-resolution how nanoparticles
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are distributed inside the tumor lesion (Fig. 2.26). Nanoparticles are strongly
accumulated in the bottom part of the tumor, supposedly fed by arterioles; whereas
the upper part presents some shadow regions, very probably metastasis parts less
loaded with nanoparticles. Furthermore, from Fig. 2.26 it is also possible to notice
small white clusters in the vessels (indicated by the yellow arrow) corresponding

to a little amount of nanoparticles entrapped in the circulatory system.

Figure 2.26: Sum of the previous maximum and minimum intensity projections (Fig.
2.24 and Fig. 2.25).

Fig. 2.27a is a volume reconstruction showing three metastases grown in the bot-
tom part of the brain. In Fig. 2.27b, one may recognize a malignancy developed in
the thalamus (pointed by the yellow arrow) and another one close to the pituitary
gland (orange arrow). Both of them are located near brain peripheral regions and
are surrounded by a dense vasculature delivering a great amount of nanoparticles.
In particular, the release of nanoparticles close to the pituitary gland is facili-
tated by a stronger alteration of the blood-brain barrier. The metastases of Fig.
2.27c are a prototype of very well-loaded tumors exhibiting a quasi-homogeneous
nanoparticles distribution. The strong signal detected in the surrounding vessels
might be the proof that not all the injected nanoparticles were delivered to the
tumor, as they did not have enough time to reach their target within one hour.
The yellow arrows in the close-up of Fig. 2.27c¢ displays small metastases at early
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stage of formation, well-vascularised and filled with gadolinium nanoparticles.

Figure 2.27: (a) Brain volume reconstruction 732 um thick. Red and yellow rectangles
highlight big and small metastases originated in the lower part of this view of the brain.
(b) Visualization of a metastasis invading the thalamus (see yellow arrow) and one
developed close to the pituitary gland (orange arrow). (c¢) Yellow arrows point to some
small metastases in early formation.

In conclusion, with this work we demonstrated that nanoparticles have a different
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targeting approach because of the heterogeneity of the metastases. The high-
resolution images showed a complex nanoparticles repartition, different from case
to case, that would lead to diverse radio-enhancement responses following irradia-
tion. Thus, XPCT insights found that one hour after nanoparticles injection might
be early to perform tumor irradiation. A longer delay after administration should
favour the delivery to tumors of greater amount of nanoparticles that at this time
is still entrapped in the vasculature. We believe that this finding could be useful
for the design of more efficient treatments.

2.8 High-resolution images of melanoma

Melanoma is a very widespread skin cancer. According to the American Cancer
Society, its incidence rate increased in the last 30 years [129]. Even if dermoscopy
is currently the best clinical method to detect melanoma, the early diagnosis is
crucial and challenging [130].

Melanomas arise from melanocytes, cells predisposed to the production of melanin
[131], a dark pigment determining skin and hair colours. Melanoma lesions are
characterized by a high-density and cahotic repartition of these melanin pigments,
whose size become larger as the melanoma progresses [132]. As melanin distri-
bution is related to the cells from which the disease may arise, melanin map in
melanomas can act as marker for this kind of tumor [133, 132]. In this framework,
XPCT was used to detect melanin pigments in a mouse sub-cutaneous melanoma
tumor removed from the mouse body. In principle, the choice of imaging an iso-
lated tumor was carried out to test the capability of XPCT approach in imaging a
poor natural contrast tissue like a tumor. To have the possibility to well retrieve
the irregular tumor vasculature, the sample was not perfused after explantation.
Futhermore as XPCT is a 3D label-free technique, it was thought that it could
be suitable to visualize the volumetric melanin distribution even in deep layers of
the melanoma. Fig. 2.28a is a 2D cross-section extracted from the tumor volu-
metric dataset. Even if this reconstruced tumor layer shows some superimposed
residual rings, it worths to notice the cahotic distribution of melanin pigmentes
(black spots), arranged mainly along the external tumor edges. Thanks to the
high-resolution of our imaging technique, melanin aggregates of different sizes and
shapes were visualized, as it can be observed in the close-ups of Fig. 2.28b and

2.28¢, corresponding to the areas under the yellow and green rectangles of Fig.
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2.28a.

Figure 2.28: (a) 2D cross-section of a sub-cutaneous tumor showing cahotic melanin
aggregation (black spots). Two magnified views are illustrated in (b) and (c).

Fig. 2.29a is a 3D surface plot of a cropped melanoma volume. It displays
melanoma vasculature comprising vessels of different diameters and a dense pres-
ence of melanin pigments. The image was obtained from the maximum intensity
projection of a melanoma section. By analyzing the sample layer by layer from the
top (part of the sub-cutaneous tumor supposed to be close to the mouse skin) to
the bottom (farther from the mouse skin), a different melanin concentration was
observed. Higher density melanin pigments were detected in the layers closer to
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the mouse skin. It was observed the melanin concentration decreased in the deeper
tumor layer. Fig. 2.29b is a volume visualization concerning an inner section of
the tumor, far from the skin. As it can be seen, the amount of detected melanin
pigments is very weak in respect with the previously shown images. Few black
spots were detected around the edges of the tumor and close to the peripheral ves-
sels. Conversely, this volume visualization enhance the irregular network of little

empty vessels, whereas bigger vessels filled with blood are imaged in white.

Figure 2.29: (a) 3D surface plot of a melanoma cropped section 390 pum thick. (b)

Volume visualization of an inner melanoma section 600 um thick.

2.9 Subtraction of images around gadolinium K-
edge

Within this section we would like to show some preliminary results we got by the
K-edge subtraction method. The case under study is the brain sample model of
melanoma metatastases and containing gadolinium nanoparticles. Gadolinium ab-
sorption coefficient as well as it is refractive index are far superior to those of the
soft tissue components (see Appendix C), as it is the case for a brain sample. With
the aim of better discriminating the gadolinium signal due to the possible presence
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of nanoparticles in tumor, we decided to record XPCT projections of the mouse
brain below and above gadolinium K-edge energy located at 50.2 keV. Therefore
two datasets were reconstructed, one at 48.5 keV, corresponding to the images
acquired below gadolinium K-edge and, another at 51.5 keV, corresponding to the
images collected above gadolinium K-edge.

To support this kind of image analysis, the alignment of two different slice se-
quences is mandatory since the subtraction operation has to involve exactly the
same cross-section of the sample in both datasets. The alignment and correla-
tion operations can be achieved by means of an image registration process. The
image registration step allows finding similarities among images acquired by dif-
ferent techniques or under different experimental conditions, such as different time
or energies. Moreover, it is also widely used to compare patient’s images with
anatomical atlases in the medical imaging field [134].

The selected slices for the K-edge subtraction operation were first compared by
visual assessment, by detecting similar morphological features like external edges
or inner contours. Then, the images considered as similar as possible were sub-
jected to a cross-correlation analysis by using ImageJ Correlation plugin [135].
The algorithm behind this ImageJ plugin estimates a local statistics within each
local region of defined size in two aligned images (the source image and the target
image). The available statistics for correlating the images are: average, standard
deviation, skewness, kurtosis and directionality of the local pattern. For each
selected statistics the cross-correlation coefficient is calculated:

- 21:;1 Z?:l(f(mhnj) —?Xg(mi,n]’) —7)

(mn —1)osa, (2.1)

where m and n are the number of local regions in the horizontal and vertical di-
rections; f(m,n) and g(m,n) the local values for the chosen statistics; f and g
the mean values of the whole images; whereas o; and o, their standard devia-
tions. Furthermore, the plugin produces a correlation map showing the differences
between local areas and create a plot showing the correlation between the two
images.

In Fig. 2.30, two similar brain images acquired at different energies are compared.
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Figure 2.30: (a) 2D XPCT brain image acquired at 48.5 keV. (b) 2D XPCT brain
image acquired at 51.5 keV.

On the left, Fig. 2.30a was obtained at 48.5 keV, while on the right Fig. 2.30b
was obtained at 51.5 keV. The correlation plot in Fig. 2.31a shows that these two
images are well-correlated with a correlation coefficient equal to 0.71, while Fig.

2.31 shows the 2D correlation map between the slice in Fig. 2.30a and that in Fig.
2.30b.
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Figure 2.31: (a) Correlation plot between the slice in Fig. 2.30a and that in Fig. 2.30b.
The images have a positive correlation equal to 0.71. (b) 2D correlation map between
the slice in Fig. 2.30a and that in Fig. 2.30b. This map shows the local differences
between the two images according to the average of patches of 3 pixels size.

Once shown how correlation between two dataset is performed, we may focus on
image subtraction. In Fig. 2.32, the 2D XPCT brain slice acquired at 48.5 keV
(Fig. 2.32a) is compared with the 2D XPCT brain slice obtained at 51.5 keV (Fig.
2.32b). As first test, we phase-retrieved the projections with the same ratio 6 /5 =
73. The choice of this ratio was motivated by the fact that low ratios could better
enhance the presence of heavy metals deposited in the brain tissue.
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Figure 2.32: (a) 2D XPCT mouse brain image at 48.5 keV. (b) 2D XPCT mouse brain
image at 51.5 keV.

K-edge subtraction method is usually applied in absorption tomography to isolate
the contrast agent contribution from the remaining content of the X-ray image.
In case of the phase-contrast approach, the issue of K-edge imaging is not trivial.
The behavior of the real (§) and imaginary () parts of the refractive index have
to be taken into account. As ¢ values of gadolinium are higher below K-edge than
above K-edge, we considered the subtraction operation between the image taken
at 48.5 keV and that at 51.5 keV. The result is displayed in Fig. 2.33a with two
magnified insets over the tumors: one under the cortex in Fig. 2.33b and another
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in the lower part of the brain in Fig. 2.33c.

1000 pm

(b)

Figure 2.33: (a) 2D XPCT image obtained following gadolinium K-edge subtraction
operation between the images in Fig. 2.32a and 2.32b. (b) Close-up visualization on the
big tumor developed under the brain cortex (red rectangle in Fig. 2.33a). (c¢) Close-up
visualization on the small tumor in the lower part of the brain (yellow rectangle in Fig.
2.33a).

We may notice that most of the signal located inside the brain is now near the
noise (i.e. comparable to the level of the signal outside the brain). This result
is logical since such a small change in photon energy leads to a negligible change
in the index of refraction of the brain (4.6 x 107! at 48.5 keV and 4.11 x 10~
at 51.5 keV’). Only the edges remain visible as coming from the phase-contrast
technique. In comparison, the images of the two tumors remained quite visible
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and still well contrasted as compared to the brain. This is an interesting result

confirming the presence of gadolinium and also the usefulness of the technique.

In order to better understand the interest of K-edge subtraction, we calculated
the index of refraction for the brain and for the brain doped with two different

concentrations of gadolinium (Fig. 2.34 and Fig. 2.35).
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Figure 2.34: § versus photon energy for pure gadolinium (blue), brain doped with 10

atoms of gadolinium (purple), 100 atoms of gadolinium (green) and undoped brain (red).
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Figure 2.35: [ versus photon energy for pure gadolinium (blue), brain doped with
10 atoms of gadolinium (purple), 100 atoms of gadolinium (green) and undoped brain
(red).

Since we have no element to estimate the real concentration, and since it may
change from tumor to tumor, we took two arbitrary values as a demonstration
for this test. We thus modified the brain composition (taken from NIST website)
C14H11071 N, by adding 10 or 100 atoms of gadolinium i.e. 10% to 100% doping.
The new compositions are thus C14H11071NoGdyy and Ci4H11071 NoGdygg. For
0 (Fig. 2.34), i.e. the real part of the index of refraction, the adjunction of
gadolinium has nearly no impact, all over the considered energies. Just around 30
eV, 100 eV and 1 keV (i.e. N, M and L-edges) one may observe the influence of
gadolinium. Such drop also exists for the K-edge but is barely noticeable. It may
be observed directly on the values of delta and only if 100 atoms of gadolinium is
added. In that case, delta varied by 5% around the K-edge to be compared to 3%
for undoped brain. For the imaginary part of the index of refraction, 8, that is
linked to absorption, even 10 atoms over 98 atoms from the initial brain molecule
induces a strong shift of the value, in particular above 1 keV (Fig. 2.35). For
brain doped with 10 atoms of gadolinium, at 48.5 keV, 3 equals 4.6 x 1071% and
1.84x 1072 at 51.5 keV leading to a variation of the linear attenuation coefficient of
7 em~1. Based on Fig. 2.33, the main tumor may be approximated (very roughly)
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as a sphere of 1 mm in diameter. In that case, changing the photon energy from
48.5 keV to 51.5 keV should induce a diminution of the signal by about 50%.
The same calculation gives a theoretical drop of transmission of 70% if the brain
is doped with 100 atoms of gadolinium. This value is very likely too high but it
shows that the K-edge subtraction technique associated with a good estimate of
the tumor size may lead to an estimation of the gadolinium doping. The phase
contrast is still useful to enhance the shape of the tumor.

The next test we would like to accomplish is the image subtraction between two
energies very far, such as 35 keV and 51.5 keV. We believe that by considering a
larger energy gap, we could achieve more informative images as ¢ for gadolinium
and brain molecules do not have the same variation with photon energy. We believe
that 3 energies will be an optimum to disentangle gadolinium from the rest of the
brain without delivering high doses to the sample.

2.10 Summary

Within this chapter new results about nanoparticles biolocalisation by XPCT are
discussed. The chapter begins with a premise on what are the imaging technques
currently in use today. It emerges the lack of imaging tools at a median scale
between few and hundreds of microns. We proposed XPCT as a good alternative
to fill this gap since it is a high-sensitive and non-destructive method. Therefore
is is suitable to investigate biomaterials. Multiple pre-clinical problems were in-
vestigated, from nanoparticles clearance process up to nanoparticles uptake and
retention in tumors. In more detail, we showed the renal clearance of gadolin-
ium nanoparticles, the hepatic retention of gold zwitterionic nanoclusters and the
spleen elimination of platinum nanoparticles. We displayed some preliminary re-
sults about the identification of lung carcinoma metastases thanks to nebulized
gadolinium nanoparticles.

The heart of the chapter is the study carried out about gadolinium nanoparticles
localization in melanoma brain metastases. This work showed a complex reparti-
tion of the nanoparticles due to metastases hetereogenity. We believe it will have
a positive impact on future clinical protocols. In addition, high-resolution insights
of melanoma layers showing the distribution of melanin pigments are illustrated.
Finally, some tests done by K-edge subtraction to isolate nanoparticles signal from

that of the surrounding tissue are reported.
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Chapter 3

Detection of amyloid plaques
loaded with gadolinium

nanoparticles

Alzheimer’s disease is a complex neurodegenerative illness that attacks different
parts of the brain at the same time. It is characterized by the accumulation of ex-
tracellular S-amyloid (AJ) aggregates, more commonly known as “senile plaques”,
and by abnormal intracellular aggregations of tau protein, called neurofibrillary
tangles [136]. Detecting amyloid deposits in the brain in a non-invasive manner
sounds as a promising strategy for early diagnosis and, for accelerating the dis-
covery process of new drugs that could slow down the cognitive decline that the
disease causes.

Currently, neuroimaging techniques like MRI and PET provide structural informa-
tion but can not discriminate between different amyloid deposits at various stage
and of different morphology, because of their low spatial resolution [137, 138].
Thus, the development of more direct approaches in combination with active tar-
geting would lead to more sensitive results. Recently, it was found that in-vivo
MRI with the injection of gadolinium-based contrast agent (Gd-DOTA, Dotarem)
can enhance the detection of amyloid plaques and help to follow the progression
of Alzheimer’s disease [139]. Later, it was also proved that the gadolinium-based
nanoparticles AGuIX® (also mentioned in Chapter 2) enhance contrast more ef-
ficiently than Dotarem [11] and, if they are functionalized with specific peptide
ligands (PIB), grafted on their surface, these nanoparticles are able to target spe-
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cific amyloid fibrils [140].

Pinzer and co-workers demonstrated in 2012 that phase contrast X-ray imaging,
using gratings, was an efficient tool for detecting amyloid plaques in mice brain
[83]. The experiment was performed at 25 keV to ensure a strong diffrence be-
tween the indexes of refraction of the plaques and of the brain. However, Pinzer
highlighted that a total dose of 3 x 10* Gy was required which is lethal, preventing
the use of living mice, but still below the threshold of 10° Gy for inducing damages.
As a perspective work, they propose to work at higher photon energy to strongly
reduce the X-ray absorption.

Therefore, motivated by the promising results obtained by high photon energy
XPCT for bio-locating nanoparticles in mice organs, we also performed XPCT for
better understanding the diffusion and distribution mechanism of AGuIX® and
AGuIX-PIB nanoparticles in mice brains model of Alzheimer’s disease. The data
collection was performed at ESRF in collaboration with NeuroSpin (CEA Saclay
and Grenoble, France), Institute for Advanced Bioscences (Grenoble, France) and
CNR-Nanotec (Rome, Italy), and I was the principal investigator of the experi-
ment. The XPCT image reconstruction process was accomplished at Laboratoire
d’Optique Appliquée.

3.1 Experimental conditions

We collected the images of six 20-22 months old male mice brains affected by
Alzheimer’s disease and, four 20-22 months old male mice wild type as refer-
ence models. The brains were imaged under these conditions: with or without
nanoparticles and with or without blood-brain barrier opening protocol. The
blood-brain barrier is made up of tight junctions that permit the passage of only
small molecules. Thus, it protects and isolates the cerebrospinal fluid from any
pathogenic substance carried by the blood. With the aim of promoting the deliv-
ery into the brain of a greater amount of nanoparticles, the blood-brain barrier of
some mice were locally opened with a non-invasive method under experimentation
at NeuroSpin laboratory. Firstly, nanoparticles were administered intravenously in
combination with circulating microbubbles; then, low intensity focused ultrasounds
were applied in-vivo directly to the mice brains to induce the barrier disruption.
Furthermore, ultrasound technology is expected to be a new potential therapeutic

approach to reduce the amyloid load [141].
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Each mouse brain had an approximate size of 1 ¢cm x 1 ¢m x 1.5 ¢m. The amount
of AGuIX® or AGuIX-PIB nanoparticles intravenously administered to mice was
equal to 10 pumol. All mice were sacrificed between 3-4 hours after nanoparticles
injection and they were ex-sanguigno fixed in paraformaldehyde (PFA). Before
euthanasia, some brains were imaged by in-vivo MRI to locate and to quantify
the uptake of gadolinium in the brain. In addition, after XPCT experiment the
brains were submitted to post-mortem high-resolution MRI (30 pm isotropic spa-
tial resolution). Sample preparation and MRI measurements were carried out at
NeuroSpin laboratory.

The XPCT experiment was performed at 48.5 keV and 51.5 keV, i.e. at two en-
ergies selected immediately below and above gadolinium K-edge (50.2 keV'). This
choice of the energies was made because gadolinium refractive index, especially
at 51.5 keV, is different from that of iron, zinc and copper that are the metals
contained in the amyloid plaques [142]. We thought we could better discriminate
gadolinium signal from that of the endogenus metals of the plaques by K-edge
subtraction operations (see Chapter 2, paragraph 2.8.1).

All the brain projections were acquired with a drift distance of 11 m and a camera
pixel size of 3 um. The images displayed in this chapter are those collected at 51.5
keV and reconstructed with the ratio 6/8 = 112.

3.2 XPCT results

To start, two images of the healthy control brain are illustrated in Fig. 3.1. Thanks
to the high-brightness of the synchrotron radiation and the phase-contrast ap-
proach, high-resolution images were achieved. The natural contrast and the fix-
ation with paraformaldehyde enabled a good visualization of many inner brain
features. For instance, the brain slice in Fig. 3.1a is rich of details in the midbrain
region indicated by red arrows. This image displays also the lateral ventricles by
yellow arrows. Due to their intense signal, very probably they still contain blood
traces inside. Both Fig. 3.1a and 3.1b show the hippocampal region (green arrows)
at different depths. It can be observed that in a healthy brain the cerebral cortex
(the peripheral region of the brain pointed by blue arrows in Fig. 3.1a) is free of
imperfections. The visible faint white spots are the weak signal coming from the
cell cortex and not sharply visible with this current spatial resolution. Conversely,
XPCT succesfully imaged the myelin fibers, as it is showed by the yellow arrows
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in Fig. 3.1b. This is not a trivial infomation, as it is not obvious to be able to

visualize them with routine neuro-imaging techniques.

(b)

Figure 3.1: 2D XPCT virtual slices of the healthy mouse brain chosen at two different
depths. (a) This insight offers a good visualization of the cerebral cortex (blue arrows),
midbrain region (red arrows), lateral ventricles (yellow arrows) and the hippocampal
formation (green arrows). (b) This brain insight shows the myelin fibers (yellow arrows)

in addition to the anatomical features seen in Fig. 3.1a.
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Myelin fibers are considered as markers of many neurodegenerative diseases and
their imaging plays a crucial role in monitoring lesions in the white matter [143].
In Fig. 3.2a a piece of brain volume representation enhancing the visualization of
the myelin fibers is shown. The image was obtained by the maximum intensity
projection of a sequence of XPCT brain slices. In Fig. 3.2b, a magnified inset
cropped from Fig. 3.2a is displayed. This view allows distinguishing single axons
and their orientation. This result seems to be promising in the use of XPCT as

method to map myelin fibers in brains.

—
500 ym

(b)

Figure 3.2: (a) Brain volume representation focusing on the myelin fibers visualization.
(b) High-resolution close-up of the fibers indicated within the red rectangle in Fig. 3.2a.

From this close-up, individual axons can be identified.
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Fig. 3.3 is an insight of a healthy mouse brain whose blood-brain barrier was
opened to let penetrate not-functionalized nanoparticles, i.e. AGuIX®. Few in-
tense signals were detected in few points of the midbrain tissue and pointed by red
arrows. They could be attribute to deposits of nanoparticles clusters. The pres-
ence of nanoparticles in this sample was also confirmed by the MRI measurements
performed by our collaborators in NeuroSpin. However, it has been noted that the
amount of nanoparticles detected throughout the brain volume was very low. This
could be due to a low injected amount of nanoparticles, to nanoparticles difficulty
to cross the blood-brain barrier despite its local opening or, in the opposite case to
an early and fast cleaning. Moreover, it can not be excluded that a small amount
of nanoparticles remained trapped in the vessels.

The first conclusion we reached with this set of measurements is that XPCT could
find clusters of nanoparticles in the control brain even if their concentration was

weak.

" 4000 pm

Figure 3.3: 2D XPCT slice of a healthy brain injected with non-functionalized nanopar-
ticles. Red arrows point to some dense spots in the midbrain region. Very probably they

are nanoparticles deposits in the brain matter.

In Fig. 3.4a the brain of a transgenic mouse carrier of the Alzheimer’s disease in
advanced state is shown.
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Figure 3.4: (a) 2D XPCT virtual slice of the mouse brain used as control model for
the study of the Alzheimer’s disease. The white intense spots spread throughout the
cortex and the hippocampal region are the amyloid plaques. (b) Close-up of the red
rectangle of Fig. 3.4a. This cropped image shows amyloid deposits (white spots) in the
hippocampus. (c) Close-up of the yellow rectangle of Fig. 3.4a. This cropped image
offers a view of the amyloid deposits (white spots) invading the cortex.

The brain does not contain nanoparticles. XPCT was able to identify the onset
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of the disease. The brain shows numerous small white dots spread throughout the
cortex and the hippocampus. They are the amyloid plaques, a mixture of iron,
zinc and copper, that the disease is used to produce in specific regions of the brain
[144, 145]. Typically, the amyloid plaques have a central dense core and can be
also surrounded by a diffused light corona [146]. The intense spots detected by
XPCT agree with this description. In the healthy brain (Fig. 3.1), such amount
of white dots were not present. This structural change confirms that what we see
are the amyloid plaques. Amyloid plaques can be clearly seen in the hippocampus
(Fig. 3.4b) and in the cortex (Fig. 3.4c). The images have a good contrast and,
thanks to the powerful resolution, plaques of different sizes and conformations can
be observed. We estimated plaques with width comprised between 20 pm and
110 um and we observed that some plaques are more rounded and others more
elongated. This result is in good agreement with previous works [147, 83]

The images we obtained reproduce at higher resolution published data about amy-
loid detection in mice by grating interferometer based differential phase-contrast
[83]. Our images were achieved with a volume voxel 3 x 3 x 3 um? against the
images in [83] collected with a set-up having a volume voxel of 7.4 x 7.4 x 7.4
um3.

The 2D XPCT images of the mouse brain affected by Alzheimer’s disease and
doped with functionalized gadolinium nanoparticles (AGulX-PEG-PIB) are dis-
played in Fig. 3.5a and 3.5b. Also in this case the blood-brain barrier was locally
opened with the ultrasound approach.

Having now knowledge of the structural changes induced by the disease to the brain
anatomy, amyloid plaques can be immediately recognized in the brain displayed
in Fig. 3.5. The demanding task in this sample image analysis is distinguishing
the functionalized nanopaticles from the plaques. The plaques are widely diffused
in the cortex and in the hippocampus, and both the plaques and the gadolinium-
based nanoparticles theoretically provide a white signal in the XPCT images. So,
this makes it very difficult to localize the functionalized nanoparticles in the brain.
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(b)

Figure 3.5: (a) 2D XPCT virtual slice of the mouse brain affected by Alzheimer’s
disease and injected with functionalized nanoparticles. (b) Cropped image from Fig.
3.5a focusing on the left hippocampus region of the mouse brain. The red arrows show
hyper-intense structures.

Nevertheless, we observed (Fig. 3.5b) some hyper-intense spots that are much
whiter on the image than the average spots that we identified previously as coming
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from the plaques. It might be an indication of successful targeting of AGuIX®
on few plaques. Regarding, the well-known disparity of plaque morphology and
chemical composition, this might be also an artefact. We thus investigated further
the variation of the index of refraction between characteristic plaques and plaque
loaded with gadolinium (Fig. 3.6 and 3.7).
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Figure 3.6: [ versus photon energy for pure gadolinium (dotted black), plaque doped
with 100 atoms of gadolinium (red), 1000 atoms of gadolinium (green), 10 000 atoms
(orange) and undoped plaque (blue).

We used three very different concentrations of gadolinium to infer the impact
on the images. The concentrations were chosen arbitrary since we have so far
no indication about them. For the imaginary part relating to absorption, even
a small doping of gadolinium changes its value. For only 100 atoms of gadolin-
ium, i.e. 11 molecules of AGuIX®, over 3900 atoms contained in typical plaques
(CuooHe700119N1552 Fearng), the value of beta rises from 3.6 x 1071 to 7.0 x 10719,
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Higher concentrations lead to stronger changes with beta equals 2.1 x 107 and
3.1 x 107 for 1,000 and 10,000 atoms of gadolinium, respectively. This last con-
centration is barely realistic but it was useful to test the variation of delta (Fig.
3.7).
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Figure 3.7: ¢ versus photon energy for pure gadolinium (dotted black), plaque doped
with 100 atoms of gadolinium (red), 1000 atoms of gadolinium (green), 10 000 atoms
(orange) and undoped plaque (blue).

As previously observed (Chapter 2, paragraph 2.8.1 ) for the tumor in brain, only
very strong and thus unrealistic concentrations of gadolinium may significantly
change the real part of the index of refraction. ¢ exhibits several drops but only few
of them are characteristic of the gadolinium transitions at about 20 (O-edge), 140
(N-edge), 270 (M-edge), 1200 (M-edge) and 50 000 eV (K-edge). This last peak is
not visible due to the vertical scale used to make visible the tiny changes in 4. Once
again, it appears the K-edge subtraction imaging technique would give measurable
effect only due to the change of absorption. Assuming the plaques to be spheres
of with either 20 or 110 um in diameter, as given by our measurement, we may
estimate the variation of absorption between pure plaques and gadolinium-doped
plaques. For 20 pum plaques, 100 atoms of gadolinium will increase the absorption
by about 30% and 80% for doping as high as 1,000. Higher doping is not realistic.
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Even 1,000 atoms is probably a maximum possible doping. For larger plaques of
100 pm, the absorption becomes much bigger increasing by 80% for 100 atoms of
gadolinium. Pure AGuIX® sphere with 100 zm diameter will have a much stronger
absorption. As a conclusion, the hyper-intense dots that look quite different from
other spots might be plaques doped with gadolinium. The complete treatment of
the data by comparing images acquired below and above gadolinium K-edge may
give a confirmation that very few plaques were effectively doped with gadolinium.
Indeed for 100 pum plaque doped with 100 gadolinium atoms, the variation of
signal below and above K-edge should be around 60% that is high enough for
being above any experimental noise. For 20 um plaques, the variation of intensity
will be around 20%. This shows that only strong doping or large plaques will give
to intensity variation above noise. Fluorescence X-ray tomography [148] or nano-
tomography may be more appropriate tools for detecting gadolinium in amyloid
plaques. Finally, the higher resolution used in this experiment as compared to
previous ones was letting us expect to observe clustering of AGuIX® on some
plaques meaning a plaque with on one side a hyper-intense and very localised dot.
This was not observed. The plaques for which there is indication of gadolinium
loading look homogeneous like if the AGuIX® was distributed all over the plaque.
This issue might be investigated with nano-tomography, either by fluorescence or

phase-contrast.

3.3 Summary

In this chapter the preliminary results about the detection of gadolinium nanopar-
ticles in mice brains model of Alzheimer’s disease were shown. To identify the
anatomical changes induced by Alzheimer’s disease to an aged brain, firstly a
healthy mouse brain was shown. Secondly, a control brain with not-functionalized
nanoparticles (AGuIX®) is displayed. This was a fundamental test to understand
the ability of the technique in visualizing the nanoparticles uptake in brain tis-
sue. Subsequently to observe the structural changes caused in the brain by this
neurodegenerative disease, a brain with Alzheimer’s but without nanoparticles
was studied. The high-resolution of the technique permitted to discriminate amy-
loid plaques of different sizes and structures. Then, the challenging case of an
Alzheimer’s model brain with functionalized nanoparticles (AGuIX-PIB) was ex-

amined. The discrimination of nanoparticles signal from that of amyloid deposits
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appeared very hard. We have some indications letting us believe that we observed
few plaques loaded with AGuIX-PIB. Very likely, the amount of functionalized
nanoparticles crossing the blood-brain barrier was low, as it was proved by the
images depicting the control brain with not- functionalized nanoparticles. In addi-
tion the chosen parameter §//3 to phase-retrieve the images was probably not the
most appropriate to enhance nanoparticles signal and better discriminate it from
those of the amyloids. However we believe that nanoparticles could be more easily
detected throughout the brain by the K-edge imaging approachtested in Chapter
2 and still under development.
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Chapter 4
Plenoptic imaging

Within this chapter another 3D imaging technique is presented, the so-called
plenoptic imaging. We worked on the transposition of the plenoptic technique
into the X-ray domain. We believe that with this technology the radiation dose
transmitted to biological samples during measurements may be drastically reduced.
The transposition of plenoptic to X-rays is the heart of the VOXEL FET-open Eu-
ropean project, developed wihtin a collaboration of 7 European teams.

Plenoptic imaging relies on the use of a camera composed of a main lens and a
microlens array. Thanks to the lenslet, different views over a narrow range of
angles are recorded at the same time. This makes feasible the 3D reconstruction
of a scene in a single exposure. Plenoptic imaging shows a certain similarity with
limited angle tomography, where few projections, obtained following rotation of
the sample, are enough to produce a volume [149, 150, 151]. In addition, plenoptic
imaging has the ability of changing the viewpoint of the photographed scene and of
digital refocusing unblurred objects. Digital refocusing is the heart of this technol-
ogy as it allows performing a virtual sectioning of a 3D scene (volume) along the
optical axis, where each section corresponds to a different depth and its thickness
is equal to the depth resolution. In the framework of VOXEL project, we used
our knowledge of plenoptic imaging in visible light to build the first model of soft
X-ray plenoptic microscope (which will be presented in the following chapter 5).
This chapter explains the theory behind plenoptic camera and shows the tests we
carried out with visible light by using plenoptic camera 1.0.
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4.1 State of the art: early works and develop-

ments

The primitive idea of using a lens array for capturing different points of view of
a scene in a single exposure was introduced in the 1908 by Lippman and named
“Integral photography” [152]. Twenty years later, Ives improved Lippman’s design
by inserting a main lens with a large diameter [153]. Afterwards, Adelson and
Bergen gave the definition of plenoptic function [154] and Adelson and Wang
conceived a camera prototype that they called “plenoptic camera”, in which a
main lens was focused on a matrix of microlenses [155]. But they never realized it.
Levoy and Hanrahan introduced the simplification of the plenoptic function and
demonstrated that for describing light flowing from every direction is sufficient a
four dimensional function, said “light field” [156]. Indeed, the word light field has
more ancient roots: in 1936 Gershun defined as light field the vector indicating the
irradiance at a given point and direction [157]. Many approaches for the light field
data treatment have been suggested during the years leading to progress in 3D
photography. Levoy and Hanrahan proposed an image-based rendering method
to render the scene from any arbitrary point of view from light field data and
a method to compute images from virtual apertures [156]. Isaksen validated this
last approach [158] and later, it was called “synthetic aperture photography” [159].
Recently, Ng realized the first hand-held plenoptic camera and developed a fast
computational method for digitally performing refocusing [160]. Ng’s thesis had a
great impact in the modern digital photography; thus, he decided to found Lytro
[161], a company dedicated to the production of visible light field cameras. Light
field technology resulted very attractive for the digital photography market and for
its various applications ranging from microscopy [150] to cinema. Lumsdaine and
Georgiev designed a new class of plenoptic cameras with higher spatial resolution
than Ng’s model and more flexible geometry. They called it “focused plenoptic
camera” or “plenoptic camera 2.0” [162]. Adobe Systems [163] is currently the
leading industry of this new generation of 3D cameras. Among the changes made
to the early plenoptic device, it worths mentioning also the model promoted by
Raytrix [164] in which the lens array is composed of alternating microlenses with
three different focal lengths.
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4.2 Principle of plenoptic function

4.2.1 Plenoptic function and light field

In a homogeneous medium, such as free space, light rays propagate on straight
lines. With the intent of representing the total geometric distribution of light
rays travelling up to the image sensor and of quantifying rays for computer vision

applications, Adelson and Bergen defined a function named “plenoptic” [154]:
P=(0,0,\t,z,y,2) (4.1)

According to this definition, each light ray is identified by means of seven variables.
The couple (0, ¢) indicates the angular coordinates linked to the direction of the
ray, A is the wavelength of the light radiation, ¢ is the time, and (z, y, z) are
the spatial coordinates that locate each spatial point through which the light ray
passes. Under a series of suppositions that remain valid in the framework of image
formation, plenoptic function can be resized up to four variables. The assumptions

taken into account are the following [165]:
1. Light ray does not vary with time; thus, ¢ can be neglected.
2. Light is monochromatic; hence, A can be neglected.

3. Two spatial coordinates are enough to locate a ray, since light trajectory
does not change in a region free of occluders; consequently, the third spatial
coordinate can be omitted.

In this way, the 4D simplified version of the plenoptic function depends only on two
angular and two spatial components (0, ¢, x, y) and, it is also known in literature
as “light field” [156], or “lumigraph” [166] in computer science slang; whereas the
amount of light travelling along a light ray is often referred as “radiance”. To
measure four dimensions (two angular and two spatial components), both a lens
and a lens array are needed.

4.2.2 Plenoptic camera and conventional camera

A conventional camera is made up of a main lens and a sensor. The plenoptic
camera differs form the traditional ones for the presence of an array of microlenses
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placed in front of the sensor [160, 23]. The addition of this element changes the
way of sampling the light rays. Whereas in a conventional camera, the main lens
collects light cones to let them converge to a single pixel onto the image sensor, in
the plenoptic camera there is an intermediary step. The main lens gathers light
from different viewpoints of the photographed scene over its aperture diameter
and forms an image onto the microlens plane. Each microlens covers a matrix of
pixels of the sensor and individually originates a micro-image, or sub-image, onto
the sensor plane. Thus, the resulting image is composed of a grid of sub-images, in
turn made up of a grid of pixels. The acquired images by a plenoptic camera are
a 2D flattening of the 4D sampled light field. An exemplary diagram comparing

the image formation modes in the two cameras is illustrated in Fig. 4.1.

Image sensor

a .
) Main lens [

Object plane

Image ensor
Microlens array E‘% }
O

Main lens

b) Object plane

)

Figure 4.1: Layouts illustrating the mechanism of image formation a) for a normal
camera b) for the plenoptic camera. Microlenses and distances are not in scale.

The specialty of plenoptic camera lies in the fact that it can store at the same
time and in a single exposure the spatial and angular components of the light rays
reaching the sensor. Through the angular information, it is possible to recover
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the depth of the objects in the scene and to shift the focus where the rays should
have ideally terminated. This refocusing step is achieved computationally after the
picture is taken. However, in order to have angular resolution spatial resolution is
sacrificed in the final rendered images.

4.2.3 Two-planes parametrization and ray trace represen-
tation

The 4D light field flowing into the camera can be described by means of a two-
plane parameterization that it will prove to be particularly helpful when the digital
refocusing problem will be dealt with. Let be (u, v) and (s, t) two imaginary planes
transverse to the optical axis that cross the main lens and the microlens array
respectively, like in Fig. 4.2.

LF (u,v,s.1)

2

Figure 4.2: Sketch of the two-planes parameterization.

The radiance along a given ray may be denoted as LF (u,v, s,t). With the (u,v)
coordinates we refer to the directional or angular components of the light field.
The point of intersection between the light ray and plane passing through the main
lens determines the direction at which the light illuminates the sensor. The spatial
coordinates, indicated with the (s,t) couple, show which microlens is crossed by
the light ray. The radiance sampling can be illustrated through a Cartesian 2D
ray-space diagram [23, 165], like the one displayed in Fig. 4.3, where the directional
axis is plotted versus the spatial axis.
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v
v
v

(a) (b) (c)

Figure 4.3: Cartesian 2D ray-space diagram. (a) Light field if the object is in-focus.
(b) Light field if the object is farther from the camera. (c) Light field if the object is
closer to the camera.

In this graphic (Fig. 4.3), each micro-image is represented as a vertical stack while
pixels depicted as blocks. The diagram helps to figure out what pixels are hit by
the light rays during the process of image formation. For an in-focus object, all
the pixels composing a sub-image are illuminated. This can be represented with
a straight vertical line, as shown in Fig. 4.3a. In the case of a blurred object,
the situaton is different. Light rays impinge onto pixels belonging to different
microlenses. For a blurred object, the line is tilted. If the light cone converges
before the lenslet (see Fig. 4.3b), the line has a negative angular coefficient;
whereas if the convergence is after the lenslet, the line results tilted with a positive
slope (see Fig. 4.3c) [165].

4.3 Theoretical design of a plenoptic camera

The drawing in Fig. 4.4 summarizes the parameters involved in the optical design
of the plenoptic camera. The aperture diameters of the main lens and of the
microlens array are indicated with d; and ds, respectively. Similarly, it is denoted
with f; the focal length of the main lens and, with f, that of the microlens array.
The separations between the different elements are called zg, z; and zs:

e 7, is the distance between the in-focus plane and the main lens;

e 7; is the distance between the main lens and the microlens array;
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® 7, is the distance between the microlens array and the CCD plane.

dy

Z Z 22
0 1 > <5
Object plane ML MLA CCD

Figure 4.4: Optical scheme of the plenoptic camera with the notation adopted in this
thesis.

We will see later that in case of refocusing a fourth distance, z'q, is needed. Ac-
cording to this criterion of notation, the lens equation can be written as:
1 1 1

Z_0+Z_1:E (4.2)

For the traditional plenoptic camera, the CCD is placed one focal length away
from the microlens array:

Z = f2 (4-3>

in order to have the microlenses focused at infinity.

The plenoptic camera 2.0 allows gaining spatial resolution at the expense of the
angular resolution. This design is composed of a main lens, a microlens array
and a detector behind the lenslet, but the optical configuration totally changes, as
shown in Fig. 4.5.
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Object plane ML MLA CCD

Figure 4.5: Layout illustrating the design of plenoptic camera 2.0.

The main lens originates an image onto a plane in front of the microlenses following
the thin lens equation 4.2. The microlenses are focused on the image plane of the
main lens instead of being focused at the optical infinity. This new class of cameras
is also referred as “focused plenoptic camera” [162]. The distance between the
sensor and the microlens array is not limited anymore equal to the focal length,
fa, of the microlens. The sensor may be placed at a distance b > fy or b < fo
from the microlens array. The microlens array, positioned at a distance a from
the intermediate image plane re-images the object. The image formation by the
microlens array satisfies the thin lens equation:

11
Sio=— 4.4
s (4.4)

If b > f5, the main lens creates a real image in front of the microlenses; if b < fs,
the main lens generates a virtual image behind the microlens array and then the
image is picked up by the microlenses and reimaged on the sensor. Thanks to this
new optical design, the microlenses capture entire portions of the scene according
to the position that they occupy in the array, as if they were a series of micro-
cameras.

This configuration involves some changes in the ray space-diagram and in the im-
age rendering. Each micro-image rather than being represented as a vertical strip
in the Cartesian grid, it is now a tilted stack sampling both spatial and angular dis-
tribution of the radiance. Thus, at a spatial position the angular components are
sampled across different microlenses rather than within each single micro-image
[167].

The 2.0 version of the plenoptic camera was designed to achieve better spatial reso-
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lution than traditional plenoptic camera, where the number of microlenses dictates
the spatial resolution. In fact, the traditional plenoptic camera suffers from the
fact every microlens counts as a final output pixel in the rendered image. Thus,
the resulting image is made up of few pixels.

4.4 Resolutions of a plenoptic camera

In this section, we will retrieve different key parameters when designing a plenoptic

camera.

4.4.1 Depth of field in photography

Let consider the scheme in Fig. 4.6 that proposes the simple case of a lens pro-
ducing an image onto the image plane.

Main Lens

Object Space Image Space
£ [ T AC Circle of
W o2 4\D1 | Confusion

<—> Depth of

<—— Depthof “
Focus

Field

Figure 4.6: Layout enhancing the depth of field.

Let call Dy and D, the two parts of the depth of field separated by the in-focus
subject, represented with the vertical black line in the object space. Let zy the
distance between the in-focus object and the main lens and, z; the distance between
the main lens and the image plane.

For an out-of-focus object, a circle of confusion spot (vertical black line in the
image space) is imaged on the sensor plane and its size is indicated with C. The
in-focus object has a size C'/M, where M is the magnification.

To express D; and Dy as a function of the other available parameters, let’s go
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forward by estabilishing relationships between similar triangles, i.e. the small one
having as side C'/M and as height D; and, the big one having as height zy — D;
and as side f/N that is the main lens aperture written as function of its focal
length f and f-number N.

Dl zZ0 — D1
= 4.5
/M~ /N 9
and D D
2 20 2
= 4.6
C/M f/N (4.6)
D; and D, are derived:
C-N-z2
D =——9 4.7
"7 fa+ C Nz (47)
and
C-Nz2
Dy=—7-79 4.8
2 f'Zl — C‘NZO ( )
It follows that the depth of field (DOF):
2.52.f.0..C-N
DoF — Dy 4 Dy — 2201 21C (4.9)

f223 — C?-N2.22
The second term at the denominator is much smaller than the fist term, therefore

the DoF formula can be approximated to:

2:22-C-N _ 2%C-N
[z M

DoF = D1 + D2 == (410)

By rewriting zo from the thin lens equation, it results:

2= J”(M]\j[r 1) (4.11)

and by replacing zp in Eq. 4.12, it follows that:
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2.C.N  C

Dol'~ —r— = a1

(4.12)

where N A is the numerical aperture of the lens (NA = 1/2N). From Equations
4.7 and 4.8 it follows that the depth of field is asymmetrical around the in-focus
object plane.

4.4.2 Resolutions plenoptic camera 1.0

Levoy and collaborators [150] expressed all the resolutions of a traditional plenoptic
camera. We will re-write them here using our notations. Resolutions are limited
by diffraction; therefore the effective pixel size is given by the maximum between
the pixel size of the detector (Aps) and the diffraction limit spot size as defined
by the Sparrow criteria (R;), with

047« A« M

Rovj = —x4

(4.13)

With NA the object-side numerical aperture (NA = dy/2zy), and M, the magni-
fication (M = z1/z). Light field camera provides four different types of resolu-
tion: directional, spatial, lateral and axial resolution. The directional resolution,
(Nu, N,), equals the number of pixels underneath each microlens as each microlens
covers a defined number of pixels (see Fig. 4.7a).

da

N, = ) 4.14
maz(Aps, Ropj) ( )

The spatial resolution, (s, N;), is given by the number of microlenses in the array,
NQI

N, = No. (4.15)

Indeed, (N, x Ny) x (N, x Ny) leads back to the total number of pixels of the CCD.
The spatial sampling rate is denoted with (As, At) and it coincides with the size
of a microlens. The directional sampling rate is indicated with (Au, Av), instead.
The directional sampling rate is defined as the ratio between the lens aperture
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diameter and the directional resolution that is equivalent to the product between
the pixel size, Aps, and the ratio between the distances z; and zs:
dy

21
Au=Av=— = Aps— 4.1
u v N, psz2 (4.16)

A simplifying layout showing the relationship between the directional sampling

rate and the involved optical elements is illustrated in Fig. 4.7b.

microlenses

o N. N
pixgls L IXLE LTI IX I
S S

1 2 3
i
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1
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(b) :
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MCA ™ ccD
(u,v) (s,t)

Figure 4.7: (a) Scheme to understand microlens array role in the design of a light field
camera. Microlenses are represented with red circles. Every single microlens covers a
defined array of pixels, here single pixels are drawn as blue squares. (b) Scheme showing
the optical parameters involved in the definition of spatial and directional sampling rate
of the light field camera.

The lateral resolution provides the size of an effective pixel on the object plane
and it is defined as the ratio between the microlens size and the magnification, M,
of the system:

Resj = % (4.17)
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The axial resolution determines the depth resolution of the image (equivalent to the
depth of field of an image taken by a conventional camera). The depth resolution
is the distance comprised between the nearest point in-focus and the farthest one
in the object space. The depth resolution is the sum of two terms: a geometric
one and another one related to wave optics:

dy A

M NA + NAZ (4.18)

Resdepth =

The axial resolution establishes the depth refocusing capability of the camera
within a 3D scene. We refer to the total axial resolution (i.e. the whole 3D pho-
tographed scene) as plenoptic depth of field. The plenotic depth of field (DoFjjeno)
corresponds to Eq. (5.3) in Levoy [150] and it is equivalent to calculate the depth
of field in case of one small microlens:

Ny-ds n A
M-NA = NA?

DOFyjeno = (4.19)

while the field of view (FoV) corresponds to the size of the sample that can be
imaged and it is:

d
FoV = N,-Resjq = NQ-M2 (4.20)

With a plenoptic camera from one acquisition, a volume of size: FoV x FoV x
DoF)eno can be reconstructed.
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4.5 Experimental results: plenoptic camera 1.0

4.5.1 Camera set-up

Here, the design of our visible camera prototype is described. The system was built
for simulating the plenoptic camera mode of operation and for testing refocusing.

A descriptive picture of the set-up mounted in laboratory is shown in Fig. 4.8.

ar'r'a + CC

Figure 4.8: System simulating the plenoptic camera mode. It includes a wavefront
sensor with 128 x 128 microlenses, an iris, a main lens 200 mm focal length. The lens
was used in configuration 2f/2f. The distance microlens aray main lens was fixed at 40
cm.

As it was mentioned above, the conventional plenoptic camera comprises a main
lens, a microlens array and an image sensor. The peculiarity of our set-up was
to capture the light field by using a Shack-Hartmann wavefront sensor that is
typically employed for measuring the angles of the rays incoming on each lens and
the lens aberrations. It is a device in which microlens array and a CCD image
sensor are coupled. The microlenses have the same focal length and are focused on
the CCD placed behind them. In particular, we used a wavefront sensor provided
by the firm Imagine Optic [168].

The wavefront sensor chosen for our experiment consists of 128 x 128 microlenses
squared packed. This lens array is fixed, one focal length away from the sensor

plane. Each microlens has a pitch size of 110 gm and covers a matrix of 16 x 16

112



4.5. EXPERIMENTAL RESULTS: PLENOPTIC CAMERA 1.0

pixels onto the CCD sensor. The CCD has 14.6 x 14.6 mm? internal frame for a
total number of 2048 x 2048 pixels. The full resolution of the captured light field
images is 128 x 128 in the spatial axis and 16 x 16 in the directional axis. As
main lens of the system, a plano-convex lens with 200 mm focal length was chosen
and used in configuration 2f/2f. Thus, it was kept a fixed distance of 40 cm
between the main lens and the wavefront sensor, whereas the distance object-main
lens was initially set to 40 ¢m and then, slightly varied of few centimeters in order
to change the focus of the camera from time to time. A simple lamp was used as
illuminating source of the photographic scene. To regulate the aperture size of the
main lens and to produce round sub-images onto the CCD, an iris was introduced
immediately after the main lens.

The experiment consisted in acquiring images of small objects placed on a stage
with adjustable height at a certain distance one from each other, in order to have
subjects at different depths. For instance, Fig. 4.9 shows some photographed
test objects whose rendered light field images will be shown later in this chapter.
On the left column of Fig. 4.9, conventional pictures of the recorded scene are
displayed, whereas the corresponding raw light field images acquired with our
camera prototype are illustrated on the right column. As the field of view of our
light field camera prototype was narrow, the acquired images result restricted to
the 3D scene within the red circles superimposed on the conventional pictures in
the left column. Precisely, Fig. 4.9a shows a business card with the in-focus name
Raphael 3.5 ¢m behind a out-of-focus ruler on the foreground. Fig. 4.9b shows
two wine corks distant from each other by 9 ¢m, where the cork on the foreground

is in-focus and that on the background is blurred.
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()

(b)

Figure 4.9: On the left column, some test objects photographed by a mobile camera.
The red circle superimposed to the images shows the restricted field of view recorded
by our plenoptic camera. On the right column, the light field images taken with our

plenoptic camera prototype.
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4.5.2 A glance at a light field image

In this paragraph, a deeper analysis of a raw light field image is achieved. Fig.
4.10 is another example of raw image acquired with our light field camera.
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Figure 4.10: (a) 16 x 16 x 128 x 128 Raw light field image depicting two toys 3.5
cm far. (b) Zoom on the sub-images composing the dog’s eye image on the background.
(¢) Zoom on the sub-images composing the object image on the foreground of the 3D
photographed scene.
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The two photographed objects are two toys, displayed in Fig. 4.11.

(a) (b)

Figure 4.11: Images showing the toys photographed by our plenoptic camera in Fig.
4.10.

As it can be seen, a raw light field image looks like a normal picture, macroscopi-
cally. Looking at it more closely, it can be noticed that it is composed of a pattern
of small disks. These circular images are called sub-images and, each of them
shows a precise area of the object seen from one single microlens, depending on
the position that it occupies on the array. The captured 3D scene in Fig. 4.10
portrays a sharp toy on the foreground and a blurred dog on the background. The
two objects are 3.5 ¢m distant from each other. The effects of sharpness and bluri-
ness are due to the fact that light comes from different planes in the object space.
Superimposed to the image, there are two coloured rectangles enhancing these
two different features of the framed scene. By carefully examining these zoomed
regions, we can notice that for an in-focus object, like in Fig. 4.10c, the grid of
circular images is regular and each disk is well filled and illuminated the same
way. For an out-of-focus object, like the dog’s eye on the background, sub-images
are cropped, as it can be observed in the close-up of Fig. 4.10b. If we follow the
superimposed red circles around the edge of the eye in anticlockwise way, starting
from the bottom to the top, we notice that the sequence of the sub-images is re-
versed at a certain point. The sub-images at the bottom of the eye are filled half
in black (lower part) and half in white (higher part), and the colors alternate in
the sub-images at the top of the eye (black in the higher part and white in the
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lower part). Those indicated by green circles have a tiny black stripe at the center,
while those within the violet circles show sub-images filled only on one side: on
the left for those at the left side of the eye and, only on the right for those at the
right side of the eye. The filling factor of the sub-images is strictly linked to the
departure position of the light rays travelling up to the image sensor.

4.5.3 Illustration of perfect matching

As it was mentioned, the number of pixels underneath a single microlens deter-
mines the directional resolution of the captured light field. A fundamental condi-
tion for achieving the best directional resolution is that the microlenses are focused
at the optical infinity [160]. To have that, the CCD plane is placed one focal length
away from the microlens array and hence zy = f5.

The directional resolution does not rely only on the sharpness of the sub-images,
but also on their size. Sub-images too small, or too large to overlap one with
another, degrade the resolution. Therefore, the aperture size of the main lens and
that of the microlenses have to be necessarily adjusted in order to cover as many
pixels as possible for getting sharp and distinct sub-images [23]. In practice, this
means to match the f-number of the main lens with that of the microlenses [155].
The f-number is a dimensionless number obtained by the ratio between the focal
length of a lens and its effective aperture. In our set-up, thanks to an iris placed in
front of the main lens, the aperture size of the main lens was adjustable to adapt
to the f-number of the microlenses.

Fig. 4.12 shows how the quality of the captured images changes by varying the
aperture size of the iris. When the f-number of the main lens is smaller than
that of the microlenses, the amount of light passing through the main lens creates
on the CCD plane circular images too big that tend to overlap each other (see
Fig. 4.12a). When the f-number of the main lens matches the f-number of the
microlenses, sub-images achieve the best filling factor and the maximal directional
resolution is obtained (see Fig. 4.12b). When the f-number of the main lens is
greater than that of the microlenses, a significant amount of light is lost and the
sub-images originated on the CCD plane are cropped. Macroscopically, the images

appear dark and directional resolution is wasted (see Fig. 4.12c).
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Figure 4.12: Images on the left column show raw light field images acquired for different
configurations. Images on the right column are a zoom of the images on the left. (a)
Image taken with an aperture size of the main lens bigger than that of the microlenses.
Sub-images tend to overlap. (b) Image taken with an aperture size of the main lens
matching the aperture size of the microlenses. Sub-images show the best filling factor. (c)
Image taken with an aperture size of the main lens smaller than that of the microlenses.
In this configuration, directional resolution is wasted.
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4.6 Plenoptic 1.0 imaging

4.6.1 Sub-aperture images

A second way to display the light field is through sub-aperture images [23], as
illustrated in Fig. 4.13.
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Figure 4.13: Sub-aperture images of the light field recorded in Fig. 4.9a

The sub-aperture images of the recorded scene are visualized underneath of a cir-
cular area (looking as a big eye) that repoduces the field of view seen by the main
lens aperture. This kind of light field representation can be obtained by the 4D
light field tranposed matrix. In other words, each sub-aperture image is built by
extracting the same pixel of coordinates (u, v) from each microlens. Thus, the final
image is composed by uxwv sub-aperture images and in turn, each of these figures
is made up of sxt pixels.
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Each sub-image displayed in Fig. 4.13 shows the photographed scene according
to a given (u,v) position on the main lens plane. More precisely, as (u, v) coordi-
nates sample the directions of the incoming light rays through the main lens, each
sub-aperture image shows a different perspective of the recorded scene. Moving
virtually from one sub-aperture image to another demonstrates the change of per-
spective that can be achieved by a light field camera [160].

Moreover, sub-aperture images result u-times sharper than a light field picture
taken with the full aperture of the main lens, since the sub-aperture images cor-
respond to pictures taken with numerical aperture u-times smaller. In particular,
the sub-aperture images of Fig. 4.14 are 16-times sharper than the raw light field
image in Fig. 4.9a. The sharpness of the sub-aperture images can be notice in the
close-ups of Fig. 4.14.

(a) (b)

Figure 4.14: Sub-aperture images extrapolated from Fig. 4.13. (a) Sub-image high-
lighted by the red rectangle in Fig. 4.14. (b) Sub-image highlighted by the yellow
rectangle in Fig. 4.14.

These images are two sub-aperture images selected from two opposite sides of the
main lens aperture. Fig. 4.14a corresponds to the sub-image highlighted by the
red rectangle in Fig. 4.13, whereas Fig. 4.14b to that under the yellow rectangle.
Although these figures look quite similar, they show parallax effects. By looking
at them more carefully a series of differences due to the parallax phenomenon can
be noticed, as for instance by focusing on the name “Raphael”. In Fig. 4.14a, the
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name “Raphael” appears immediately above the ruler, whereas it is shifted of few
pixels higher in Fig. 4.14b.

4.6.2 Ray-tracing

When a picture is taken, there could be sharp subjects and blurred ones. These
lighting effects can be understood by tracing back the light rays up to the pho-
tographed subjects. Fig. 4.15 shows the luminance profiles of three different
situations that can occur when an image is achieved by a light field camera.
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Figure 4.15: Ray-tracing schemes.

When the photographed object is in-focus, rays departing from the object plane
are brought to a single convergence point at the microlens plane (scheme at the
top of Fig. 4.15). Then, every single microlens originates a bright disk onto the
CCD plane.

When there are subjects not rightly placed at the focalization (or in-focus) plane in
the object space, consequently they appear blurred in the recorded picture. If the

out-of-focus object is on a plane behind the focalization plane, it results farther
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from the main lens. The light rays converge to a point on the plane 27; then,
they diverge when they invest the microlenses and converge back to a point on the
sensor plane (scheme in the middle of Fig. 4.15).

If the out-of-focus object is on a plane in front of the focalization plane, it results
closer to the main lens. The light rays converge onto the plane 2] between the
microlens array and the image sensor and, they finally end up onto the CCD with
different spatial locations (scheme at the bottom of Fig. 4.15).

In both misfocused cases the imaged objects would have result in-focus at the plane
z1. The specialty of the plenoptic camera is to bring these out-of-focus objects to
focus after the picture was taken. Thanks to the presence of the microlens array in
the camera design, the depth information of the scene is preserved and the correct
focus can be simply restored by means of a refocusing algorithm. So, the plane 2]
can be also called refocused plane.

4.6.3 Digital refocusing

In conventional photography, when light impinges on the sensor the resulting image
is proportional to the received irradiance at each pixel [169, 23]. In a plenoptic
camera, every microlens covers a matrix of pixels, instead. Therefore, the image
rendering from the raw light field pictures is more complex. By taking into account
the two-planes parameterization introduced previously and the imaging equation
for the formation of the images from the classic radiometry [170, 160, 23], the
resulting 2D image from the recorded 4D light field can be obtained through the
weighted integral of the light rays passing through the main lens:

1
I(s,t) = ?//LF(u,v,s,t) cos* Odudv (4.21)
i

The angle 0 is the incidence angle that rays make with the sensor plane. The
cos? § term is sometimes referred as the optical vignetting factor. It represents the
reduction effect due to rays arriving onto the sensor plane from oblique directions.
Under paraxial approximation, i.e. by assuming that light rays form small angles
with the image plane, it can be neglected as it would result equal to 1. Thus, the
equation for the image formation is simplified:

1
I(s,t) = ;//LF(u,v,s,t)dudv (4.22)
i
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It means that the computed image from the collected light field is obtained by
summing all the directions covered by each microlens. Or else, each microlens acts
as an output pixel and the final image has a spatial resolution equal to the number
of microlenses.

The focus of a blurred image can be corrected computationally, thanks to a refocus-
ing process. The algorithm consists in virtually changing the separation between
the main lens and the microlens plane, by exchanging the microlens plane with
the plane where the focus would have been ideally obtained, as it is illustrated in
the diagram of Fig. 4.16.

Focus for Object 1 onto MLA
Out of focus for Object2 onto MLA plane

Object 1 ML

Object 2 |

farther from = T e I
the ML = '

Figure 4.16: Optical scheme illustrating the case of refocusing of an object placed

farther from the main lens.

In order to compute an image with a new focus at a distance 2’1, the light field at
the desired depth should be re-parameterized and expressed as a function of the
known light field [158] (see Fig. 4.17).
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Figure 4.17: Parameterization scheme to perform digital refocusing.

Let be « the relative depth between the refocused plane and the measurement one,
a = 2’1/z. Let assume that u € (u,v) and that the point s € (s,t). The new

coordinate s’ € (s, t) can be derived from Thales theorem:

@;“):(y;“) (4.23)
(s —u) = %(s’ —u) = (& ; v) (4.24)
s'=u+a(s—u) (4.25)

The coordinate s belonging to the measured light field expressed as a function of

s is:

S:u+E%;Q (4.26)

Similarly, identical relationships are valid for the other two coordinates ¢ and wv.
Thus, the refocused light field in terms of the measured light field will be [23]:
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! _ t/ _
LFZ (U, U, 3/7 t/) :LFZ1 (U, v, U+ <S U) ;U M) = (427)
«

i «
1 ! 1 v
LF,, (u,v, u(l - —) - S—,v(l - —) - —). (4.28)
o o o o

By means of the refocusing parameter «, the refocusing operation consists in per-
forming a shearing of the light field of an angle ¢ in the ray-space diagram:

Y =tan"*(1 — a) (4.29)

When the refocusing parameter is one, the rendered image shows the blurred
and in-focus objects how they originally looked in the raw images. A refocusing
parameter minor than unit can refocus out-of-focus objects farther from the main
lens; whereas a refocusing parameter major than unit can bring to focus blurred
objects placed closer to the main lens. A summary scheme is shown in Fig. 4.18.

LF(u,v,s.1)

o<1

Figure 4.18: Drawing showing the role of the refocusing parameter.

The replacement in equation 4.29 of the light field with new coodinates ensures
that the refocused image is obtained by summing the pixels underneath a microlens

overall directions:
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1 1 ! 1 t
Li(s,t) = o //LF(u,v,u(l - a) + %,v(l - a) + a) dudv  (4.30)
i

This method recalls previous imaging works in which sub-aperture images were
shifted and then summed for rendering an image [159].

4.6.4 Examples of digital refocused images

This paragraph shows the results obtained after the application of the refocusing
algorithm over the raw images shown in Fig. 4.9.

The first case concerns a business card, with the name Raphael in view on the
background, placed 3.3 c¢m behind a transparent ruler on the foreground. The
corresponding rendered image at a = 1 is illustrated in Fig. 4.19a, whereas the
successful attempt to bring the ruler in-focus is shown in Fig. 4.19b. This result
was achieved with a = 1.125

(a) (b)

Figure 4.19: (a) Rendered image on the background with a=1. (b) Rendered image
on the foreground with av=1.125.

The second case illustrates two wine corks distant 9 ¢m from each other. The
rendered image with a = 1 in Fig. 4.20a shows a sharp cork on the foreground
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whereas a second cork is on the background and the letters on its side are un-
recognizable due to the blurring. This second cork was brought to focus with a
refocusing parameter o = 0.88 while the cork on the foreground became blurred.

(b)

Figure 4.20: (a) Rendered image on the foreground with oo = 1. (b) Rendered image
on the background with o = 0.88.

The range of focal depths (]z; — z}|) whereby the exact focusing is estimated by
the following relationship:

Ny

d—lAszi (4.31)

|21 - Z§| =

where N, is the directional resolution, d; the diameter of the main lens aperture,
As the spatial sampling rate. Thus, it follows that the sharpness of refocused
photographs is linked to the directional resolution [160].

By merging the only in-focus objects, images with an extended depth of field may
be achieved, as it is displayed in Fig. 4.21a and Fig. 4.21b.
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(a) (b)

Figure 4.21: (a) Extended depth of field obtained from the average of the images with
a =1 and a = 1.125. (b) Extended depth of field obtained from the average of the
images with o = 1 and a = 0.88.
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4.7 Towards the 3D rendering

Fig. 4.22a is a segmented copy of the image in Fig. 4.20a, where the cork on the
foreground is displayed in black and the blurred one on the background in white.
A 3D surface plot of this same image is presented in Fig. 4.22b. This view gives
the feeling of depth between the elements present on the scene. Both images were
obtained by using FIJI open-source.

(b)

Figure 4.22: (a) Segmented corks. The in-focus cork on the foreground is depicted in
black, whereas the out-of-focus cork on the background is visualized in white. (b) 3D

surface plot of the light field segmented image in Fig. 4.22a.

By using Volview software, a rough 3D estimation of the two corks was made. This
volume rendering was realized by superimposing a stack of segmented refocused
slices at different depths. In Fig. 4.23a a frontal view of the two corks is displayed,
whereas Fig. 4.23b shows a side perspective from the top. For our system, a voxel
is a parallelepiped whose side is given by the depth resolution and the height by
the lateral resolution of the camera.
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(a) (b)

Figure 4.23: (a) Frontal view of the two 3D rendered corks. (b) Lateral view of the

two 3D rendered corks.

4.8 Summary

This chapter dealt with the theory of light field camera and shows different tests
performed with visible light before its first transposition to the X-rays.

Plenoptic camera (or light field camera) is a special device able to record 3D im-
ages in one single exposure. This is achieved thanks to a microlens array placed
in front of an image sensor. The combination of the optical elements, main lens
and microlens array, allows sampling the directional and spatial components of the
light field flowing into the camera. The knowledge of the spatial and angular com-
ponents of the light field is the strength to retrieve information about the depth
that the objects occupy on the scene.

In fact, the camera offers the advantage of virtually changing the focus of a pho-
tograph after the picture is taken. By computationally re-sorting the light rays
to where they would have ideally terminated, blurred subjects can be brought to
focus and sharp objects can be made blurred. Digital refocusing is equivalent to
virtually slicing a 3D scene in many paralell planes, whose thickness is equal to
the depth resolution of the recorded scene. Thus, a light field camera may produce
different images where every subject is in-focus and by combining them, an image
with extended depth of field can be obtained.

Furthermore, the camera allows shifting the viewpoint of the photographed 3D
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scene. Owing to the many views recorded in a narrow range of angles, the light
field camera behavior can be compared to limited angle tomography.

Within this chapter, our light field camera prototype for acquiring light field im-
ages was shown. A wide variety of objects were photographed to test the advanced
image treatment required by this typology of camera. The mathematical defini-
tion of light field was deepened and the multiple properties of the camera were
experimentally explored. In particular, a section of the chapter was dedicated to
the description of the mathematical algorithm behind digital refocusing.
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Chapter 5

Soft X-ray plenoptic camera

In the framework of VOXEL (VOlumetric X-ray Extremely Low dose) project, we
developed a soft X-ray plenoptic microscope for cellular imaging at Laboratoire
d’Optique Appliquée. Today, the references for biological imaging are in the visible
range. A lot of well-estabilished techniques with resolutions down to few nanome-
ters are known, such as confocal microscopy, fluorescence microscopy, transmission
electron microscopy (TEM), two-photon microscopy, photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM).
All the above-mentioned techniques need multiple views to reconstruct a 3D image.
Plenoptic microscope has been demonstrated by Levoy and collaborators opening
the way of 3D reconstruction from a single view [150]. Our goal is to further push
this work by transposing plenoptic microscope to the soft X-rays for achieving a
high-resolution microscope with the plus value offered by plenoptic imaging. This
thesis work was oriented to develop a soft X-ray plenoptic microscope, that is a
microscope suitable to image cells in the so-called “water window” region. “Water
window” is the energy range comprised between the oxygen absorption K-edge
(543 eV, 2.3 nm) and the carbon K-edge (284 eV, 4.4 nm) (Fig. 5.1). In this
interval, high natural contrasted X-ray images can be achieved as water is trans-
parent and organic materials absorb much more than water [25]; thus, the use of

contrast agents is not required.
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Figure 5.1: Protein and water absorption lengths versus photon energy. The atomic

edges of the different components constituting a protein are shown from [2].

Today, the best microscopy images in the “water window” were realized by soft
X-ray tomography that is now considered as a benchmark in this domain [171].
In literature there are mentioned several works of soft X-ray tomography that
in combination with Fresnel zone plates could achieve extremely high-resolutions,
such as 60 nm by [172], 50 nm by [2, 173] and 10 nm by [174]. For instance, Fig.
5.2 shows a orthoslice of a Schizo-saccharomyces pombe with a spatial resolution
of 50 nm [3, 4]. The accurate discrimination among several cellular components
favoured the 3D segmentation and visualization of all the structures, as shown in
Fig. 5.2.
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Figure 5.2: Imaging of a Schizo-saccharomyces pombe by soft X-ray tomography. On
the left, an orthoslice of the imaged cell. On the right, 3D segmentation of the organelles
according to this colour map: nucleus in blue; nucleolus in orange; mitochondria in red;
vacuoles in white; lipid-rich vesicles in green. Image from [3, 4].

The main concern related to X-ray tomography is the X-ray dose that is trans-
mitted to samples during the acquisition. Normally, since the X-ray radiation is
harmful, cells are cryo-immobilized to prevent damages. If the development of
our soft X-ray plenoptic microscope will be sucessful, it will set up an important
achievement for cellular imaging. Thanks to the refocusing ability of the camera,
3D images will be obtained ultimately in a single exposure and the technique will
be applicable on living cells without having to freeze them [21, 22, 175]. In ad-
dition, we are developing a desktop size soft X-ray microscope that represents an
attractive and friendly alternative to synchrotrons, as experiments at synchrotron
facilities are not of easy accessibility. Furthermore, since soft X-rays revelead to
be a good tool for locating metal-labeled proteins in single cells and to study their
morphology [176, 177], we believe that our approach will have an important impact
for bio-locating theranostic nanoparticles in living cells complementing the work
shown in Chapters 2 and 3.

Within this chapter, the design of our soft X-ray plenoptic microscope is shown.
Since conventional optics can not be used for the “water window” wavelengths,
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it is provided an overview over the available optics for realizing the microscope
and our choice of using Fresnel zone plate is discussed. Moreover, the role of each
element of the set-up is described.

5.1 Available optics for a soft X-ray plenoptic

experiment

5.1.1 Refractive lenses

Refractive lenses are optics commonly used for visible light as they have strong re-
fraction index (n=1.5 to several units for glass); therefore, short focal lengths. For
long time they have been considered inappropriate for focusing X-rays, especially
soft X-rays, because absorption is strong in this energy range whereas refraction
effects are too small. The X-ray refractive index is n =1 — 9§ + i (see Appendix
C), with a typical § comprised between 1072 and 1077,

In literature, many attempts of building efficient X-ray refractive lenses are re-
ported. Suehiro et al. proposed the use of X-ray refractive lenses made up of
high-Z materials [178]. Michette discouraged the use of these lenses for soft X-
rays, because absorption is the leading phenomenon in the “water window” region
[179]. Conversely, Yang launched the idea of using X-ray refractive lenses for hard
X-rays by using low Z-materials [180].

However, as (1 —9) is minor than 1, the lensmaker equation (5.1) estabilishes that
refractive lens, rather than having a convex shape, must have a concave shape to
focus X-rays:

—_

2
F=-ng (5.1)

where R is the radius of the lens and n is the real part of refractive index. From
here it follows that the focal length, f, is:

= (5.2)

R
26

Since f is inversely proportional to ¢, a single refractive lens has a huge focal length
(several meters to hundreds of meters) that makes an experiment unrealizable. A
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good practical solution to remedy the absence of adequate optics was found by
Snigirev et al. in the energy range 5-40 keV [5]. They proposed the use of a
compound refractive lens (CRL), that is a linear array of concave lenses consisting
of low-Z materials (such as boron, carbon, aluminium, polymers) to minimize the
absorption.

A compound refractive lens is usually fabricated by drilling a block material with a
series of N holes closely equidistant. Unlike of a single refractive lens, a compound
refractive lens has the advantage of producing shorter focal lengths as the final focal
distance is inversely proportional to the number of holes, N:

R

= (5.3)

f

A schematic drawing illustrating the focusing differences between a single X-ray
refractive lens and a compound refractive lens is shown in Fig. 5.3.

() go >

X-rays

(b)

wWWwW

SO (=

Figure 5.3: Drawing of a compound refractive lens, as illustrated in [5]. (a) An X-ray

concave lens having a long focal distance. (b) A compound refractive lens consisting of
N holes along the optical axis focusing X-rays at a distance N times shorter than that

obtainable by a single X-ray concave lens.

This trade-off seems convincing also in the “water window” region, if a block
material made up of beryllium is taken into account. For example, at 500 eV,
a refractive lens fabricated in beryllium shows acceptable refractive properties
§ = 1.46 x 1072 and, if we assume a radius R = 100 um, f = 3.4 cm. So definitely,
shorter focal lengths can be achieved by drilling a series of holes in a beryllium
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block and thus having an array of lenses. However, the limit of strong absorption
in the “water window” by any materials persists. The linear absorption coefficient
of a material, i, influences the calculation of the numerical aperture of a lens, as
shown in Equation 5.4 [5]:

9 \?
NA=2R(—— 4
R(MRN> (54)

where

Amf3
it 5.5
= (5.5)
Thus, for a single lens made up of beryllium the numerical aperture is very small
NA = 4 x 107, This disadvantage brought us to exclude the employement of a

compound refractive lens for our plenoptic experiment.

5.1.2 Soft X-ray Mirrors

Ordinary mirrors operating at normal angles of incidence do not work with X-rays,
as their reflectivity is very small; thus, specific multilayer coating mirrors were de-
veloped. They are composed of a stack of alternating layers of two materials having
low and high refractive indexes [181]. Typically, the thickness of two consecutive
layers, called bilayer, is half of the used wavelength, A/2. As consequence, for a
wavelength of 4 nm (as in the case of “water window”), the resulting thickness
is 2 nm. This is a technological limit for the design of multilayers. Multilayers
reflectivity is influenced by the number of periods and by intrinsic properties, such
as absorption and roughness [182]. Today, the best reflectivity is around 25% in
the “water window”. Microscopes are often composed of two or more mirrors in
order to correct the aberrations generated when using a large magnification over
a large field of view. With such low reflectivity, even two mirrors will drop the
efficiency to about 6%. This goes against our strategy to reduce the dose on the
sample. Moreover, mirror shape affects the quality of the final images. Spherical
mirrors were excluded a priori because they have strong aberration increasing very
fast when they are tilted to let the reflected rays go to the detector. Ellipsoidal
mirrors are effective to produce high quality images but they are very expensive
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with prize reaching easily 50 to 100 of thousands of euro. Ellipsoidal mirrors were

also excluded because of their purchase cost.

5.1.3 Fresnel zone plates

Fresnel zone plates are diffractive optics widely used in X-ray microscopy. They
consist of several symmetric rings, named zones. Rings are alternately transparent
and opaque. Light rays passing through transparent zones constructively interfer
at the focus point. The innermost ring defines the first zone. By moving further
away from the center, the other zones are numbered in ascendent order. The radius

of the r, zone is given by:

T = n\ (f + %) (5.6)

where A is the wavelength, f is the focal length. For zone plates with low numerical
aperture, the term n\/4 can be neglected if compared to the focal length. Thus,

the radius can more simply defined as:

Tn? = n\f (5.7)

The total number of zones, N, has important implications on some physical prop-
erties such as the resolution of a zone plate w, source bandwith A\ and efficiency.
In a diffraction-limited optical system, the resolution is given by:

A

where NA is the numerical aperture of the system and it is defined as the sine of
the half angle of the cone light reaching the focus point. Thus:

w— A
"~ 2sinf

(5.9)

As the alternating zones behave as a diffraction grating with pitch d = 2Ar, the

grating equation can be used:
sinf = 1= 9Ar (5.10)
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By replacing Eq. 5.10 in Eq. 5.9, it is obtained that the resolution of a zone plate
is set by the width of the outermost zone, Ar:

w = Ar (5.11)

The zone plate radius can be directly related to the zone plate resolution through
the following relationship:

_ M

_27"]\[

(5.12)

w

As the zone number increases, the width of zone progressively decreases from the
center towards the edges. This can be observed following the direction of the red
arrow in the TEM image with magnification x8330 displayed in Fig. 5.4, provided

by [6].
\
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Figure 5.4: TEM image of a Fresnel zone plates made by 4473 lines zones provided
by [6]. The image with magnification x8330 shows that the zones width progressively
reduces towards the outer edge.

Nowadays, more and more sophisticated zone plates with very thin outer zone can
be fabricated. Currently, the highest resolution available zone plates have a outer
diameter below 15 nm|[183]. Fresnel zone plates were chosen as the most suitable
optics for our soft X-ray miroscope. However, they are very chromatic optics.
Their focal length varies according to the selected wavelength:

140



5.1. AVAILABLE OPTICS FOR A SOFT X-RAY PLENOPTIC
EXPERIMENT

2ryw

== (5.13)

where f is the focal length, ry and w are the radius and the width of the outer
zone, respectively. To avoid chromatic blurring, the number of zones (N), must
be less than the inverse relative spectral bandwidth A/AA:

A

N < — .14
<A/\ (5.14)

where A\ is the spectral width of the illuminating radiation [184]. Therefore as it
will be shown farther, we needed to use a titanium filter to narrow the soft X-ray
radiation and keep the source monochromatic.

5.1.4 Soft X-ray source

We chose to develop a desktop size soft X-ray source emitting radiation in the
“water window” spectral range. In principle a solid, liquid or gas target can be
employed to produce soft X-ray radiation in this energy range. However, solid
targets have the disadvantage of debris production [185, 7] at the risk of damaging
the optical system. Liquid-nitrogen based soft X-ray microscopes are known for
the achievement of sub-50 nm of spatial resolution with emission at A = 2.88
nm [186] and, of sub-60 nm at A\ = 2.48 nm [187]. However, the proceeding for
obtaining a liquid nitrogen target is complicated and it requires a constant supply
of liquid nitrogen [7]. Another popular liquid target based soft X-ray microscope
is that based on ethanol droplets emitting radiation at A = 2.88 nm developed by
Johansson et al. [188]. This desktop size microscope allowed to capture images
with sub-50 nm of spatial resolution albeit with 5 min exposure time for image
acquisition. We decided to use a gas puff target for preventing the limitation
associated with the employment of a solid target source or a liquid target source.
For instance, Wachulak et al. [7] designed a “water window” microscope through
a nitrogen double-stream gas puff target source emitting in water window range
at the wavelength of A = 2.88 nm. In combination with a zone plate lens, their
system allowed resolving features down to 60 nm with few seconds of exposure
time. Similarly, we decided to develop a soft X-ray source based on nitrogen gas
jet target. We generated nitrogen plasma by focusing a Nd:YAG pumping laser
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(532 nm laser from SAGA /Thales [189]) with pulses of 5 ns duration, repetition
rate 10 Hz and energy of 1 J by an f = 300 mm focal length lens onto the nitrogen
puff target. Nitrogen jet was regulated by means of a pulse valve (GR020 from
Attotech [190] illustrated in Fig. 5.5a) driven by a piezo electric disc that permits
of tuning the gas release and the timing. The valve nozzle for the injection of
nitrogen gas into the vacuum chamber has a maximum aperture diameter of 0.5
mm. The nozzle opens when a voltage to the piezo electric disc is applied and it
may stay open up to a minimum time of 30 us. The valve can support backing
pressures up to 5 bars and it is cooled by a water cooling circuit. Fig. 5.5b
displays the plasma generated above the gas valve by the interaction between the

green laser and the nitrogen jet.

Green laser.

(b)

Figure 5.5: (a) Image of the pulsed gas valve. (b) Image showing the plasma laser

(white dot) created above the gas pulsed valve.

Finally, the produced soft X-ray radiation is incoherent and polychromatic. Since
nitrogen plasma emits radiation in a broad range of wavelengths, including also
visible light, a titanium filter was introduced before the sample, as demonstrated by
Wachulak et al. [7]. The filter makes the radiation monochromatic, by narrowing
the soft X-ray radiation as close as possible to the desired wavelength of A = 2.88
nm, where there is a strong emission line from helium-like ions. In detail, we used
a titanium filter 200 nm thick with a polyimide membrane, mounted on a circular
Al-BA frame supplied by Luxel [191]. Fig. 5.6 shows the nitrogen plasma emission
in red dashed line, the filtered nitrogen plasma emission in blue dashed line and,
the theoretical transmission of the titanium filter in violet.
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Figure 5.6: Transmission in the water window spectral range for the plasma unfiltered
radiation (red dashed line), filtered radiation with the titanium filter (blue dashed line)
and theoretical transmission of the titanium filter (violet dashed line) from [7].

5.2 Design of soft X-ray plenoptic camera

In Fig. 5.7 the scheme of the soft X-ray plenoptic microscope we built in Labo-
ratoire d’Optique Appliquée is illustrated. Compared to [7], we introduced in the

set-up a microlens array of Fresnel zone plates in front of the detector.
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Figure 5.7: Design of the soft X-ray plenoptic camera.
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Since a 600 mm long vacuum chamber was available, we decided to mount the
microscope according to the geometry of the plenoptic camera 1.0 (see Chapter
4). A picture of the empty chamber is shown in Fig. 5.8.

Figure 5.8: Image showing the vacuum chamber used for building the soft X-ray
plenoptic microscope. The red arrow shows the length of the camera, the green arrow
the entrance window for the green laser, the violet arrows the entrance flange for the
turbomolecular pumps. The orange arrows points an additional vacuum breadbord we
inserted in the vacum chamber and, the blue arrow the breadbord of the table. This
double system ensures a very high dumping of vibrations coming from the pumps and
from the floor.

An independent vacuum breadbord was placed into the chamber to hamper vi-
bration and displacement caused by the pumps. The vacuum chamber is placed
above an optical table, whose breadbord dumps vibration from the floor.
According to the scheme in Fig. 5.7, the soft X-ray radiation produced following
the interaction between the green laser and the nitrogen jet, is collected and fo-
cused onto the sample by a condenser mirror. We used an ellipsoidal nickel-coated
condenser mirror from Rigaku Innovative Technologies Europe s.r.o. [192]. The
highest incidence angle on the inner surface of the condenser is about 2,5°, leading
to a reflectivity of about 80% (see Fig. 5.9).
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Figure 5.9: Drawing illustrating the features of the condenser.

The condenser has the following features: a length (L) of 60 mm, an entrance
diameter (D) of 11.5 mm and an exit diameter (Ds) of 9.8 mm. The condenser
was designed to have an exit numerical aperture, NA, of 0.1 in order to be equal
to NA of the zone plate placed after the sample. The condenser we bought has the
following features: source to focus distance (z4) of 250 mm, and source to entrance
aperture distance (z7) of 130 mm. The scheme showing the condenser features is
illustrated in Fig. 5.9, where Dj is the source diameter and D, the output beam
diameter from the condenser. The condenser was tested by the manufacturer with
a visible source size of 25 um and its focal spot is displayed in a 2D and in a 3D
map false colours in Fig. 5.10 and 5.10b, respectively.
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Figure 5.10: (a) 2D image in false colours of the focal spot produced by the condenser
from a 25 pum source size. (b) 3D map in false colours of the same focal spot shown in
(a). Images provided by the manufacturer.
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CHAPTER 5. SOFT X-RAY PLENOPTIC CAMERA

In Fig. 5.11 it is displayed how the focal spot produced by the condenser changes

when the distance zy is varied.

Zd =249 mm Zd = 249.6 mm

Zd =250 mm Zd = 250.4 mm

Figure 5.11: Out-of-focus images from a 25 pm source size. Images provided by the

manufacturer.

It worths noticing that at distances slightly larger or shorter than z; = 250 mm the
focal spot is enlarged and it is composed of a series of concentric rings that do not
allow a homogeneous shining of the sample. Fig. 5.12 depicts the gas valve and the
condenser Rigaku, placed above a translation stage, inside the vacuum chamber.
This small useful zone is compatible with the size along the propagation axis of
few um to few 10’s um for biological objects. However, this requires a careful
positionning of the sample with a motorized stage. In Fig. 5.12, the preliminary
version of the sample holder is mounted on the right of the condeser. It sets on a
piezo translation stage for fine adjustment. The full system condenser plus sample
is mounted on a translation stage to adjust for the distance source-condenser.
Indeed, we felt that the gas jet with all the gas connections is difficult to move

under vacuum. Therefore, it is the fix point of the experiment.
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5.2. DESIGN OF SOFT X-RAY PLENOPTIC CAMERA

Figure 5.12: Image showing the gas valve and the condenser inside the vacuum cham-
ber. The source to focus distance is equal to 250 mm.

Next to the exit diameter of the condenser a beam stopper of 3 mm was placed.
This element was necessary to block the incoming straight radiation, because a
minimum amount of hard X-rays could be generated during the plasma produc-
tion at the risk of damaging the sample. With the presence of the beam stopper,
only the radiation reflected by the walls of the condenser is collected. Moreover,
a second stopper with an aperture size of 2 mm was fixed at 6 ¢m from the con-
denser exit to hamper that the remaining straight radiation coming from the space
between the condenser and the first stopper could reach the sample. Then, the ti-
tanium filter was placed, as shown in Fig. 5.7, in order to produce monochromatic
soft X-ray irradiation of the sample. The sample is imaged using as main lens a
Fresnel zone plate having 320 pum diameter, with a first ring of 4 um diameter and
an outer zone width equal to 18 nm, leading to an intrinsic resolution of 18 nm.
The Fresnel zone plate is composed of 4473 lines and it has a focal length of 2 mm.
Fresnel zone plates were custom designed and supplied by Applied Nanotools Inc.
[6]. Tmages of the zone plates are illustrated in Fig. 5.13 and Fig. 5.14. In Fig.
5.13a and 5.13b are shown the TEM images of the zone plate with magnification
x 240 and x1340, respectively.
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(b)

Figure 5.13: (a) TEM image with magnification x240 of the zone plate we used as

main lens in our plenoptic microscope. (b) TEM image of the same zone plate with
magnification x1340. The presence of many small circles not concentric with the central
ring is due to moiré effect and are thus artefacts.

In Fig. 5.14 it is reported a TEM image of the zone plate with magnification
x68500. Thanks to the line profile drawn over the outer transparent zones, it can
be seen that the distance bewteen two consecuitive peaks is 36 nm. This confirms
that the outer zone width is 18 nm.
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Figure 5.14: TEM image with magnification x68500 showing that the width of the
outer zone is 18 nm.

The numerical aperture of the zone plate was designed to match with the exit
numerical aperture of the condenser and with the numerical aperture of the array
of zone plates (NA= 0.08). To produce an image according to the design of the
plenoptic camera 1.0, it was calculated a distance sample-main lens equal to 2.02
mm, main lens-microlens array equal to 154 mm and microlens array-detector
equal to 17.78 mm. Fig. 5.15 shows the condenser (blue arrow), the main lens
(yellow arrow) and the microlens array (red arrow) inside the vacuum chamber.

Figure 5.15: Image showing the condenser indicated by the blue arrow, the Fresnel
zone plate (i.e. the main lens of the plenoptic camera) indicated by the yellow arrow
and the array of Fresnel zone plates (i.e. the microlens array of the plenoptic camera)
indicated by a red arrow.
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CHAPTER 5. SOFT X-RAY PLENOPTIC CAMERA

Fig. 5.16a shows a visible microscope image of the array of Fresnel zone plates we
bought from Applied Nanotools Inc. [6], while Fig. 5.16b is a SEM image.
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(a)

(b)

Figure 5.16: (a) Image showing the custom designed microlens array of Fresnel zone

plates. (b) SEM image of the microlens array of Fresnel zone plates provided by the

manufacturer.

It is a 170 nm thickness nickel 20 x 20 zone plate array lens optimized for focusing
application at A = 2.8 nm with a 300 nm gold blocker layer to minimize the
zero-order transmission. The theoretical efficiency of the 1st order is above 11%
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and the Si3N; membrane transmission is around 73%, leading to a transmission
of 8%. A single zone plate is composed of 5 numbers of lines and it has 17.78
mm focal length, 32 um diameter and an outer zone width equal to 1.689 um.
The array has 37 pum periodicity. Microlenses were placed on a silicon nitride
membrane with thickness equal to 50 nm and the substrate frame has a size of 5
x 5 mm?. Finally, the CCD camera was placed behind the array of Fresnel zone
plates. We are currently using a back-illuminated CCD camera with 2048 x 2048
pixels from Princeton Instruments [193]. The CCD is efficient for experiments set
with visible light or with soft X-ray radiation, but it has the disadvantage that
pixels are relatively big for a plenoptic experiment (pixel size is 13.5 um).

The completed set-up is illustrated in Fig. 5.17.
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Figure 5.17: Image showing the soft X-ray plenoptic microscope inside the vacuum
chamber.

For the first experiment, we still consider using the in-vacuum CCD camera. How-
ever, we are developing a system to attain better resolution by downsizing the
pixel size. The system tested long time ago at LOA consists in a YAG:Ce crystal
that converts the soft X-rays into green light. The crystal emission is thus imaged
with a microscope (x10) objective and a visible CCD. We are developing and
soon testing a system that can stay under vaccuum without releasing hydrocarbon
vapours. This system has a pixel size of about 1 pm. The key parameters of
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the system are displayed in the table below. Interestingly, reducing the pixel size
by one order of magnitude does not have any effect on the lateral resolution that
stays at 488 nm but impacts strongly the number of sampled angles, N,. This is a
crucial parameter for 3D reconstruction. Two parameters may improve the lateral
resolution: the NA of the main lens that has to be as large as possible and the
diameter of the lenses inside the lens array. For these lenses going from 37 um to

20 pm the resolution drops from 488 nm to 142 nm.

d1l(um) Dpx(um) d2 (um) Reslat (nm) Resdepth (um) FoV (um) DoFpleno (um) Nu Ns dist tot (mm)
320 13,5 37 488 7 10 17 3 20 174
320 2 37 488 7 10 115 19 20 174
320 1 37 488 7 10 176 28 20 174
320 13,5 37 488 7 10 17 3 20 174
320 13,5 20 142 2 3 3 1 20 304
320 13,5 37 488 7 10 17 3 20 174
600 13,5 37 258 2 5 5 3 20 308

Figure 5.18: Table showing the key values parameters of some elements of the system.

Finally, it is important to remind that all this work has been done with the initial
aim of reducing the dose received by the sample. Today, we consider that being
able to get an image on a single exposure allows also to keep the sample in normal
water while today for tomography the sample is cryogenized. To estimate the dose
reduction for this experiment is finally rather simple. Indeed, all the experiment
apart of the lens array is classical for soft X-ray tomography. Only the lens ar-
ray modifies the total throughput. As discussed, this optic has 8% transmission.
Considering that a high resolution tomography experiment requires a minimum of
100 views and more generally of 1,000 views, the total required dose should thus
be reduced by a factor 8 to 80. This is quite important.

5.3 Conclusions

Within this chapter the soft X-ray plenoptic microscope realized at Laboratoire
d’Optique Appliquée was described. The role of each component was introduced
and the system is still open to technical improvements to achieve better theoretical
resolutions. Firstly, we want to replace the current CCD camera with a crystal
coupled to a visible CCD having 1 pum pixel size. The crystal is needed to con-
vert the X-rays into green light and to collect the radiation by a 10x objective
microscope. As a second modification, we want to replace the array of zone plates

with an array of holes. Also, we want to replace the main lens, i.e. the Fresnel
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zone plate, by a spherical mirror and an adaptive optics to emulate a low-cost

ellipsoidal mirror.
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Conclusions and perspectives

Nanomedicines open new horizons for the treatment of many diseases. Nanodrugs
uptake, biodistribution and retention are important criteria that need to be con-
sidered during the pre-clinical phase of experimentation in order to get maximum
efficiency while limiting any toxicity. Especially, the knowledge of the amount of
nanoagents that effectively reached the target and that retained in healthy tissues
are of fundamental importance for planning future clinical trials.

Today, numerous in-vitro, ex-vivo and in-vivo studies from cellular scale to full
organs are performed to observe nanodrugs behaviour. Microscopy techniques
based on the employment of fluorophores show nanocompounds uptake at cellular
level. Laser Induced Breakdown Spectroscopy (LIBS) or Transmission Electron
Microscopy (TEM) are pseudo-3D techniques that may achieve high-spatial res-
olutions (down to 10 um and few tens of nm, respectively), but they require
the sectionning of the specimen [16, 1]. Lastly, MRI and PET are routine 3D
techniques that provide only macroscopic information, being limited by a spatial
resolution of few millimiters in-vivo, and down to sub-100 pum ex-vivo. Thus, it
emerges a lack of 3D non-invasive imaging technics in the resolution range between
few microns up to few hundreds of microns.

This thesis proposes X-ray Phase-Contrast Tomography (XPCT) as a novel com-
plementary method for bio-localization nanoparticles in tissues at the above men-
tioned empty scale (1-100’s um). XPCT is a well-established technique for imag-
ing bio-materials in a non-destructive manner; we explored its capacity to detect
nanoparticles in tumors, healthy organs and in brains affected by Alzheimer’s dis-
ease.

However albeit X-ray tomography is a powerful imaging technique, it submits the
specimens to a non-negligible X-ray dose radiation, potentially harmful for hu-
mans, living animals and cells. For instance, it is reported in literature that at
80 keV, in case of 340 projections, pixel size of 0.35 mm and slice thickness of
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0.625 mm, the Computed Tomography Dose Index (CTDI) is estimated equal to
14.8 mGy [194]. Nowadays, there is a strong demand to discover and develop new
techniques capable of producing X-ray images at lower doses. In this aim, this
thesis also contributed to the development of a new compact soft X-ray camera
for low dose cell-imaging in the “water window” region (4-40 nm). The work was
focused on the transposition to the X-rays of the so-called plenoptic imaging, that
is a 3D imaging technique well-known in visible light for its capacity to capture a
3D scene in a single exposure [23].

In Chapter 1 of this manuscript, the general concepts of X-ray tomography and
of the phase-contrast approach were introduced. It was explained how the virtual
cross-sections of a specimen can be retrieved from a dataset containing 2D images
acquired at many angles. It was also described the processing protocol applied
for reconstructing our XPCT data, the main techniques used for reducing some

common artefacts and for rendering volume images.

In Chapter 2, the advantageous aspects of XPCT in the visualization of theranos-
tic nanoparticles-loaded tissue were illustrated. Because of their radiosensitization
ability, theranostic nanoparticles have become attractive to improve radiotherapy
treatments of radioresistent tumors, such as melanoma metastases or lung car-
cinoma [120, 121]. Several mice organs containing different types of theranostic
nanoparticles were investigated at the European Synchrotron Radiation Facility
(ESRF Grenoble, France) in the framework of a collaboration between Labora-
toire d’Optique Appliquée (Palaiseau, France), Institute for Advanced Biosciences
(Grenoble, France), Institut Lumiere-Matiere (Lyon, France) and CNR-Nanotech
(Rome, Italy). Thanks to the high-brightness of synchrotron radiation and to the
high-resolution camera (3 um pixel size), new and unprecedent results were ob-
tained in the imaging of nanoparticles at median scale.

Different pre-clinical problems were examined. Firstly, the results obtained regard-
ing the renal clearance of gadolinium nanoparticles, the hepatic retention of gold
nanoclusters and the spleen elimination of platinum nanoparticles were shown.
Then, the case of a mouse lung containing nebulized gadolinium nanoparticles was
studied. Subsequently, it was reported a study about the repartition intra- and
inter-melanoma mouse brain metastases of gadolinium nanoparticles 1 hour after

administration, classical time of irradiation. It was found a heterogeneous distri-
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bution of the nanoparticles intra- and inter-metastases, according to the location
of the metastases in the brain and their size. We believe these new findings will
have postive impact for the optimization of radiotherapy protocols. Moreover, it
was illustrated XPCT ability in visualizing melanin pigments distribution in an
extra-cutaneous melanoma sample. This sounds as a promising result for promot-
ing the XPCT as bio-marker of melanin. Lastly, the preliminary results of the
K-edge subtraction approach were shown.

In Chapter 3, the results regarding the use of gadolinium-based nanoparticles
to mark amyloid plaques in mice brains model of Alzheimer’s disease were dis-
played. In collaboration with NeuroSpin Laboratory (CEA, Saclay and Grenobe),
CNR-Nanotech and Institute for Advanced Biosciences, several mice brains were
examined at ESRF under my supervision as Principal Investigator. The goal of the
study was understanding the mechanism of diffusion and distribution of nanopar-
ticles, once the blood-brain barrier is permeated through focused ultrasounds.
Several cases were examined throughout the chapter. Firstly, a prototype of a
healthy mouse brain was illustrated with the aim of recognizing farther the struc-
tural changes that a neurodegenerative disease like Alzheimer’s can induce to a
brain. Then, it was shown XPCT ability in detecting gadolinium nanoparticles
in a healthy brain specimen, following the blood-brain barrier opening by ultra-
sounds. Then, the images of Alzheimer’s model brain without nanoparticles and
with functionalized nanoparticles were displayed.

In Chapter 4, the plenoptic technology and its general aspects were described.
We built our plenoptic camera system working in the visible domain to test and
understand its main properties, such as the multi-viewing and the refocusing.

In Chapter 5, the first model of soft X-ray plenoptic camera that we also named
plenoptic microscope was illustrated. The work was directed within an European
project called VOXEL (VOlumetric X-ray Extremely Low dose). The structure
of the set-up we presented is inspired by the soft X-ray microscope developed by
Wachulak and collaborators [7], but it has the novelty of an array of Fresnel zone
plates coupled to the detector in order to make the first soft X-ray plenoptic micro-
scope. Within the chapter, the role of each element of the set-up was commented
and the choice of the Fresnel zone plates among all the available optics was dis-
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cussed. The design of the experiment was challenging, as each optical element
had to match the geometrical properties of the plenoptic camera with the Fresnel
zone plates features. We ended up that better performances could be achieved
by using as main lens a multilayer optic (for instance an elipsoidal mirror or a
Schwarzschild), or by tuning the wavelength source in order to fit with a natural

crystal.

At the moment XPCT can provide only a qualitative assessment about nanopar-
ticles distribution. As future perspective, we believe that an improvement of the
K-edge technique could be helpful to isolate nanoparticles signal from that of
surrounding elements. It will allow to provide quantitative information about
nanoparticle deposits in tissues and pheraps also to discriminate nanoparticles
from amyloid deposits.

VOXEL project is still open and it aims at prototyping soft and hard X-rays
plenoptic cameras soon. Today the soft X-ray plenoptic camera is still under test
at Laboratoire d’Optique Appliquée, while the hard X-ray plenoptic camera that
will be dedicated to small animal imaging is under development at Imagine Optic
in Bordeaux, France. With one or few exposures to achieve a 3D image com-
pared to the thousands projections required in X-ray tomography, X-ray plenoptic
camera will have a huge impact for bio-medical applications as it would lead to a
drastic reduction of the X-ray dose transmitted to specimens.

The first experiment planned for our soft X-ray plenoptic camera will be the bio-
localisation of theranostic nanoparticles in cells with 100 nm spatial resolution.
In parallel, X-ray nanotomography with synchrotron light will be considered as

benchmark for our novel desktop size system.
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Appendix A

X-rays matter interaction

Following matter irradiation, three different phenomena can occur: the photoelec-
tric effect, the Compton effect (or incoherent scattering) and the coherent scatter-
ing [27].

The photoeletric effect takes place when X-ray photons, of energy greater than the
binding energy of an electron, cause the emission of a photo-electron from an in-
ner level of an atom. Subsequently, an electron of an outer-level at higher energy
immediately replaces this electron vacancy, thus producing characteristic X-ray
radiation. The probability that a photoelectric interaction occurs, P, is inversely
proportional to the X-ray energy, F:

PxE? (5.15)

Therefore, the probability to have photoelectric effect is higher at low X-ray ener-
gies. At the same time, the photoelectric effect is also proportional to the cube of

the atomic number of the considered material [27]:

P Z°. (5.16)

The Compton effect concerns X-ray photons of medium energy, roughly between
30 — 70 keV. It takes place when the incident radiation colliding with a free elec-
tron, or an electron belonging to an outer-level, causes the release of the electron
itself. This is called “recoil electron”. At the same time, the incoming radiation
is scattered between 0° and 180° with a partial loss of its initial energy. Low-
energy photons are preferentially backscattered (i.e. they are deflected with an
angle larger than 90°), whereas high-energy photons are forward scattered (i.e.

they are deflected with an angle smaller than 90°). After a Compton interaction,
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most of the energy is held by the deflected photon that could be involved in other
collisions before exiting the object. Thus, the absorbed energy by the sample is
smaller than that can be absorbed during a photoelectric mechanism, leading to
a minor attenuation effect. Compared to photoelectric effect, the probability that
a Compton interaction occurs depends only on the electron density of a material,
and not on its atomic number.

The third phenomenon is the coherent scattering. During this mechanism, it
happens that the incident radiation penetrates the section of an object without
interacting with it, but only causing a change of its direction. As it does not acti-
vate ionization process, it is less interesting for the interpretation of X-ray medical
images [27].

Energy radiation of diagnostic interest is comprised between 20 keV and 140 keV.
In this scenario, the photoelectric effect is the most interesting mechanism for
medical imaging since it can provide the strongest attenuation.

The graphics in Fig. 5.19 and 5.20 compare the mass attenuation coefficients of
photoelectric effect, of the sum of Compton and incoherent scattering and the total
sum of these three phenomena as a function of the energy [40].
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Figure 5.19: Plot of the mass attenuation coefficients for photoelectric, coherent and
incoherent scattering and the sum of these three effects as a function of the energy for
a mixture of carbon and oxygen.

In detail, the plot in Fig. 5.19 shows the trend for a mixture of carbon and
oxygen that are the most representive elements of a biologic tissue, while Fig.
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Figure 5.20: Plot of the mass attenuation coefficients for photoelectric, Compton and
coherent scattering and the sum of these three effects in function of the energy for
gadolinium.

5.20 shows the trend of the mass attenuation coefficients for a high-Z metal, like
gadolinium. In both cases photoelectric effect is dominant in respect with the
scattering phenomena, especially at low X-ray energies for the mixture carbon/
oxygen simulating the behavior of a soft tissue.
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Appendix B

Attenuation law

When X-rays pass through the section of a material, a certain percentage is ab-
sorbed. The penetration depth of the radiation, or attenuation, depends on several
factors: the selected wavelength and the physical properties of the used material
like atomic number, density and thickness. For a monochromatic X-ray beam and
an object made up of a single material, the transmitted radiation can be expressed
by the Lambert-Beer law:

[=1Ipe % (5.17)

where [j is the incident radiation, p the total linear attenuation coefficient includ-
ing the contributions of photoelectric and Compton effects, L is the thickness of
the material and, p its density.

From equation (5.17) it shows that materials with higher values of 1 are those more
attenuating. The linear attenuation coefficient is linked to the atomic number and
density of a material. Attenuation is enhanced for materials made up of elements
having high-atomic number, because the probability of photoelectric interaction is
proportional to the cube of the atomic number of the considered material (see Eq.
5.16). At the same time, attenuation is also accentuated in case of high density
materials because the chance of radiation-matter interaction is higher.
Radiological images are displayed according to a grayscale map varying from black
to white. The more attenuating is the imaged object and, the more it looks white,
such as bones, teeth, contrast agents based on high-Z elements, nanoparticles. The
more the imaged object favours X-ray transmission and more it looks black, such

as empty spaces.
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Fig. 5.21 compares the mass attenuation coefficients, 1/ p, in function of the energy
of an adipose tissue (orange curve) and of gold (blue curve) that is a heavy metal
with Z=79. The values plotted in the graph come from National Institute of
Standards and Technology (NIST) [40].
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Figure 5.21: Comparison between the mass attenuation coefficients of gold and adipose

tissue.

As it can be observed, gold has attenuation values higher than those of adipose
tissue. Although the mass attenuation coefficients of both curves tend to dicrease
with the increase of the energy, the gold profile shows some discontinuities. They
are the gold absorption edges and correspond to the binding energies of the elec-
trons belonging to the M, L and K shells, respectively. The large difference of
attenuation lengths between gold and adipose tissue favours the observation of
gold-based agents uptaken in biological materials, especially above gold K-edege
at 80.72 keV. In fact, at this value the difference in attenuation between gold and
adipose tissue is maximum. Thus, high-7Z elements like gold appear more opaque
than biological materials and, they can be better identified.
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Appendix C

Refractive index in the X-ray range

The optical properties of a material are characterized by its refractive index. By
definition, “the refractive index of a material is the sum of the forward-scattered
radiation from all atoms that interfer with the incoming radiation to produce a
modified propagating wave” [25].

Typically for visible light, the refractive index is greater than unit and this is as-
societed to a low radiation phase-velocity. The opposite occurs for the extreme
ultraviolet and X-ray radiation, instead. In this energy range, X-rays propagate
in materials at high phase-velocities; thus, the index of refraction is smaller than
one.

Following the interaction with short wavelength radiation such as X-rays, absorp-
tion is the physical phenomenon that takes over. The total atomic scattering,
indicated with f°(w), involves elastic and inelastic processes and is a complex

number:

fw) = fiw) —ify (). (5.18)
with w representing the frequency. Its components f2(w) and f(w) are related to
the refractive index, n, of a material that, in turn, is a complex number depending

on w.

Therefore, in the X-ray range the refractive index is known as:
n(w)=1-48—1p, (5.19)

where ¢, a slight deviation from unity, and § are related to the phase change and
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the attenuated radiation intensity coming out of the object, respectively. More

precisely, § and 3 can be expressed in terms of f?(w) and f(w) following:

5= "“;ETV Fw) (5.20)
and
a €>\2
() (5.21)

where A\ is the wavelength, n, the atomic density and, r. the electron radius.
Basically, 0 and S may be retrieved by means of phase-shift and absorption mea-
surements, respectively [25]. In fact, 8 is the physical parameter directly involved
in the X-ray absorption tomography measurements, whereas ¢ in those of XPCT.
£ might be also expressed as a function of the linear absorption coefficient, u,
defined in appendix B, by:

Ap
B = e (5.22)
This equation is interesting to link the value of § with the absorption. Below it
is given the real, 9, and imaginary part, 3, of the index of refraction for different
pure elements contained in brain. For this calculation, the density of the gas
(around 1073 g/cc) is used for hydrogen, nitrogen and oxygen that significantly
differs from the density of molecules composing the brain (density around 1 g/cc).
This explains the difference between carbon and gadolinium on the one hand and
hydrogen, nitrogen and oxygen on the other hand.
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Figure 5.22: Real part of the refractive index (§) for several pure elements versus

photon energy.
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Figure 5.23: Imaginary part of the refractive index (/3) for several pure elements versus
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Appendix D

Anatomical plane

The 3D information obtained with X-ray tomography can be visualized in a slice-
by-slice mode. In order to be able to interpret the information contained in a
tomographic dataset, a conventional coordinate system allows distinguishing three

orthogonal planes in a sample or body (if we refer to medical images):
e Frontal or coronal plane that divides the body into front and back sections;
e Sagittal plane that separates the body into right and left side;

e Axial or transverse plane that divides the body in upper and inferior sectors.

Sagittal
plane
-~ 3 %
Transverse
plane
Coronal
plane 7

Figure 5.24: Anatomical planes of the human body.
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Titre : De la tomographie X a la premiére caméra plénoptique a rayons X pour la bio-localisation des
nanoparticules

Mots clés : Tomographie X a contraste de phase, Plénoptique X, Nanoparticules, Fenétre de 1’eau

Résumé : La tomographie par rayons X est une
technique d’imagerie non-invasive qui permet
de réaliser des images en 3D par 1’acquisition
de multiples images en 2D. La tomographie X
par contraste de phase (XPCT) a été utilisée
pour étudier la biodistribution de nanoparticules
métalliques (NPs) dans des souris. Ces NPs sont
tres utilisées comme radiosensibilisants dans la
recherche de traitements contre les cancers mais
aussi pour marquer des plaques amyloides de la
maladie d’Alzheimer chez la souris. Grace a la
grande brillance du synchrotron ESRF, des
images XPCT en haute résolution ont été
obtenues et traitées pour produire des modeles
en 3D d’organes de souris dopés aux NPs de
gadolinium, d’or ou de platine.

En paralléle, dans le cadre du projet Européen
VOXEL (Volumetric X-ray Extremely Low
dose), un microscope compact a rayons X mous

a été développé pour I’imagerie cellulaire. Ce
microscope fonctionne dans la «fenétre de
I’eau », une région spectrale pour laquelle un
bon contraste de la structure cellulaire est
réalisable naturellement. Ce microscope est
congu pour réaliser de I’imagerie plénoptique,
une technigue actuellement testée uniguement
dans le visible. Ce systéme est composé d’une
lentille principale et d’une matrice de micro-
lentilles couplée a un détecteur, permettant
d’enregistrer les composantes angulaires et
spatiales des rayons arrivant au niveau du
détecteur. Il est ainsi possible de produire des
images en 3D a partir d’une seule exposition.
Adapter cette technique disruptive aux rayons X
aura; un tres grand impact pour les applications
biomédicales car cela permettra de réduire
fortement la dose absorbée par les échantillons
par rapport a la méthode conventionnelle de
tomographie X.

Title : From X-ray tomography to the first X-ray plenoptic camera for nanoparticles bio-localization

Keywords : X-ray Phase-Contrast Tomography, X-ray Plenoptic, Nanoparticles, Water Window

Abstract : X-ray tomography is a non-invasive
imaging technique that allows producing 3D
images following the acquisition of multiple
2D images at many angles. In particular, X-ray
Phase-Contrast Tomography (XPCT) has been
exploited for resolving the biodistribution of
metal-based theranostic nanoparticles (NPs) in
mice. These NPs are widely used as
radiosensitizers for researches on cancer
therapies and, recently to mark amyloid
plaques in Alzheimer’s disease in mice. Thanks
to the high brightness of ESRF synchrotron,
high resolution XPCT images were obtained
and thus processed for producing 3D models of
mice organs doped with gadolinium, gold or
platinum NPs.

In parallel, in the framework of a European
project, named VOXEL (Volumetric X-ray
Extremely Low dose), a compact desktop-size

soft X-ray microscope was developed aiming at
biological cell imaging. The microscope was
designed to be suitable in the so-called “water
window” spectral range, where a natural good
contrast of the cellular structures is achievable.
The microscope was conceived to perform
plenoptic imaging, a technology currently
tested only in the visible domain. This device is
composed of a main lens and a microlens array
coupled to a detector, allowing recording the
spatial and the angular components of the light
rays travelling up to the detector and thus
enabling producing 3D images in a single
exposure. By adapting this disrupting
technology to X-rays, a huge impact for bio-
medical applications is foreseen, since it would
lead to a drastic decrease of the dose absorbed
by samples, compared to traditional X-ray
tomography methods.
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