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Preface of the series editors

The Géttingen series in x-ray physics is intended as a collection of research monographs in
x-ray science, carried out at the Institute for X-ray Physics at the Georg-August-Universitit
in Goéttingen, and in the framework of its related research networks and collaborations.

It covers topics ranging from x-ray microscopy, nano-focusing, wave propagation, image
reconstruction, tomography, short x-ray pulses to applications of nanoscale x-ray imaging
and biomolecular structure analysis.

In most but not all cases, the contributions are based on Ph.D. dissertations. The
individual monographs should be enhanced by putting them in the context of related
work, often based on a common long term research strategy, and funded by the same
research networks. We hope that the series will also help to enhance the visibility of the
research carried out here and help others in the field to advance similar projects.

Prof. Dr. Tim Salditt
Prof. Dr. Sarah Koster
Editors

Géttingen June 2014

Preface to the present volume

In biological tissues, structure matters — from organelle to organ. An intricate
hierarchical cyto-architecture underlies and enables a diverse set of physiological
functions. Contrarily, diseases are associated with pathological alterations of the tissue
structure. Imaging and reconstructing physiological and pathological states are a matter
of sample preservation, dimensionality, contrast, resolution, and field of view. Zooming
in and out, trading resolution and field of view, extending the window of length scales,
and creating contrast even for soft tissue components with weak contrast, is a
formidable optical challenge.

In this work, three-dimensional phase-contrast X-ray imaging is augmented to a multi-
scale approach by combining tomography with parallel and cone beam illumination,
and a new form of super-resolution in-line holography, where the resolution is no
longer limited by the demagnified pixel size. For the first time, this is shown to work
also in full three dimensions. Working at the resolution frontier of holography, a new
phase retrieval algorithm is proposed to extend holography to the highest level of
resolution and beyond the ubiquitous assumption of a homogeneous object. Quite a tall
order, and quite an evolution for a project which started primarily with synchrotron
instrumentation and X-ray optics. And all this to the benefit of challenging
applications, from pancreatic tumors to the histopathology of Covid-19.

Prof. Dr. Tim Salditt
Gottingen, August 2023
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Introduction

The desire to cure diseases is probably as old as mankind itself. To fulfill this desire
scientists attempt to understand the mechanisms of the phenomena in question. The
corresponding scientific field, the study of diseases, is called pathology. It is an
important field in medical research and medical diagnosis that addresses the cause of
disease, its development, the structural changes and the corresponding manifestations.
An important branch within pathology is histology, the study of biological tissue by the
use of a light microscope, or in this context histopathology [[Cul13|. Due to absorption,
optical transmission microscopes require a sectioning of tissue, which is initially
obtained by surgeries, biopsies, or autopsies into thin slices. In addition, the tissue
must be stained to obtain sufficient contrast in the microscopic image. Hematoxylin
and eosin staining (H & F) is the most widely used histological stain [BGO08|]. However,
there are many different staining protocols, e.g. Masson-Goldner [|Gol38|] or immuno-
stains, which use antibodies labeled with fluorescent dyes to visualize antigen-antibody
interactions [[CCJ41). To this day, histopathological examination of biopsies is often the
gold standard method for diagnosing tumor diseases. In addition to medical diagnosis,
histopathology plays an important role in medical research due to its high-contrast
and high-resolution two dimensional (2D) images. Despite the enormous success
and importance of histology today, it has the limitation of providing only 2D images.
In principle, 3D reconstructions are possible by acquiring multiple adjacent slices
followed by subsequent alignment. However, the mechanical slicing leads to the
occurrence of artifacts [Ger+08;|/Alb+21|| and is very labor intensive. Furthermore,
the 3D resolution is anisotropic due to the limited minimal slice thickness [Amu+13]].
To this end, pathological conclusions and decisions are often based on single 2D slices.

The aim of 3D virtual histology is to overcome these limitations. 3D sample vol-
umes can be acquired by different imaging techniques e.g. by computed tomography
(CT). One advantage of this approach is that no mechanical slicing is required, hence
avoiding the invasive destruction of the sample. In addition, the reconstructed 3D
volume can be virtually sliced in arbitrary directions. The application of computed
tomography to the sample sizes used in histology therefore results in 3D virtual his-
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tology. The challenge is to achieve similar resolution and contrast as in conventional
histology. However, if achieved, the accessibility to the 3D information can provide
new insights to support conventional histology. For example, simply sliding through
several hundred slices in different directions instead of a few in a fixed orientation
can help evaluate structural changes of the sample under study. 3D virtual histol-
ogy is realised by different underlying contrast mechanisms and resolutions, e.g. by
magnetic resonance imaging (MRI) with a resolution of 52 um ex vivo as in [[Cle+11|,
by photoacoustic tomography (PAT) with resolutions of ~ 100 pum as in vivo [ZYW16;
San+22[], by light sheet fluorescence microscopy (LSFM) at sub-micrometer resolution
ex vivo as in [Hag+17; HM22] or by X-ray tomography at sub-micrometer resolution
ex vivo, which will be discussed in detail in the course of this work.

Furthermore, light microscopes offer the possibility of examining samples at different
fields of view or length scales with the corresponding resolutions by changing the mi-
croscope objective used. This multi-scale capability is very powerful, since the tissue
pieces can be investigated in their entirety, with the ability to zoom into specific areas
of interest and observe them at a sub-cellular resolution. Since the scales complement
each other, the access to multiple scales is important for a more complete assessment
of the tissue. To this end, the realisation of such a multi-scale approach for 3D virtual
histology is of great interest and subject of this work.

Due to the weak interaction with matter and the resulting high penetration depth,
X-rays are predestined for tomographic acquisitions. The contrast mechanism of
common X-ray tomography applications, e.g. in daily clinical routine, is based on
absorption. Apart from absorption, the object-wave interaction also shifts the phases
of the penetrating X-rays. This can be exploited for weakly absorbing objects, such
as biological soft tissue. Both interactions are described by the complex index of
refraction n = 1 — § + 90 of the object, where the decrement § describes the phase
shift and the extinction coefficient /3 the attenuation. For example, at an X-ray energy of
13.8keV the decrement is § = 1.2 x 10~° and 3 = 1.4 x 10~° for soft tissue (Tissue,
Soft (ICRP)) [Sch+11]]. Thus, their ratio is % ~ 860 and the phase-contrast is higher
compared to the absorption-contrast. Since phases are not directly measurable, also
known as the phase problem, different phase-sensitive imagine methods have been
developed. Examples for phase-sensitive near-field imaging techniques are grating-
based (GBI) [Dav+02; Mom+03; |Pfe+06; [Wei+05], speckle-based (SBI) [BWS12;
MPS12;|Zan+14;Zdo+17|] and propagation-based phase-contrast imaging (PBI)
[Sni+95;|Clo+96; Pag+02;|Clo+99], while ptychography [Die+10; Wil+12; Hol+14]
and coherent diffractive imaging (CDI) [Mia+99; Brd+19] are imaging methods in the



far-field regime. Due to the high resolution of sub-50 nm in ptychography [Hol+19] and
CDI [Brd+19], the resulting small field of views are unsuitable for 3D virtual histology.
The achievable resolution of a few micrometer and the corresponding field of view
of a few millimeter in GBI, SBI and PBI are more suitable for 3D virtual histology.
The application to 3D virtual histology has been demonstrated in [Kim+20] for GBI,
in [Zdo+20|| for SBI and in [[Fro+20a; [Eck+20] for PBI. Of these three approaches
PBI provides the highest spatial resolution [Zdo+20] and is therefore the subject
of this work. The phase information is encoded in the measured intensity pattern,
which is the square of the absolute value of the wavefield I = |+/|?, obtained by
constructive and destructive interference of the scattered wavefield and the primary
wavefield. The recovery of the introduced phase shifts is an ill-posed inverse problem,
which requires elaborate reconstruction schemes. Examples for such phase retrieval
algorithms are: the popular Paganin single step approach based on the transport-
of-intensity equation (TIE) [Pag+02] for the edge-enhancement regime, the single
step approach based on Contrast-Transfer-Function (CTF) for the holographic regime
[Clo+99; Loh+20al| or iterative reconstruction schemes such as the Gerchberg-Saxton
(GS), the Error-reduction (ER), the Hybrid-Input-Output (HIO) algorithm [Fie82],
the relaxed averaged alternating reflections (RAAR) algorithm [Luk04] or a Tikhonov
regularization-based approach [Huh+22].

The formation of an interference pattern by free space propagation is only possible with
partially coherent X-rays. The partial spatial coherence of microfocus X-ray source
is sufficient to enter the edge-enhancement regime (single fringe at the edges) in
laboratories [Wil+96; TOHO07; Bar+13|]. Additional temporal coherence is required to
obtain phase-contrast in the holographic regime (multiple interfering fringes) [Clo+99].
Such spatial and temporal coherence conditions are provided by synchrotron radiation.

3D virtual histology via X-ray phase-contrast is an established technique in the syn-
chrotron community and realised at several beamlines e.g. ID19 (ESRF) [Wei+10;
Cho+22b], TOMCAT (SLS) [Sta+10; Bor+21]], ANATOMIX (SOLEIL) [Wei+17;
Rod+21]] and BMO05 (ESRF) [Wal+21]]. Although each setup differs in X-ray energy,
monochromaticity (bending magnet/wiggler/undulator), covered object size or sup-
ported propagation distance, a rough differentiation between microtomography and
nanotomography is reasonable. Microtomographic setups exploit a parallel beam ge-
ometry and the resolution is given by the detector pixel size. In that configuration, the
highest resolutions are mostly obtained by microscope X-ray detectors with a sensor
pixel size of 6.5 um and a 10x microscope objective resulting in a effective pixel size of
650 nm. On the other hand, nanotomographic setups rely on a cone beam geometry
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e.g. Holotomography at the GINIX (DESY) [Top+18;[Eck+20; Rei+21;|Eck+21b], ID16
(ESRF) [Kua+20; Bar+22f| or ptychography at the cSAXS (PSI) [Die+10;[Hol+19]. The
effective pixel size is based on geometrical magnification. Pixel sizes of sub-100 nm are
routinely achieved at these setups. In this work the GINIX endstation is extended to
combine micro- and nanotomography in one setup by switching from a parallel beam
to cone beam configuration.

The outline of this work is as follows. Chapter 2 provides the theoretical background
essential for this work. The results section is divided into the three realized scales
of the multi-scale approach, starting with the largest length scale and ending with
the smallest scale. Each result chapter contains an own motivation and discussion.
Chapter 3 describes the realisation of the microtomography setup based on a parallel
beam geometry. Chapter 4 discusses recent upgrades of the waveguide-based cone
beam setup. Chapter 5 demonstrates the potential to reconstruct 3D volumes at
super-resolution compared to the standard approach by using a novel acquisition
and reconstruction approach. Chapter 6 concludes this work and discusses future
directions.



From basic X-ray interaction to 3D

virtual histology

This chapter outlines the key concepts of the underlying physics related to this work.
Starting point is the interaction of X-rays with matter, followed by X-ray propagation,
detection and phase retrieval of in-line holography. The transition from 2D images
to 3D reconstruction volumes is explained by the basics of tomography. Current
exemplary approaches of 3D virtual histology are presented at the end. The following
textbook literature contains in-depth descriptions of the concepts [AM11} [Buz11;
SAA17;Pag06|.

2.1 X-ray interaction with matter

In principle, when X-ray photons interact with matter, it can be attributed to two main
processes, namely absorption and scattering. Both phenomena will be first explained by
considering photons as particles. Then, the complex index of refraction is introduced,
which describes the interaction by mean of a wave representation. The wavelength of
X-rays are in the range of 0.01-10 nm and the interaction mostly relates to the electrons
of the interacting atoms.

Absorption If the photon energy of an X-ray photon is higher than the binding
energy of a bound atomic electron, the photon can be absorbed by the atom. The
energy transfer ejects the bound electron from the atom, which is thereby ionized. This
process is called Photoelectric absorption. The electron vacancy is filled by electrons
from higher orbitals resulting in the emission of a photon with a characteristic energy
(the difference between the two energy levels) or the emission of an Auger electron.
In a wave picture, the absorption of photons results in a decrease of the X-ray intensity
and is described by the Beer-Lambert law:

I(z) =1y - e M. 2.1)
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Here, Ij is the incident intensity, I(z) the beam intensity at the distance z and u the
linear attenuation coefficient, which depends on the atomic number Z of the medium
and the X-ray photon energy E,, as follows [AM11]:

4
,U/(Eph, Z) (0.8 -3 -

Eph
Besides this relation, absorption edges occur at specific energies when the emission of
additional electrons become possible. At these energies, the attenuation coefficient

increases discontinuously (edge).

Scattering The scattering of an X-ray photon on the atomic electrons is differentiated
in elastic (coherent) or inelastic (incoherent) scattering. Elastic scattering describes the
scattering process with unchanged photon energy. It is referred to as Thomson scattering
if the photon frequency is above the resonance frequency of the scattering particle and
Rayleigh scattering if the photon frequencies is below the resonance frequency. At low
photon energies, this is the predominant effect. At higher photon energies, inelastic
scattering is predominant, where the photon transfers energy to the scattering electron.
This process is known as Compton scattering. Thomson scattering is the physical basis
of refraction [SAA17] and can be expressed by the index of refraction n:

n=1-4. (2.2)
Here, ¢ is the refractive decrement and is related to the number density of electrons p

as follows [AM11]]:

2 pro
0= SR

where £ is the wave vector and ry is the Thomson scattering length.

Complex index of refraction Refraction and absorption of a wavefield in matter
can be expressed by the complex index of refraction n as illustrated in Fig. So
far, the index of refraction in Eq. considers only the effect of scattering by the
refractive decrement §. To also consider attenuation of the wavefield the real-valued
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2) |91 b) -
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matter (n<1) Energy [keV]

Fig. 2.1: Illustration of the X-ray matter interaction by means of the complex index
of refraction. (a) Top: Monochromatic wave ¢; in vacuum. Bottom: Monochromatic
wave 1)y interacting with matter. The interaction introduces a phase shift Ay and an
amplitude decrease |15| < |¢)2]. (b) Energy dependence of the refractive decrement
0 and the extinction coefficient 3 for the example of soft tissue, represented by the
empirical chemical formula of a protein H5oC39NgO10S; and a density of 1.35gcm =3
from [How+09]]. While the overall interaction decreases with increasing X-ray energy,
except for absorption edges, the §/5-ratio increases. Values obtained from [|[CXR].

extinction coefficient /3 is added as an imaginary term to n:
n=1-0+18. (2.3)

Inserting Eq. (2.3) into the wavefield of a plane wave 1) in matter leads to the following

expression:

w(z) _ einkz — eikz . efiékz . efﬁkz.

Here, k is the wavenumber and z the propagation distance. The argument of the
complex wavefield arg(v) is the phase of the wave. Thus, the relative phase shift Ay
introduced by the interaction is defined as

Ap = —dkz,
while the amplitude is given by
9] = 7P+

Since the intensity is the absolute squared root of the wavefield (|¢|? = I), /3 relates to
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the linear attenuation coefficient 4 from (2.1) by 8 = 27. Figure shows the energy
dependence of 5 and ¢ for an example protein as a representative for soft tissue.

Projection approximation If parallel propagating X-rays are weakly scattered within
the interacting object, their propagation direction is assumed to be unchanged. Thus,
the change in amplitude and phase can be projected onto a single plane, which is set
to the end of the object. With the integrated decrement § = foz ddz and the integrated
extinction = foz Bdz the exit wavefield behind the object ¢(z) is expressed by the
object transmission function O(z) multiplied by the illumination wavefield P(z). This

approximation is called projection approximation [Pag06| .

P(z) = P(2) - O(z) with O(z) 1= e 8= . g0z — c—n—ie (2.4)

2.2 In-line holography

In 1948, Dennis Gabor proposed a novel lenseless imaging setup, which was later called
Holography [Gab438|. The exit wavefield ¢» = P - O obtained by Eq. propagates to
the detection plane without any optical components in the free space. The detected
image or signal, which is referred to as the hologram, is interpreted as the sum of a
reference wavefield 1)y and a scattered wavefield ¢g.

I = |y + ¢s|?

Since both wavefields share the same optical axis, the hologram is called an in-line
hologram. The object reconstruction requires only the scattered wavefield, which can
be separated from the reference wavefield, if it is known. However, often the reference
wavefield is unknown and the reconstruction of the object is not trivial. To this end,

many different approaches exist to reconstruct the object transmission function.

This section describes the free space wave propagation, followed by the signal detection,
the phase problem and ends with the phase retrieval of the object.
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2.2.1 Free space propagation

A description for the wavefield propagation in free space can be derived by solving the
paraxial Helmholtz equation, which assumes a wavefield ¥ (z, y, 2) = e** - ¢(z, y, 2)
with a slowly varying envelope ¢ (z, y, 2):

0
[221682 + Viy} Y(z,y,2z) =0.

Fresnel propagation The solution of this partial differential equation is given by the
Fresnel diffraction integral [Gre82;|Goo05], which is:

Y(z,y,2 > 0)

ikexp(ik > ik
=— ze);;;(;z)//_oo ¥ (o, Yo, 2 = 0)exp [;z [(33 —20)* + (y — yO)QH dzodyo.

It describes the wavefield propagation of paraxial waves from the plane (zg, yo, z = 0)
to the plane (z, y, z > 0). This propagation equation can be written as a convolution

¢($,yvz > O) =¢z=0($ay) * ,Hz(x’y)

=// .—o(x0, yo)H=(x — x0,y — yo) dzodyo

with the convolution kernel:

ikeikz ik (.2 2
Halo,y) = — G - el G0,

Thus, the wavefield propagation from z = 0 to z > 0 is given by:
Uy, z) = F [ F(0lay.z = 0))],

with the reciprocal kernel H.:
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To this end, the Fresnel propagator F,.(-) is denoted as:

Bloy,2) = F 4 [FED) 2y 0)| = Fo e ,0]. @5)

Fresnel number A rearrangement of the Fresnel diffraction integral supports the
introduction of the dimensionless Fresnel number F:

Y(z,y,2 > 0)
kexp(ik > ik
= - OB [ ™ an 2 = Oewp [ 1 [0~ 0 + (- 0] | aoce

_ zkexp(zkz)exp [zk (a2 +y )}
T2 2z

// Y(xo,Y0, 2 = 0)exp [ i (zxo eryo)] exp {Zk (8 +y0)} dxodyo.

chirp

This notation consists of a single Fourier transform of the wavefield ¢ (xo, yo, 0) and
the chirp function exp [2£ (23 + y2)]. The argument of the chirp function scales with
the Fresnel number:

where « is chosen to represent a typical structure size and is therefore assumed to be
the pixel size of the detector. The Fresnel number describes the influence of the chirp
function on the propagation. For F' ~ 1 the propagation is called the near-field or
Fresnel regime, since the chirp function affects the propagation.

Fraunhofer propagation For F' < 1, the chirp function becomes unity and is there-
fore negligible. This propagation regime is referred to as the far-field or Fraunhofer
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regime. To this end, the far-field propagation is described by a single Fourier transform

with the corresponding spatial frequencies z = xy/\z [[Goo035].

o) = =P ey [ R (02 142) | F oo, )]

2mz

= complex prefactor

F [$=0(0, yo)] (2.6)

2.2.2 Intensity measurement and approximations

Detection and phase problem X-ray detectors measure the beam intensity / in the
detection plane z,4.;. The phase information of the propagated wavefield 1)(z4.: ) is lost
in the detection process, since the measured intensity is the squared modulus of the

propagated wavefield:

|zdety | P [t zon)] |
= |F [P(20b) 0(20117‘)]\2

up—/L] 2.

‘ [ (2005)

Here, ¢(zon;) = P(20b;) - O(z0p;) is the object exit wavefield and F, the Fresnel prop-
agator. The recovery of the objects phase ¢ is an ill-posed inverse problem, which is
solved by phase retrieval algorithms as discussed later. Prior to the phase reconstruc-

tion, two common simplifications are discussed.

Flat-field correction In order to reconstruct the object transmission function O
from the exit wavefield of the object ¢ = P - O, it needs to be separated from the
illumination wavefield P, which is typically unknown. However, the propagated
illumination function \]—'T [P(zobj)] |2 can be measured by moving the object out of the
X-ray beam. To this end, a common simplification in in-line X-ray holography is the
Flat-field correction or Empty-beam division. It is the division of the recorded hologram
by the intensity pattern of the empty beam. Thus, the assumption is that the corrected

hologram approximates the propagated object transmission function:
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|7 [P(z0p) - e~ [

|7 [P (zon)] |

2

~ |.7-'T [e_"’“"_“] ‘ .

This assumption is quite accurate for smooth illumination wavefields, while it fails for
structured illumination wavefields P [Hag+14; Hom+15]. Ideally, the complex-valued
illumination wavefield P and the wavefield P - O are reconstructed simultaneously,
since a division of both in the object plane results in the object transmission function
0.

Fresnel scaling theorem Often, the illumination function is a point source with
divergent radiation. The Fresnel scaling theorem [Pag06] states that a point source
illumination v (zo1 ) at a large distance zo; can be described by an equivalent plane wave
illumination with effective variables. The application of the paraxial approximation to

a spherical wave results in:

B(z01) = eFT = HFVTHYHL o pikzor | ooy (=*+v%)

The propagation from zp; to zg2 With 212 = 2p2 — 201 is obtained by inserting the
illumination wavefield ¢(zo;) into the Fresnel diffraction integral:

¥ (202 > 201)
__ ikexp(ikzlg)exp ik JJ + y // zkzm
2T 219 2212

ik
cexp | — (zzo +yyo)) |exp |+ (25 +ud) ( + ) dzodyo.
z 2 201 212

__ ik
=—zik (Teffrotyersyo) 2;;” (23+v2)

In this form the propagation of the spherical wave is given by an equivalent plane wave
propagation with the scaled effective variables 17 = wcsy, 37 = Yess and 52 = zeyy.
M is the geometrical magnification obtained by the distances zy; and zgs:
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2.2.3 Phase retrieval

Different approaches to reconstruct the objects phase from the measured intensities
exist, e.g. see [Loh+20a]. However, a prominent approach for in-line X-ray holography
and most relevant for this thesis is based on the contrast transfer function (CTF).

CTF-based approach The assumptions of a weakly interacting object (weak absorp-
tion 1 < 1 and small phase-gradients Ay < 1) [Tur+04] allow for the linearization
of I = |F, [em"¢7#] ? which leads to the contrast transfer function (CTF) as derived
in [Mar19]. The CTF describes the contributions of the objects phase shift ¢ and
absorption x to the measured intensity contrast in the reciprocal space, denoted by the

9

~” symbol.

I(ky, Ky, 2)

7 = 0p(ks, ky) + 2¢sin x — ficos x.
0

The intensity in reciprocal space I divided by the empty-beam intensity I, is given

by the delta function ¢p (k, ky ), a sine weighted phase term (2¢ sin x) and a cosine

Azk |

weighted absorption term (/i cos x) with the reduced spatial frequencies y = ~-.

The minimization of the error function S¢

N
Z/ exp,m kL) jth,eo,m(kl)|2dkL

m=1

of the expected intensity Iiheo and the measured intensity few is obtained by setting
0S¢ _
s

distances accounts for the zero crossings of the sine filter [Zab+05|]. The CTF recon-

the derivative with respect to ¢ to zero = 0. Taking measurements at multiple

struction formula for the objects phase ¢ is obtained by assuming a homogeneous
object (% = const.):
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SN (Sinx + 2 cos x)  Fi(Leap(z,y) — 1)

N . B 2
Y12 (sz + & cosx) + a(ky)

p=FI"

This CTF-based phase retrieval is a single step algorithm with a frequency-dependent
regularization parameter «(k ), which effects high and low frequencies separately
[Top18|.

Iterative phase retrieval Another approach to reconstruct the phase of the object
transmission function O is given by iterative reconstruction schemes based on the
method of alternating projections. The wavefield of the object transmission function
O is propagated between the detection and the reconstruction plane, while applying
constraints to the wavefield in each plane. The constraint in the detection plane is
given by the measured amplitude of the wavefield /T = |¢|. Thus, the amplitude of
the propagated wavefield is replaced by the measured amplitude in the detection plane,
which is known as the magnitude projector P;. The constraint in the reconstruction
plane Ps requires prior knowledge of the object and depends on the reconstruction
approach. One iteration reads as follows:

Vi1 = Pa []:;1 [Pl []:7" [w”]“] :

Prominent examples of such alternating projection reconstruction methods are the
Gerchberg-Saxton (GS)[Ger72|, the Error-reduction (ER)[Fie82], the Hybrid-Input-
Output (HIO) algorithm [[Fie82] or the relaxed averaged alternating reflection (RAAR)
algorithm [Luk04]]. In the GS approach, intensities are measured in two different
planes. In that case, the prior knowledge in the reconstruction plane is the measured
intensity. Thus, the constraint in the reconstruction plane becomes another magnitude
constraint. The constraint in the reconstruction plane of the ER is a support constraint.
Here, the prior knowledge is the limited size of the object. Areas of the wavefield
that do not interact with the object are set to zero. In the HIO approach, an adapted
support constraint is exploited in the reconstruction plane. Areas next to the object
are set to values, which are obtained by a linear combination of the input and the
output wavefield. Issues of concern for iterative phase retrieval algorithms are the
initialization, convergence, numerical efficiency, and stagnation [SAA17]. Alternating
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projection algorithms can be applied to different wavefields with different constraints.
For example, the investigated wavefield can be the exit wavefield of the objecty) = P-O,
the wavefield of the illumination P or the empty-beam corrected wavefield F,.(O).
Different propagation operators can be applied, e.g. Fresnel Eq. or Fraunhofer
Eq. (2.6). In addition, the used constraints can be adapted depending on the prior
knowledge of the measurement.

2.2.4 In-line holography resolution

By considering an effective parallel beam geometry, the resolution of in-line holography
is limited by the numerical aperture of the setup as well as by the effective pixel size
Deff = %. The resolution limit d,.., given by diffraction can be determined by the
wavelength ), the distance between sample and detector z and the size of the hologram
D [Lat19]:

Az
dres = 5
The resolution in a typical propagation-based X-ray phase-contrast experiment for
virtual histology is limited by the effective pixel size, as a large field of view is preferred
to high resolution. Exemplary acquisition parameters are z = 4975 mm, D = 2560 -
6.5um = 16.6 mm and A = 8.9841 x 10~!! m, which results in an effective pixel size
of pery = 159.3 nm. With these parameters, the resolution limit given by diffraction
is resio5mm = 26.9nm. In order to match the effective pixel size and the resolution
limited by diffraction, the magnification need to be increased by placing the object
closer to the source. At a source-to-sample distance of z3; = 21.5 mm effective pixel
size and resolution limited by diffraction are res = p ¢ = 27.4nm.

2.3 Basics of tomography

Computed tomography is a non-invasive technique that allows the reconstruction of
the three dimensional structure of an object by acquiring projections at different angles.
The reconstruction is performed digitally by filtering and subsequent back projecting
the acquired projections. This chapter outlines the basic aspects of tomography, further
details can be found in [Buz11;|SAA17].
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Radon transform The fundamental concept of computed tomography is the radon
transform [Rad17]. It is the mathematical description of the image acquisition process
in the experiment. Consider a 2D function f(z, y) (the object), which is illuminated
under an angle « by X-rays. The absorption and phase shifts are integrated in the
direction «, which results in a 1D profile p,,(s) of the object, known as the projection
of the object:

Pa(8) = Raf(s) = /]Rz f(z,y)d(xcosa + ysina — s)dzdy.

The acquisition of many projections can be plotted against the angle a, which results
in a sinogram P(«, s). The object f(z,y) can be reconstructed from this sinogram by

the inverse radon transform R~1:

fla,y) = R7H(P(a, ).

The realisation of the inverse radon transform is outlined in the following.

Fourier slice theorem The one-dimensional Fourier transform of the projection p,,
results in a line through the 2D Fourier transformed function f(k, k) at the angle c.
This relation is called the Fourier slice theorem [[Nat01]]:

]aa(ks) = fs(Raf)(ks) = fN(ks CoS «, ks Sina).

By filling the 2D Fourier space with the recorded projections of all angles, the function
f(x,y) can be reconstructed by an inverse Fourier transform 1. However, this filling
of the Fourier space projects the p,, (k) onto a rectangular grid, instead of a polar grid.
Due to the required interpolation between the discrete grid points, the subsequent
inverse Fourier transform can results in severe reconstruction artifacts [KS01]]. To this

end, another implementation of the inverse radon transform is more accurate.

Filtered backprojection A simple partial back projection of the radon transforms
at the according angle (2.7) results in a blurred reconstruction of the object, since the
sampling density of the low spatial frequencies is higher compared to the density of

the high spatial frequencies.
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flz,y) =~ R 'p(x,y) = / pa(zcosa+ ysina)da 2.7)
0

The consideration of the Fourier transformed object function f (ks, ky) in polar coor-
dinates (k,, k,) = (ks cos a, ks sin «v) and the application of the Fourier slice theorem
yield that a back projection of filtered projections results in a more accurate recon-
struction of the object f(z,y):

1 ™ oo - . .
flz,y) = — f(kscosa, kysina) - |k - e'(@ks cosatykesine) q. dqo
V21 Jo —oo

1 T o0 ~ ) )
— ﬁa(ks> . H(ks) . e’L(l‘ks cos a+yks sin o) dksda.
V2T /0 /_OO

A multiplication of the reciprocal projections , (ks ) with the filter kernel H = |k,|,
which amplifies high spatial frequencies and is known as the Ram-Lak filter, results in
the filtered projections pZ (s).

PE(s) = F7 [R(k)F (pa(5))

The back projection of the filtered projections over all angles « results in a sharp
reconstruction of the object f(z,y)

f(:c,y):/ p" (zcosd + zsin ) df
0

and is referred to as filtered back projection.

Artifacts In real world experiments, tomography is accompanied by artifacts for
manifold reasons, e.g. a misaligned rotational axis, a flawed pixel response of the
detector, motion of the object or an inaccurate beam geometry. Two tomographic
artifacts of special interest for this work are outlined in the following. A detailed
descriptions of tomographic artifacts is provided in the literature, e.g. [Buz11;|SAA17;
Top18|.
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Sampling Tomographic artifacts occur if the angular sampling is insufficient. A
minimum number of N angles is required to avoid sampling artifacts for an object size
of N, pixels within an angular range of « € [0, 180]° [Buz11]:

N = N,

b0 3

In addition, if the angular increment A« of the measurement and the reconstruction
differ from each other, severe tomographic artifacts are introduced. This mismatch
can occur in continuous tomographic scans, where the absolute position of the rota-
tional axis is unknown. Fig. [2.2]illustrates the introduced artifacts if e.g. the angular
increment is assumed to be 0.305° instead of 0.3°. The artifact strength increases from
the center towards the borders.

I
[

density / a.u.

-1

Fig. 2.2: Tomographic artifacts introduced by a wrong angular increment A« in the
reconstruction. The left image shows the used phantom. The reconstruction in the
right is obtained by an angular increment of 0.305° instead of 0.3° within o € [0, 180]".
The inset highlights severe reconstruction artifacts.

Local tomography In high resolution tomographic scans, it is often the case that
the sample size is larger than the detectors field of view. This results in the acquisition
of truncated projections and is referred to as region-of-interest (ROI), interior or local
tomography. The reconstruction of ROI-tomographic scans can result in artifacts, due
to structures outside the field of view. If features with high image contrast are partially
or entirely outside the field of view, shape artifacts occur . However, this is not
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the case for propagation-based phase-contrast ROI-tomography of soft tissue, since the
objects are weakly interacting. More importantly, the reconstructed mean gray values
of the reconstruction differ from the correct gray values. Artifacts appear in the form
of a global elevation towards the edges, which is known as peripheral glow [[Ohn+00].
An approach to overcome these artifacts is to extend the sinogram by replicating the
edge values [Kyr+11] of the sinogram. This corrects for the peripheral glow, however,
the reconstructed gray values depend on the extent of the sinogram padding. To this
end, ROI-tomography reconstructions provide only relative gray value changes. An
approach to correct for incorrect gray values is presented in [RFS20] based on iterative
back-projection and re-projection and the assumption of an approximately cylindrical
shaped sample with general homogeneity.

2.4 3D virtual histology

The application of propagation-based X-ray phase-contrast tomography on low absorb-
ing samples such as biological tissue provides 3D reconstructions with sufficient image
contrast to visualize single cells. To this end, it is very suitable for 3D virtual histology
and is performed at laboratory setups as well as at synchrotron beamlines as presented
in the following examples.

State-of-the-art laboratory setups have provided excellent results. [Vag+18| showed
the application of 3D virtual histology to intact coronary artery autopsy samples at
cellular resolution. In [[Alb+18]| the application of propagation-based phase-contrast
to a standard benchtop microCT was demonstrated on the example of mouse lung
tissue. The application to image human hippocampal tissue affected by Alzheimer’s
disease [Top+20], cardiac tissue from patients who succumbed to Covid-19 [Rei+21|
and tissue of human and murine cerebral cortex [Eck+21c] was also demonstrated at
laboratory setups.

State-of-the-art synchrotron setups are able to study the morphology and composi-
tion changes of murine brains due to the preparation steps of conventional histology
[Rod+21;Rod+22]. Myelinated axons in rodent and human brain tissue are investi-
gated in [|Cho+22a;|Cho+22b]. The 3D imaging of human cerebellum and neocortex
specimens is demonstrated in [Khi+18]]. Pulmonary disease studies in animal mod-
els are performed in [Bor+21]]. In [[Cas+11]] propagation-based X-ray phase-contrast
tomography is exploited for mammography with synchrotron radiation facilitates.
Recently, intact human organs (brain, lung, heart, kidney and spleen) were imaged
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in-vitro from the organ to the cellular scale in three dimensions by hierarchical phase-
contrast tomography (HiP-CT) [Wal+21]. 3D virtual histology obtained by an X-ray
waveguide-based cone beam geometry is demonstrated on human cerebellum biop-
sies [Top+18; [Eck+21b]], on Covid-19 affected human lung tissue [[Eck+20] and on
Covid-19 affected human cardicac tissue [Rei+21].



Multi-scale approach (Scale 1): Fast

parallel beam tomography

3.1 Motivation

In histology, the study of tissue, optical microscopes are utilized to investigate tissue
sections of a few micrometer thickness. Starting with the lowest magnification of
the microscope, the specimen is first inspected in its entirety. It reveals the general
shape and morphology of the tissue. This overview image is crucial, since severe
pathological changes are already visible on that scale. Areas of special interest can
then be investigated in more detail at higher resolution. The magnification can be
increased by changing the objectives of the microscope, usually up to 40x or 100x.
This provides excellent images in 2D and is the gold standard method in pathology

departments.

The disadvantage of this conventional histology is the physical sectioning of the sample.
Firstly, the position and orientation of the slicing predetermine the interpretation of
the whole specimen. Secondly, the sectioning is invasive, which hampers further
investigations with other methods. Finally, the 3D information about the sample
structure is either unavailable or the 3D resolution is limited in one direction by the
slice thickness.

The possibility to investigate tissues on an overview scale and certain regions in higher
resolution is referred to as multi-scale approach and was implemented at the GINIX
endstation in this work. To this end, a setup for tomographic scans on a larger scale was
implemented in a parallel beam geometry with a beam size of ~1.6 mm x 1.4 mm,
additional to the existing high resolution waveguide-based holotomography setup (Ch.
M.

The parallel beam setup provides the 3D information of millimeter sized samples with
isotropic resolution, which is considered as virtual 3D histology. This enables the
characterization and quantification of the tissue morphology in 3D. Importantly, this
is not possible in the waveguide-based holotomography setup alone due to the small
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field of view and it would be very labour intensive without an isotropic 3D resolution
in conventional histology.

Propagation-based X-ray phase-contrast microtomography setups in parallel beam
geometry are available at other synchrotron beamlines, e.g. ID19 (ESRF) [Wei+10;
Cho+22b], TOMCAT (SLS) [Sta+10; Bor+21]], SYRMEP (ELETTRA) [Dul+21]] and
BMO5 (ESRF) [Wal+21]]. Contrary to the GINIX, each beamline is designed especially
for parallel beam microtomography, further optimized and equipped for certain ap-
plications, e.g. fast tomography at the TOMCAT. The multi-scale acquisition scheme,
sometimes referred to as hierarchical imaging, is realized by different detectors
within one setup or by decreasing the effective pixel size via optical magnification of
the scintillator image. Highest resolution in these setups is achieved by 10x magni-
fication at 6.5 um pixel size. The unique characteristic of the GINIX endstation is to
increase the resolution via geometrical magnification by switching from parallel beam
to cone beam setup (25x-100x magnification) and the usage of a Si(111) monochromator
with 52 =1 x 10~*[Kal12].

The possibilities to characterize and quantify the tissue samples in 3D are enormous. To
this end, an important step is to define meaningful metrics constrained by the scientific
questions on the investigated tissue. The 3D analysis and metric calculation can be
either applied on the reconstructed electron densities (direct) or on segmentations of
the reconstructed volumes (indirect). The segmentation itself can be very challenging.
It ranges from manual segmentation by experts over simple threshold-based segmenta-
tion, to edge detection and blob finding algorithms, to deep learning networks trained
on manual segmentations [[CV01;RFB15; MNA16; Ber+19al.

In the following chapter, three cases for the application and potential of 3D virtual
histology obtained by the PB setup are presented. First, the potential to support daily
clinical routines is shown on the example of punch biopsies of tumorous human
pancreatic tissue biopsies embedded in paraffin. Volumetric information as well as
a large series of neighboring histological slices can support e.g. the classification of
tumor stages and thereby the decision on treatment strategy. Second, analysing the
3D tissue morphology of post mortem tissues may provide additional information to
understand the fatality mechanisms at cellular level. This can be of particular interest
for novel diseases as demonstrated for the novel Covid-19 disease. Finally, 3D virtual
histology is very promising for preclinical studies on large sample quantities due to
the high sample throughput. This could improve the statistics of studies and therefore
their significance. Furthermore, it facilitates studies on temporal evolution of tissue or
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differently treated tissue. A preclinical study on ischemic stroke in mouse models is
presented here.

3.2 Experimental realization

This section is based on the publication 3D virtual histology of human pancreatic tissue
by multiscale phase-contrast X-ray tomography” [Fro+20al| and quotes extracts from
it. It covers the realization of the parallel beam setup at the synchrotron endstation GINIX.

The GINIX endstation (Gottingen Instrument for Nano Imaging with coherent X-rays)
at the P10 coherence beamline at the PETRA III storage ring at DESY (Hamburg)
can be operated in the medium-hard X-ray regime of 5-20keV. Since 2020 the U29
undulator was replaced by a 5 m long U32 undulator offering tunable X-ray energies
without an energy gap between the 1st and the 3rd undulator harmonic. The undulator
creates an X-ray source spot of 36 um x 6 um size (h X v, 1) with a divergence of
28 urad x 4urad (h X v, 1) in low-§ setting. As reported in [[Sal+15], the GINIX
endstation offers different X-ray experimental setups: Scanning nanobeam diffraction,
ptychography and waveguide-based holotomography. This pool of setups is extended by
a fast parallel beam tomography setup (PB) for propagation-based phase-contrast
tomography in a parallel beam geometry. For this configuration, all X-ray optics are
moved out of the beam and the quasi-parallel beam is used. The setup is illustrated in
Fig.[3.1]and the setup parameters are listed in Tab.

The beam is monochromatized by either a Si(111) channel-cut (CC) or a Si(111) double-
crystal monochromator (DCM) to improve the temporal coherence. The CC provides
a much higher angular stability, while the DCM can operate in a larger energy range
and offers an energy independent beam position offset, which is beneficial for energy
varying scans. During this work the CC was used.

The beam size was maximized by opening all beam size defining slits. The abbreviations
refer to the respective names in the SPEC control software of the GINIX or the SPOCK
control software of the P10:

1. gsltl (2mm x 2mm, P10)
2. usltl (4mm x 3 mm, P10)
3. uslt2 (4mm x 2mm, P10)
4. g2 (2mm x 2mm, GINIX)
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Fig. 3.1: Experimental realization of the parallel beam tomography setup at the GINIX
endstation. The X-ray beam is monochromatized by either a Si(111) channel-cut or
a Si(111) double-crystal monochromator. Fastshutter, KB-mirrors, Aperture (APY)
and X-ray waveguide are moved out of the beam path. Beam size defining slits are
opened. Attenuators are moved into the beam path. The sample to detector distance
is 10-100 mm. An X-ray microscope system converts the X-rays into optical light by a
50 um thick LuAG:Ce scintillator. The scintillator image is magnified by an 10x optical
objective and acquired by the sSCMOS camera pco.edge, resulting in an effective pixel
size of 0.65 um. Figure adapted from [[Fro+20al.

5. skb (2mm x 2 mm, GINIX)

The Kirkpatrick-Baez mirrors (KB) are installed in a vacuum chamber and are trans-
lated by moving the entire vacuum chamber. Entry and exit window are 75 um thick
single crystal diamond apertures of 4.5 mm diameter (Applied Diamond, Wilming-
ton, USA). In order to let the KB-reflected X-ray beam (reflection angle 8 mrad) pass
through, entry and exit windows are displaced laterally with respect to the beam direc-
tion. As a consequence, the horizontally reflecting mirror as well as the exit window
cut into the beam path of the parallel beam at first. By rotating the optical table of the
GINIX (otzrot motor) the beam path through the KB chamber can be adjusted.

Table 3.1: Experimental parameters of the parallel beam setup.

Parallel geometry
FOV l.6mmx 1.4mm
Pixel size 650 nm
Zo1 -
T19 10mm - 100 mm
Regime direct contrast
Rotation continuous
Exposure 0.035s
Total exposure 75s

Volumetric flowrate 4.07 x 107 yum3s~!
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The high photon flux of 5 x 10° photon /s/um? at 8 keV and 2 x 10° photon/s/um” at
13.8 keV enables the possibility of fast tomographic scans. The total acquisition time
was reduced by changing the acquisition scheme from step and shoot to a continuous
scheme (Sec[3.2.3|for details). The optical SCMOS camera pco.edge 5.5 (PCO, Kelheim,
Germany) provides the necessary camera readout speed with a maximum frame rate of
100 fps and a pixel size of 6.5 um. It was mounted on a X-ray microscope system (Op-
tique Peter, Lentilly, France), which converts the X-rays into optical light (A = 535 nm)
by an 50 um thick LuAG:Ce scintillator. The image is magnified by one of the three mi-
croscope objectives mounted in a objective turret (2x, 10x and 20x). The 10x objective
results in an effective pixel size of 0.65 wm and a field of view of 1.6 mm x 1.4 mm that
covers the entire X-ray beam. The working distance between scintillator and objective
is controlled by a step motor and needs to be adjusted prior to the experiment. The
10x objective in combination with the 50 um LuAG:Ce scintillator (both exchangeable)
lead to saturated images without any absorber at 35 ms exposure time. To prevent
scintillator and sample damage due to the beam intensity the beam is attenuated.
The beamline provides two different absorber systems. The absorber system of the
GINIX setup consists of 100 um aluminium (£ < 10keV) and 50 um molybdenum
(FE > 10keV) foils, which are strongly structured and therefore unsuitable for full-field
X-ray imaging. Instead, for the PB setup the second absorber system is used, since
the 25 um single crystal silicon (E < 10keV) and 25 um silver (£ > 10keV) foils
show less features. The total attenuation is determined by the amount of foils, e.g. 4 x
25 um silicon foils were used for scans at 8 keV. At an acquisition time of 35 ms, the
fastshutter (Cedrat technologies) movement is too slow. It was moved out of the beam
and the beam is controlled by the safety shutter (SPEC: osh/csh) only. It stays open
during the tomographic scan. The two beam position monitors foils monlg & mon2g
need to be moved out of the beam path as well (SPEC: umv monlg/mon2g 15), since
they create a structured beam profile. The propagation distance between sample and
detector x 12 ranges from 19 yin = 10 MM t0 12 1maz = 500 mm, limited by the GINIX
design. The effect of 21, on the image quality will be discussed in detail in Sec[3.2.1]
Good reconstructions were obtained at propagation distances of x5 < 100 mm. The
Fresnel numbers range from F' ~ 0.5 for 13.8 keV at 10 mm propagation distance to
F =~ 0.025 for 8 keV at 100 mm propagation distance. At these Fresnel numbers the
image formation transitions from the direct contrast regime towards the holographic
regime. Exemplary images of the X-ray illumination in the PB setup are shown in Fig.
for 8 keV (a)/(c) and 13.8keV (b)/(d), both acquired at run94 (April 2020) with
the channel-cut monochromator. At both energies, the illumination is homogeneous



26 Multi-scale approach (Scale |): Fast parallel beam tomography

overall in their logarithmic representation. Note that for 13.8 keV the KB window as
well as the KB-mirror cut into the beam path, as marked by the arrows in Fig.
b). The linear representation reveals the beam profile and its inhomogeneities. The
diffraction pattern of the features suggests their origin in the beam path. Weakly
diffracted features are close to the detector as for example the structures on the KB
window in the inset of Fig. [3.2|c) while highly diffracted features are further upstream
such as the one depicted in the inset of Fig. [3.2]d). Tomographic scans are acquired
with the following scan parameters: 1500 projections over 180° at 20 Hz frame rate
(35ms exposure + 15 ms readout time). This results in a total acquisition time of 75s

at a volumetric flow rate of:

= =4.07 x 10" um>s~!.
75 second K

V. 7-(1280-0.65um)? - (2160 - 0.65 um)
t

Switching from parallel beam to waveguide setup The detailed switch from the
PB setup to the WG setup is as follows:

move KB in (e.g. umvr kby -1.5 / kbz -1)
. move WG in (e.g. umvr pody -3000)
. move APY in (e.g. umvr apy -12)

. move pilatus in

1.
2
3
4
5. remove protective lead foil in front of flight tube
6. move GINIX absorber in (e.g. att 15)

7. move pco.edge out (e.g. umvr mdety 200)

8. move oav out (e.g. umvr oavz 40)

9. move sample tower in (e.g. umv stx 125)

10. move p10 abs out (SPOCK: p10_abs 0)

11. move p10 fastshutter in (SPOCK: p10_fastshutter in)
12. enable slow shutter (SPOCK: p10_cssh)

13. move beam monitor in (e.g. umv monlg/mon2g 0)

14. move hayrot (e.g. umvr hayrot —224 = —8 mrad).
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Fig. 3.2: X-ray flat field images of the parallel beam setup for two different X-ray
energies. a) Logarithmic flat field at 8 keV. b) Logarithmic flat field at 13.8 keV. Black
arrows mark the KB-window (top left) and the vertical KB-mirror (bottom) cutting into
the beam path. c) Linear flat field at 8 keV. The inset shows three weakly diffracted
features sticking at the diamond window of the KB tank. d) Linear flat field at 13.8 keV.
The inset shows a highly diffracted feature sticking at one of the attenuation foils
positioned further upstream in the X-ray beam. Scale bars: 500 um.
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3.2.1 Propagation distance

To investigate the effect of the propagation distance on image formation, phase re-
construction and image quality, tomograms at four different propagation distances
212 € {10 mm, 30 mm, 40 mm, 100 mm } between object and detector are acquired at
E = 8keV. The sample is a 1 mm punch biopsy of unstained paraffin embedded
human pancreatic tissue. Figure[3.3|depicts the projections of the four distances at the
same rotation angle. With increasing propagation distance the phase contrast becomes
more visible in form of intensified interference fringes, e.g. fine structures within the

sample become more pronounced.

I/l

(i
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Fig. 3.3: Empty-beam corrected projections of an unstained human pancreatic tis-
sue sample at four different propagations distances acquired in the parallel beam
setup. Green: x1o=10mm (F7o = 0.2726). Black: x1,=30mm (F39 = 0.0909). Blue:
r19=50mm (F5q = 0.0545). Red: x12,=100 mm (F}oo = 0.0273). Phase-contrast in
form of constructive interference increases with decreasing Fresnel number and finer
structures become more visible. Scale bar 500 um. Adapted from [Fro+20a].

The observed increase in phase contrast with increasing propagation distance is also
visible in the power spectral density (PSD) of the four projections. Here, the change in
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the image formation corresponds to the number of oscillations in the PSDs, which is
in good agreement with the theory of the contrast transfer function (Ch. 2.2.3). With
increasing propagation distance, the oscillation period decreases and the number of
minima increases, as shown in Fig. The propagation distance x1,=10 mm shows
zero minima, x;,=30 mm one minimum, z;2=50 mm two minima and x;,=100 mm
five minima. The increasing number of minima in the PSD indicates the transition
from the direct contrast regime at x1,=10 mm towards the holographic regime.

Power spectral density / a.u.

0 0.1 0.2 0.3 0.4 0.5

spatial frequency / px

Fig. 3.4: Power spectral density of the four projections in Fig Variation of
the propagation distance indicates the transition from the direct contrast regime at
212=10 mm towards the holographic regime, as more minima are emerging. 0 minima
for £1,=10mm, 1 minimum for z;,=30mm, 2 minima for ;=50 mm and 5 min-
ima for x15,=100 mm. Low spatial frequencies increase with increasing propagation
distance while high frequencies remain similar.

For each distance 1500 projections are acquired over an angular range of © = 0 — 180°.
First, the phase shift of each projection of the four distances is reconstructed via the
CTF approach. The reconstruction parameters are lim1 = 0, [im2 = 0.1 and % = 30.
An exemplary empty-beam corrected projection at 100 mm propagation distance and
the corresponding phase reconstruction is shown in Fig[3.6]a). The edge enhancement
at the surrounding kapton tube as well as the interference fringes at the interfaces
within the sample are corrected. After the phase reconstruction, the tomographic
reconstruction is performed via filtered back projection. An exemplary xy-slice of the
tomographic reconstruction at the propagation distance of 100 mm is shown in Fig[3.6
b). The characteristic glandular structure of the pancreatic tissue can be recognised.
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Fig. 3.5: (caption next page)
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Fig. 3.5 (previous page): Reconstruction of the objects phase and tomographic recon-
struction of a 1 mm punch biopsy of unstained tumorous human pancreatic tissue.
(a) Top: Exemplary empty-beam corrected projection at z15,=100 mm. Bottom: Re-
constructed phase of the object via CTF-approach with the reconstruction parameters
liml =0, lim2 = 0.1 and % = 30. (b) Exemplary xy-slice of the tomographic recon-
struction. The red rectangle marks the magnified area shown in Fig. Scale bar: a)
500 wm and b) 100 wm.

A magnified view of the marked area is shown in Fig. [3.6|for the four distances. Unex-
pectedly, the image quality decreases in this measurement with increasing propagation
distance. The reconstruction becomes noisy and less sharp with increasing propagation
distance. An exemplary feature is marked by the red arrow and highlights this effect.
To this end, the origin must lie in the experimental setup. The spatial coherence of the
setup as an explanation of the effect is excluded, as discussed in the next chapter (3.2.2).
One possible explanation could be the fact, that the phase of the illumination function
deviates from the assumed plane wave illumination. Small phase variations of the
X-ray illumination, which are possibly introduced by vibrations of the monochromator,
become more visible with increasing propagation distance. To this end, these phase
variations, which are reconstructed at larger propagation distances, result in object
artifacts within the reconstructed slice. As a follow-up experiment, the phase of the
illumination wavefield should be measured to prove or disprove this conjecture.
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Fig. 3.6: Effect of increasing propagation distance on the tomographic reconstruction
in the parallel beam setup of the GINIX. The red marked area of Fig. [3.5]is shown for
the four distances. With increasing propagation distance the reconstruction becomes
less sharp and the noise level increases, as highlighted by the feature marked with the
red arrow. Scale bar 10 um.
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3.2.2 Spatial coherence

With increasing propagation distance, additional and finer interference fringes occur
from the objects interfaces. This effect is reflected in form of additional oscillations
within the power spectral density of the empty-beam corrected projection, as illus-
trated in Fig. In the case of insufficient spatial coherence of the X-ray beam, these
fine fringes and the corresponding oscillations at higher spatial frequencies would be
suppressed. Figure[3.4]does not indicate if the spatial coherence already suppresses
the formation of interference fringes at the propagation distance of 100 mm. To check
if the number of oscillations within a PSD at a larger propagation distance increases, a
tomogram of a 3 mm punch biopsy of unstained paraffin embedded human pancreatic
tissue was acquired at the maximum propagation distance of 500 mm. An exemplary
empty-beam corrected projection and its PSD are shown in Fig. a) and b), respec-
tively. In the case of a limiting degree of spatial coherence, an asymmetry between
the vertical and the horizontal directions should be present in the PSD, due to the
asymmetrical spot size of the X-ray beam (36 um x 6 um). To this end, the angular
average of +30° in horizontal and vertical directions is determined, as illustrated in c)
and d). The angular averaged PSDs differ in the amount of oscillations, as depicted in
e). The horizontal direction (red) shows 9 oscillations while the PSD in the vertical
direction shows 12 (blue) oscillations. The angular average of the entire PSD (yellow)
shows 11 oscillations. Note, that the graphs are shifted vertically for visibility purposes.
This leads to the conclusion that the spatial coherence in the horizontal direction limits
the formation of interference fringes at 500 mm propagation distance. Furthermore,
since at least 9 oscillations are observable in the direction of lower spatial coherence,
the image quality of reconstruction at 100 mm propagation distance is not limited by
the coherence.

3.2.3 Continuous tomography

The step and shoot scheme is the conventional method of tomographic acquisition
at the GINIX. After the rotation of the tomographic axis by the angle increment A#,
the motor stops and an image is acquired. This is repeated for each of the /N images.
The actual acquisition time per image is given by the exposure time and the overhead
time, which includes the following additional times:

1. Rotation step (~ 0.25)

2. Motor position readout (~ 0.1s)
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Fig. 3.7: (caption next page)
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Fig. 3.7 (previous page): The asymmetry of the spatial coherence of the parallel beam
at the GINIX. a) An exemplary empty-beam corrected projection of a 3 mm punch
biopsy of unstained paraffin embedded human pancreatic tissue was acquired at the
maximum propagation distance of 500 mm at 13.8 keV. b) The power spectral density
of a) shows the sinusoidal behavior of the CTF’s phase contribution. ¢) and d) show the
regions for the calculation of the vertical and horizontal part of the PSD, respectively.
e) Vertical (blue), horizontal (red) and total (yellow) averaged PSDs show a different
number of oscillations, which reflects the asymmetric spatial coherence of the X-ray
beam in horizontal and vertical direction, due to the asymmetric beam size. Graphs
are shifted vertically for visibility purposes. Scale bar: 100 um.

3. Image save and feedback:
a) local SSD: (~ 0.15s)
b) network: (~ 0.3-0.55s)

In order to reduce the overhead time, a continuous acquisition scheme was imple-
mented. The additional time from the motor movement in form of starts and stops is
circumvented by this continuous rotation. Meanwhile, motor positions are not read out
for each angular position software-wise (SPEC) and the absolute motor positions are
missing. For tomography relative angle positions are sufficient, which are calculated
from the rotation velocity. The overhead time caused by saving the images on a local
Solid-State-Drive (SSD) is negligible. The time consuming part here is the feedback to
the command software SPEC for each image. Omitting the feedback by changing the
camera control from a software trigger (SPEC) to an external trigger generated by a field
programmable gate array (FPGA) further reduces the overhead. The exposure time per
image is dictated by the trigger pulse length. In this scheme, the image acquisition and
the rotation of the tomographic axis are independent parallel processes, as illustrated
in Fig.

The control software SPEC starts the axis rotation a few seconds before the first trigger
pulse to ensure a constant rotation velocity after the initial acceleration. The rotation
velocity in terms of SPEC units is calculated as follows:

1Hz = 9000 steps = 9000 steps - 200 int. unitsteps ' = 1800 000 int. unit

The rotational stage uses an incremental rotary encoder, where one encoder step
corresponds to the rotation of 0.04°, which results in 9000 steps per revolution. A
typical SPEC command for an tomographic scan used during this work reads as:
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tomo_pco 3000 35 15. This starts a tomographic scan with 3000 projections over 360°
(angle increment Af = 0.12°) with 35 ms exposure time and 15 ms readout time.
Hence, the total acquisition time is 150 s with a rotation velocity of 12 000 int. unit at
20 Hz frame rate.

The overall overhead time in the continuous acquisition scheme is limited by accelera-
tion and deceleration of the rotation axis and the readout time per image.

| ] pco.jupp

init | L I
—— |FPGA O e — -i
SPEC ] — 10 — Data

ﬁ' o — transfer

rotation 3000x pco.edge ° — rotation
start trigger 3000x% juppp stop
images ‘ ‘
777777777777777777 ‘ | tls
-2s 0s 75 s 150 s 162.5s
0=0° 0~1° 0 ~ 181° 0~ 361° 0 = 390°

Fig. 3.8: Acquisition scheme of the continuous rotation in parallel beam configuration.
Exemplary scan parameters: 3000 projections, angular range 360°, exposure time
35ms, readout time 15 ms, frame rate 20 Hz. The command software SPEC sets up the
trigger parameter for the camera and the delay for the FPGA and starts the rotation
axis e.g. 2 s before the first trigger pulse to ensure a constant rotation velocity. Images
are saved on the local SSD of the detector computer pco.jupp. Parallel to the image
acquisition, already acquired images are transferred into the network folder by juppp
(JUst a Picture Pump Proxy). Rotation ends with an angular buffer at 390°.

3.3 Human pancreatic tissue

This section is based on the publication ”3D virtual histology of human pancreatic tissue
by multiscale phase-contrast X-ray tomography” [Fro+20al| and quotes extracts from it.
It covers the results on human pancreatic tissue obtained by the parallel beam setup at
the synchrotron endstation GINIX.

Pancreatic cancer is the fourth leading cause of cancer death and has the lowest 5-year
relative survival rate of all cancer types, for example (9%) in the US [SMJ19]. The
most common pancreatic tumor, pancreatic ductal adenocarcinoma (PDAC), accounts
for about 90% of the cases and is characterized by an invasive mucin producing neo-
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plasm of epthelial origin that causes an intense stromal desmoplastic reaction [Hrul0].
Morphologic criteria such as irregular arrangement of tubular glands, embedded in
desmoplastic stroma and signs of inflammation are characteristic features identified
by conventional histology [HE19]]. Understanding the mechanism of this disease in
more detail is of high interest.

By adding a third dimension to the conventional histology more information are accessi-
ble and novel 3D quantification parameters can be introduced. This was demonstrated
on paraffin embedded human tumor biopsies, obtained from surgery, at the PB setup
of the GINIX endstation. Two characteristics of the 3D tissue analysis are highlighted.

Islet of Langerhans The Islet of Langerhans is a three-dimensional cluster of cells
in the endocrine part of the pancreas. They consist of different hormone producing
cells, e.g. the insulin producing beta cells, and release these hormones into the bodys
blood flow. A deficiency in either the beta cell mass, which is the absolute number of
beta cells in the pancreatic Islets of Langerhans, or the beta cell function, or both, can
lead to insufficient levels of insulin, resulting in hyperglycemia and diabetes [|[Che+17].
The Islets of Langerhans differ from the overall glandular morphology of pancreatic
tissue, the exocrine part of the pancreas, and are therefore rather easy to recognise.
With the PB setup it is possible to investigate those Islets in their entirety in 3D, as
shown in Fig The exemplary Islet of Langerhans has a diameter of d; ;¢ ~ 100 um
and the size of the inside cells is d¢;; =5-15 um.

The segmentation was performed using the software ilastik [Ber+19b]. Cells located
inside the Islet, shown in the reconstructed slice in Fig.[3.9(a), were segmented by
interactively marking a few cells, followed by an automatic completion of the entire
volume based on machine learning algorithms. Figure [3.9(b) shows the same xy-
slice of the segmented volume. Segmentation comprises three tissue classes: 1 =
high gray value stroma, 2 = low gray value stroma, 3 = cells. The segmentation
step was completed by a masking step, to exclude false positive cells outside the Islet.
Figure[3.9(c) shows a 3D rendering of all segmented cells located inside the Islet.

The segmented volume was then further analyzed with Matlab. Cells were registered
using the Matlab function bwconncomp (), which identifies connected components in
a binary image/volume. With an input parameter "Connectivity” of 6, which takes
the 6 nearest voxel into account, 1309 single cells were counted inside the Islet of
Langerhans without any corrections. Visual inspection shows that some segmentation
components include more than one cell, due to a connection in the segmentation. To
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Fig. 3.9: a) Reconstructed slice in the xy plane of the PTA stained punch biopsy obtained
by the parallel beam illumination. b) Pixel segmentation into 3 classes via ilastik. c)
3D rendering of the segmented cells located within the Islet of Langerhans by their
manual selection. d) Boundary boxes of the segmented cells. Each squares mark one
component. If the width of one component is larger than 20 px in one dimension, it is
declared as false (red squares). Squares of components with the correct size are marked
green. e) Cell volume distribution of the selected cells (green marked in d)). Note that
the median volume size of a single cell is 271 vx. ) Distribution of the cell sphericity
¥ of the selected cells (green marked in d)). Note that the median cell sphericity is
0.87. Scale bars in a, b, ¢ and d: 50 um. Adapted from .
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filter the connected cells out for the subsequent histograms, we introduced a volume
threshold. Based on an estimated maximum cell size of 20 px (=13 um), all cells with
a larger size in one of the x-,y-,z-directions were subjected to a veto, as illustrated in
Fig.[3.9(d). The squares represent the boundary boxes of each segmented component
in 3D. Green squares contain connected binary components below 20 px width and
red squares comprise larger connected components within the volume. In this way,
139 objects were found to be too large. In order to count the connected cells inside the
larger objects (consisting of seemingly connected cells), we divided the corresponding
volume of all segmented objects above threshold (224865 voxel) by the median volume
of a single cell (271 voxel), obtained from the distribution of properly segmented cells
(below threshold), as shown in Fig. e). This led in this example to a total number
of 2000 cells located within the Islet of Langerhans, which is in good agreement with
the literature [WK18|.

Volume, surface area and boundary boxes of each component were determined by
using the Matlab function regionprops3(). As a further morphological measure,
the sphericity of each cell was computed and calculated by the following definition

[Wad32]:
771/3(6 . Vcell)2/3
Acell

with the cell volume V,.;; and the cell surface area A..;;. The sphericity distribution is
shown in Fig.[3.9(f).

Anisotropy parameter Tumorous pancreatic tissue is characterized by an abun-
dance of collagen fibers known as typical desmoplastic reaction (intratumoral fibrosis).
Since fibers have a direction and do not cross each other, they create an anisotropy
within the glandular structure of pancreatic tissue. To quantify the degree of fiber ori-
entation e.g. corresponding to the degree to which the tissue is affected, the anisotropy
parameter ) was introduced, defined as a scalar field. This anisotropy parameter was
evaluated on two samples. Sample A was an unstained 1 mm punch biopsy taken
from putative healthy tissue and Sample B was a PTA stained 1 mm punch biopsy,
consisting mainly of tumor tissue. The description of the 3D analysis quotes [Fro+20a]:

() describes the local degree of orientation for a chosen subvolume Ay, centered around
the voxel in question. Its value is based on the three eigenvalues \; of the structure
tensor ST as in [Rei+19]]. By shifting the subvolumes voxel-wise, every voxel of the
tomographic volume can be allocated with an Q-value. The structure tensor can be
defined as the sum (or average) over the subvolume Aj, of the multiplication of the
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Fig. 3.10: Results of the anisotropy parameter (2 for three example volumes of pancre-
atic tumor tissue. a) Virtual slices (top) obtained from the parallel beam configuration
and corresponding anisotropy maps (bottom) for Volume I, containing mostly healthy,
glandular tissue (blue), Volume II, containing partially tumorous tissue (yellow),
and Volume III, containing mostly tumorous tissue with intratumoral fibrosis (red).
Note that the blue and yellow marked slices were chosen from the 3D reconstruction
of Sample A, while the red marked slice was chosen from the 3D reconstruction of
Sample B. b) 3D visualization of the anisotropy parameter 2 of Sample A. Blue and
yellow frames mark the positions of the corresponding slices in a). c) Histograms of
the three anisotropy volumes. ()-values of the histograms increase with the presence
of collagen fibers inside the volume. Scale bars: 100 um. Adapted from [Fro+20al.

Anisatropy
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intensity gradient components of each voxel

Sﬂj = Z azj(x7yaz)ajl(z7yvz)

z,y,z € Ak

from which the Eigenvalues \; are calculated by
ST -b; =X -b;.

The anisotropy parameter €2 can then be defined as

2 evaluates to 0 for an isotropic structure (A; &~ As & A3), while for a highly anisotropic
structure (A1 &= Ay > A3) Q2 converges to 1. For the following results A, was chosen
with subvolume size of 40 px>. Subvolume Ay ; was shifted by 10 px with respect to
Ay, leading to a binning of the volume by a factor of 10.

The concept of the 2 measure was demonstrated on three volumes with different

collagen abundance:

(I) volume containing mostly healthy tissue, consisting of glandular tissue (blue)
(II) volume containing in part intratumoral fibrosis tissue (yellow)

(III) volume containing large areas of intratumoral fibrosis tissue (red)

Due to the morphology of both samples, volume I & II were selected from the parallel
beam reconstruction of Sample A, while volume ITI was selected from the parallel
beam reconstruction of Sample B. Figure [3.10[a) shows the virtual slice from the
parallel beam reconstruction (top), and the corresponding anisotropy map (bottom).
The position within the biopsy for volume I & II is shown in Fig. [3.10[b), indicated
by the colored frames. Visual inspection of the virtual slice and the corresponding
anisotropy map demonstrate how the fibrous structures of the tumor are represented
by an increased anisotropy parameter .

The three volumes were compared by their (2-histograms in Fig.[3.10{c). The histogram
of the healthy tissue volume I is Gaussian distributed with a mean value of Qhea;thy =
0.38 and a standard deviation of opeqithy = 0.104. Volume II still contains healthy

tissue, but the presence of collagen fibers increases as shown in the virtual slice, and
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the distribution of the histogram is broadened and shifted towards higher 2-values
(Qm,«tial = 0.43 & opartiar = 0.132). In the histogram of volume III, which contained
mostly tumorous tissue, the 2-values of the histogram are further shifted to higher
(Q full = 0.68 & oy = 0.118). These three examples indicate that the tissue volumes
can be classified based on their 2 histograms into different stages of affected tissue. The
Q-values increased with the increased presence of fiber, as expected, and the average
value Q of a biopsy might therefore serve as a suitable biomarker to classify the tumor.
To this end, future work should extend this analysis to a representative number of
cases, and a validation based on correlative imaging technique.

3.4 Lung tissue from Covid-19 patients

This section is based on the publication “3D virtual histology of human pancreatic tissue
by multiscale phase-contrast X-ray tomography” with a shared first authorship of M.Eck-
ermann, J.Frohn and M.Reichardt [Eck+20] and quotes extracts from it. It covers the
results obtained by the parallel beam setup.

To stop the Covid-19 pandemic, which emerged in March 2020 in Germany, a more
detailed understanding of the disease is crucial. Phase-contrast tomography at the
GINIX provides access to the 3D architecture on a cellular level. To this end, six
postmortem lung samples from Covid-19 patients [Men+20] with the size of a few
millimeters were scanned at the GINIX parallel beam setup. With that, propagation-
based X-ray phase-contrast studies were performed on Covid-19 affected lung tissue
for the first time [[Eck+20]]. In order to analyse the morphology of the samples in
their entirety, the acquisition and reconstruction scheme was extended by a stitching
approach. As respiratory failure was the reason for the majority of Covid-19 fatalities,
the function of the lung to exchange oxygen was investigated by analysing the tissue
to air distance in 3D.

Stitching tomograms The 3D reconstruction volume can be artificially extended by
stitching several tomograms acquired at neighboring positions. Hence, it is possible to
scan the lung samples in their entirety of a few millimeter size. The stitching acquisition
scheme is illustrated in Fig. The horizontal detector size of 1.6 mm leads to a
reconstruction area of a circular slice with a radius of 0.8 mm. In order to stitch the
tomograms without artifacts a sufficient overlap of e.g. ~ 20 % is recommended. This
can be achieved by a displacement in x- and y- direction by 1 mm. A 3 times 3 scheme
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yields a total reconstruction area of 2.4 mm x 2.4 mm, sketched in Fig. b. The
tomograms are stitched using the workflow presented in [Mie+19].

Fig. 3.11: Stitching acquisition scheme. a) Illustration of the dimensions of two re-
constructed slices, shifted by 1 mm in x- and y- direction. The minimum overlapping
distance is 0.18 mm. b) Stitching of 9 (3x3) tomograms results in a reconstruction area
of 2.4mm x 2.4mm.

A comparison of a reconstructed slice obtained by the stitched X-ray tomograms and
an H&FE stained histological slice is shown in Fig. The slices are not identical,
but in close spatial proximity, since the histological slice was sectioned prior to the
tomographic scan. In both images, the morphology of the tissue sample is clearly
differentiable from the background and various tissue layers are distinguishable. A
detailed discussion of the H & E staining and the resulting image contrast compared to
the image contrast of the reconstructed X-ray slice is presented Sec. Ring artifacts
in the X-ray reconstruction are visible at the top of the image. These result from a
flawed empty beam correction caused by scattering dirt on the entry/exit window of
the KB box. Based on this acquisition scheme the tissue to air distances were analysed
in 3D.
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Fig. 3.12: (caption next page)
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Fig. 3.12 (previous page): Comparison of a stitched unstained virtual histology slice
and an H&F stained histology slice of covid-19 affected human lung tissue. They
are in close spatial proximity, since the histological slice was sectioned prior to the
tomographic scan. a) Reconstructed slice obtained by stitching 9 (3x3) individual
tomograms. The ring artifacts at the top indicate two such individual reconstructions.
The origin of the ring artifacts is a flawed empty beam correction due to scattering from
dirt on the windows of the KB box. b) The corresponding H & F stained histological
slice. Scale bars are 500 um and 50 um in the inset.

Tissue-air distance Severe progression of the 2019 coronavirus disease (Covid-19)
is frequently accompanied by the clinical acute respiratory distress syndrome (ARDS)
and respiratory failure, an organ manifestation responsible for the majority of Covid-19
fatalities. Lung injury associated with ARDS can be readily detected by radiographic
chestimaging and clinical computed tomography (CT), which has assisted the diagnosis
and management of Covid-19 patients [[LNK20; Shi+20; |Chu+20|]. Here, so-called
peripheral lung ground-glass opacities are the main radiological hallmark of ARDS,
and can be linked to the histological observation of diffuse alveolar damage (DAD)
with edema, hemorrhage, and intraalveolar fibrin deposition [Ack+20|]. This disturbs
the gas exchange by reducing the surface area between the alveolar septa and the
inhaled air. With access to the 3D volume of specimens, 3D parameters characterizing
the architecture with respect to the tissue air surface are determined. The workflow of
the 3D analysis is illustrated in Fig. [3.13|exemplarily for one sample.

The 3D reconstructions were first binned (2x2x2) and the tissue was segmented from
the surrounding paraffin using the segmentation software Ilastik [Ber+19a; Ber+19b],
which was then further refined in MATLAB. In order to exclude single macrophages
or detached tissue, only voxels connected to the tissue block were considered for the
distance map. Further, the areas of the paraffin, which represent air compartments,
were linked to the outside of the tissue block. Individual selfcontained areas of paraffin
(not connected to air) were excluded from the mask. Based on this segmentation, the
distance dps to the nearest voxel containing oxygen was calculated for each tissue voxel.
The tissue volume V is given by the sum of all voxels containing tissue. The surface
area S A is defined by all tissue voxels with a distance of 1 px to the air. Additionally,
the mean distance dp, from all tissue voxels to the closest air compartment and its
standard deviation was calculated. For the shown sample the specific surface area
Sy is
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Sy = SA/V = 0.1928.

Together with the edge length of a voxel d,,, = 1.3 um a characteristic length Lo
was calculated:

Le=V/SA-d,, =6.7um.

The distance dp4, for each tissue voxel is illustrated for an exemplary slice in Fig.
c), the 3D histogram is shown in e) and the corresponding 3D volume in g). The mean
tissue to air distance is dpy = (3.6 & 2.1) um. Poor oxygen exchange is related to lower
specific surface area, larger characteristic length Lo or larger tissue to air distance

doa-

3.4.1 Direct comparison of H&F stained microscope and
unstained X-ray phase-contrast images

The differences of conventional histology (H&F staining) and virtual histology (X-
ray phase-contrast unstained) images are discussed on the exact same slices of an
exemplary object, as illustrated in Fig. Since conventional histology requires an
invasive sectioning of the object, beforehand an X-ray tomogram of unstained Covid-19
affected human lung tissue embedded in paraffin was acquired. Afterwards, an object
slice was separated, stained with the the standard two component stain Hematoxylin
and Eosin for histological examination of human tissue and imaged by an optical

microscope.

Both stains exploit complementary contrast mechanisms. The hematoxylin stains
acidic (basophilic) structures such as the nucleus, the rough endoplasmic reticulum and
ribosomes in purplish blue. Eosin acts as a counter stain and stains basic (acidophilic)
structures such as most of the cellular organelles and the extracellular matrix in red or
pinkish [Chal4]. Thus, the image obtained by H&F stained histology represents the
basophil/acidophil affinity of the tissue in the image contrast. As opposed to this, the
gray values of the X-ray image encode the electron density of the tissue. To this end,
conventional and virtual histology represent different tissue properties.

The same acidophil affinity of two tissue structures does not imply the same electron
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Fig. 3.13: 3D analysis of unstained paraffin embedded Covid-19 affected human lung
tissue. a) Virtual histology slice obtained by stitching 9 (3x3) individual tomograms.
b) Tissue voxel were separated from air containing voxel by first segmentation of the
tissue followed by masking out the air. c) Distance between the tissue voxels and
the closest air containing voxels dps is encoded by the color in the tissue mask. d)
Magnified area of a vessel as marked in c), with the respective colormaps similar to a) -
c). e) Histogram of the tissue to air distance dp5 distribution. f) 3D rendering of the
masked tissue volume. g) 3D rendering of the tissue to air distance volume. Scale bars:
100 um
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density of the structures, as illustrated on the example of comparing erythrocytes (Fig.
¢)) with a thrombus (Fig. d)). In the H&FE image, the pinkish cells in the red
rectangle are erythrocytes while the homogeneous pinkish ellipse in the blue rectangle
is a thrombus. The image contrast in the form of the pink colored intensity is the same.
However, the electron density of both structures differs as visible in the X-ray image
and furthermore, the thrombus reveals even substructures as shown in Fig. [3.14]d).

An advantage of the H&FE staining is the combination of two counteracting stains.
Tissue structures without contrast in the hematoxylin stain are obtaining high contrast
in the eosin stain. In addition, both stains are separated in different colors (pink/blue),
acting as two separated signal channels. The X-ray image of the unstained tissue
contains only one signal channel for the electron density.

Since different tissue properties are visualized by H & E histology and virtual histology,
a combination of both image modalities leads to an improved representation of the
tissue. In addition, to generate an X-ray image contrast based on the same tissue
properties as in conventional H&FE stained histology, X-ray sensitive H&FE stains are
required as well as the opportunity to differentiate signal channels. Recently, first
modified variants of hematoxylin and eosin are developed that are sensitive to X-rays
while maintaining the staining function for conventional histology. In [Miil+18] a
hematein lead complex was developed to increase to the electron density of basophilic
structures. After the acquisition of the X-ray image the tissue was counterstained for
the conventional histology image. Similarly, the electron density of the eosin molecule
was increased by the addition of four bromine atoms [Bus+18]. So far, both X-ray
modified stains have been used on their own. A combination of both stains could lead
to an H&F stained X-ray image, if separate signal channels are available. Such X-ray
signal channels are realised by considering the X-ray energy, leading to the idea of
spectral tomography. This could be achieved either by energy sensitive detectors
[Loh+20b]] or by modifications of the X-ray illumination spectrum, e.g. with the
method of K-edge-substraction [Kul+19].
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Fig. 3.14: Direct comparison of 3D virtual histology and conventional H&F stained
histology. An X-ray tomogram of unstained Covid-19 affected human lung tissue
embedded in paraffin was acquired. Afterwards, a slice of the sample was sectioned
and stained with Hematoxylin and Eosin. a) Virtual histology slice obtained by X-ray
phase-contrast tomography encodes the electron density of the sample. Erythrocytes
are marked by the red rectangle, while a thrombus is marked by the blue rectangle. b)
The corresponding slice obtained by conventional H & E stained histology. Compared
to the X-ray slice, ruptures and distortions are visible due to the additional preparation
steps, as marked by the two arrows. c) The comparison of the erythrocytes shows
an intense pinkish color contrast in the H&FE image and strong contrast in the X-
ray image. d) The comparison of a thrombus shows a similiar intense pinkish color
contrast in the H&E image as the erythrocytes. However, the X-ray image contrast is
lower. Furthermore, the thrombus reveals substructures within the X-ray image. Scale
bar: 50 um.
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3.5 ID19 - Ischemic stroke in mouse brain tissue

Ischemia is a decrease in blood supply of tissue, causing a shortage of oxygen. Cerebral
ischemia is associated with a lack of oxygen within brain tissue, leading to irreversible
cell injury. Visualization and quantification of the structural alterations in 3D caused
by cerebral ischemia, on multiple length scales from single cell up to the entire brain
region provides further insights into stroke mechanisms. This 3D information can
be obtained by phase-contrast tomography. In the inhouse study "Multiscale x-ray
phase-contrast tomography in a mouse model of transient focal cerebral ischemia”
[Top+19] 1 mm punch biopsies of the left and right hemisphere of one mouse brain
with an induced cerebral ischemia in the left hemisphere were investigated via phase-
contrast tomography. Single cells without further differentiation were observed as
well as the migration of new cells into the affected brain region. A first suggestion is
that the additional cells result from the inflammatory response. Based on this work,
a follow-up experiment on cerebral ischemia in mouse models with higher contrast
and resolution was planned and performed in the framework of this thesis.. It was
conducted at the propagation-based X-ray phase-contrast microtomography setup at
the beamline ID19 at the ESRF. In addition to the study of structural alterations and
possible inflammatory response, the neuroprotective effect of lithium on ischemic
stroke was investigated. For statistic purposes, 8 brains were measured (4 lithium
treated + 4 untreated ischemic brains) in total. This section concentrates on the multi-
scale approach and image quality of the ID19 compared to the parallel beam setup of
the GINIX.

3.5.1 Sample preparation

Cerebral ischemia was induced in the left brain hemispehere of C57BL6 mice (common
inbred strain of laboratory mice) by 45 min exposure of intraluminal middle cerebral
artery occlusion (MCAO) followed by 24 h of reperfusion [Doe+14|]. The experiments
were performed according to the regulations imposed by local authorities (LAVES,
Lower Saxony, Germany) following the ARRIVE guidelines. The animals were in-
traperitoneally treated with phosphate buffered saline (PBS; control group) or lithium
chloride (Sigma-Aldrich, Germany) dissolved in PBS. PBS or lithium were given at the
beginning of the reperfusion, and at 6 h after the MCAO. The lithium dosage for the
first injection was 1 mmol kg~! and for the second 2 mmol kg—!. The unstained mouse
brains were embedded in paraffin. To reduce excess paraffin 8 mm biopsy punches are



3.5 ID19 - Ischemic stroke in mouse brain tissue 51

taken, which cover most parts of the brain as can be seen later.

3.5.2 Parallel beam multi-scale tomography at ID19

The ID19 beamline at the ESRF [Wei+10]|, which was recently upgraded to a fourth
generation synchrotron [Pac19], offers propagation-based X-ray phase-contrast mi-
crotomography without any focusing optics. X-rays with an energy of 26.1 keV are
generated by an U13 undulator with % ~ 0.01. A multi-scale approach is realized
in this experiment by using two different detectors as sketched in Fig. a). In
the overview configuration a pco.edge 5.5 is placed at 1900 mm propagation dis-
tance. The Fresnel number is F' = 0.0293. It is coupled with a 250 pm thick LuAG:Ce
(Cerium-doped Lutetium Aluminium Garnet) scintillator and a 4x microscope ob-
jective resulting in an effective pixel size of 1.625 um. The flat field image acquired
with an exposure time of 50 ms shows an intensity decay towards the image borders
as depicted in Fig. b). In the detail configuration a pco.edge 4.2 is placed at
300-610 mm propagation distance. The Fresnel number is F' = 0.0146. It is coupled
with a 10 um thick GGG:Eu (Gd3Gas015 : Eu) scintillator and a 10x microscope
objective resulting in an effective pixel size of 0.65 um. The flat field image acquired
with an exposure time of 100 ms is quite homogeneous. However, it contains a lot of
scattering particles as depicted in Fig. [3.15|c). Despite the scatterers, the empty-beam
correction works well.

Overview configuration First, the entire brains are scanned in the overview con-
figuration at 1.625 um pixel size. To this end, 5 tomograms are acquired in total as
illustrated in Fig. top left. Four of the tomograms are taken at neighboring over-
lapping positions arranged in a grid. This is completed by one additional tomogram
in the center of the grid. Stitching these data sets leads to a reconstruction volume
covering the entire brain. Each tomogram consists of 4000 projections acquired with
an exposure time of 100 ms over 360°. The phase reconstruction was performed via
the CTF phase retrieval for each empty-beam corrected projection. The reconstruction
parameters are lim1 = 8.8e-6, lim2 = 0.288 and % = 1/1977 ("Tissue, Soft (ICRP)’ value
from [Sch+11])). Tomographic reconstruction is performed via filtered backprojection,
followed by manual stitching. An exemplary slice of the reconstructed brain is shown
in Fig. Due to the high image contrast, the different brain layers are distinguish-
able, e.g. the cerebellum is recognisable at the bottom of the slice. Comparisons of
entire brain layers between the left and right hemisphere are accessible with a voxel
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size of 1.625um. For instance, the electron density progression and its difference
between the hemispheres can be determined on the whole organ.

Detail configuration In order to resolve single cells, tomograms are taken in the
detail configuration at 0.65 um pixel size. Here, 8 neighboring overlapping tomograms
are acquired in a 2x2x2 3D grid as depicted in Fig. [3.16bottom left. The scan area is the
center of the brain, marked by the red squares in the reconstruction of the overview
scan. Each tomogram consists of 3000 projections acquired with an exposure time of
50 ms over 360°. The phase reconstruction was performed via the CTF phase retrieval
for each empty-beam corrected projection. The reconstruction parameters are lim1
= 1.9200e-07, lim2 = 0.4 and § = 1/3008 ("Paraffin Wax’ value from ). An
exemplary slice of the reconstructed volume is depicted in Fig. [3.17]a).

a)

Sample stage
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Fig. 3.15: Experimental setup at the ID19 beamline (ESRF). a) A multi-scale acqusition
scheme is realized by utilising two detectors with different pixel sizes. The overview
scan is performed with 1.625 um pixel size (FOV: 4.2 mm x 3.5 mm) at 1900 mm prop-
agation distance, while the detail scan is performed with 0.65 um pixel size (FOV:
1.3mm X 1.3 mm) at 300-610 mm propagation distance. b) The flat field image of the
overview configuration shows the beam profile with an intensity decay towards the
edges. The red square indicates the field of view of the second detector. c) The flat
field image of the detail configuration reveals a lot of scattering particle within the
beam profile. Scale bars: b) 1 mm and c) 0.5 mm.

A comparison of the same reconstructed slice demonstrates the improvement in res-
olution by switching from the overview configuration to the detail configuration, as
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Fig. 3.16: Overview of the reconstruction volumes of the ID19 experiments. 5 tomo-
grams are acquired to scan a 8 mm punch biopsy of unstained paraffin embedded
mouse brain, indicated by the black dotted squares in the reconstructed slice and as
illustrated in the sketch on the top left. The detail tomograms consist of 2x2 tomograms
in the central region of the brain, marked by the red squares. The corresponding sketch
is at the bottom left.
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Fig. 3.17: Comparison of reconstructed slices obtained by the overview and the detail
configurations at ID19 of unstained paraffin embedded mouse brain tissue. Left:
Exemplary slice of the detail scan demonstrates, that the resolution is sufficient to
resolve single cells. Right: Same slice of the overview configuration with a resolution
insufficient to resolve all cells. Scale bar: a) 250 um.

illustrated in Fig. While the resolution of the overview configuration is on the
edge of resolving the cells, the detail configuration clearly resolves them. To this
end, the multi-scale acquisition scheme enables the 3D analysis of the cells within
a subvolume, e.g. their distribution in 3D, while knowing the exact position of the

subvolume within the brain.

3.5.3 Comparison of the ID19 detail setup and the GINIX
parallel beam setup

The pixel size of the detail configuration of the ID19 setup is the same as for the
PB setup at the GINIX. For a comparison, tomograms of a 1 mm punch biopsy of
the unstained paraffin mouse brain tissue were acquired at both setups. The contrast
formation of both measurements differs in the propagation distance x5, the X-ray
energy F and the monochromaticity AE. Nevertheless, the Fresnel numbers are
comparable. All experimental parameters are listed in Tab. The phase retrieval
for both reconstructions is performed via the CTF-approach. An exemplary slice of
the tomographic reconstruction obtained by the parallel beam setup of the GINIX is
shown in Fig. while the same slice obtained by the detail configuration of the
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Table 3.2: Experimental parameters of the overview configuration at ID19, the detail
configuration at ID19 and the parallel beam configuration at GINTX.
overview ID19  detail ID19 PB GINIX

Pixel size p 1.625nm 650 nm 650 nm
Propagation distance x12 1900 mm 610 mm 220 mm
Energy £ 26.1keV 26.1keV  13.8keV
Fresnel number F' 0.0293 0.0146 0.0214
Monochromator - - channel-cut
Angle increment 0.09° 0.1200° 0.1200°
CTF phase retrieval

lim1 8.81e-06 1.92e-07 2.24e-06
lim2 0.29 0.4 0.2

s 1977 3008 1942

ID19 is shown in Fig. This qualitative comparison of these two reconstructions
illustrates that the image quality is similar. Both reconstructions resolve single cells
within the different cell layer of the mouse brain, as magnified in the inset of the
marked areas. However, slight differences in the contrast of the low spatial frequencies
are visible. They result as a combination of different CTF regularisation parameters
lim1, different setting of the color map range and the different contrast transfer, during
the image formation, and subsequent reconstruction.
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Fig. 3.18: Reconstructed xy-slice of a 1 mm punch biopsy of unstained paraffin embed-
ded mouse brain tissue obtained by the parallel beam setup at the GINIX. The Fresnel
number is F' = 0.0214 with a propagation distance of x12 = 220 mm and an X-ray
energy of 13.8 keV. CTF reconstruction parameters are [im1 = 2.24e — 06, lim2 = 0.2
and % = 1942. The inset shows magnification of the marked area. Cells within the
brain layer are clearly resolved.
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Fig. 3.19: Reconstructed xy-slice of a 1 mm punch biopsy of unstained paraffin embed-
ded mouse brain tissue obtained by the detail configuration at the ID19. The Fresnel
number is F' = 0.0146 with a propagation distance of ;2 = 610 mm and an X-ray
energy of 26.1 keV. CTF reconstruction parameters are [im1 = 1.92e — 07, lim2 = 0.4
and 2 = 3008. The inset shows magnification of the marked area. Cells within the
brain layer are clearly resolved.
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3.6 Discussion

The parallel beam setup is a major complement to the high resolution waveguide-
based holotomography setup at the GINIX endstation. It is now possible, to scan
the samples on a ~ 4 times larger scale compared to the high resolution scans. This has
the advantage of obtaining an overview of the sample structure as well as inspecting
the sample quality, e.g. in terms of the sample preparation, prior to the high resolution
scan. Based on the overview reconstruction, areas of specific interest can be identified
and navigated to. The detection of these areas based on the holographic projection
of the high resolution setup alone is very difficult. Importantly, the parallel beam
setup alone is a powerful configuration to image biomedical tissue at the scale of a
few mm at cellular resolution. For most of the biomedical tissue applications, the
provided single cell resolution with an effective pixel size of 0.65 um is sufficient to
characterize the tissues. Compared to the high resolution scans the characterization
and 3D quantification of larger volumes is statistically even more meaningful. Studies
on the 3D structures of large sample quantities are conceivable, since the acquisition
time of one tomogram is less than 5min in total. For samples that are larger than
the detector’s field of view of 1.6 mm x 1.4 mm, the reconstruction volume can be
artificially enlarged by stitching adjacent tomograms. Punch biopsy samples with sizes
up to 3 mm in diameter were scanned without showing strong shape artifacts of local
tomography. Nevertheless, the volumetric flow rate is still limited by the X-ray beam
size, which cannot be further increased due to the beamline design.

So far, the PB setup was successfully implemented and contributed to some publications,
e.g. [Rei+20;|Eck+21a; Rei+21; Kep+21;|Eck+21c]|, besides the presented first author
publications [Fro+20a; |[Eck+20|]. Furthermore, the a qualitative comparison of the PB
setup and the microtomography setup at the ID19 revealed similar image details.

However, the reconstruction quality of the object can be further improved by investigat-
ing the phase of the illumination function in the reconstruction plane. Furthermore,
gray value and shape artifacts resulting from local tomography should be investigated
in more detail. This is important for reconstructing quantitative electron densities.
The application of correction schemes for local tomography artifacts such as [[RFS20]
should be considered and optimized. Thus, the reconstruction volume can be further
extended by stitching more tomograms without artifacts. Moreover, the combination of
scintillation material, scintillator thickness, absorption foils and illumination time can
be further optimized. With a thinner scintillator, which is less sensitive, the amount of
absorption foils can be reduced, leading to less scatterers in the X-ray beam. A huge
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opportunity to improve the image quality of the reconstructions is provided the inves-
tigation of energy variations within experiments. Instead of changing the propagation
distance, a change of the X-ray energy leads to different Fresnel numbers and therefore
contrast formations, as demonstrated in [Rob+20]. Furthermore, the improvement of
the image contrast by X-ray specific stains can be investigated. E.g. a combination of
multiple structure specific stainings within one sample has the potential for spectral
X-ray tomography by changing the monochromatic X-ray energy.






Multi-scale approach (Scale Il):
Waveguide-based holotomography

4.1 Motivation

The waveguide-based holotomography setup (WG setup) of the GINIX endsta-
tion is a high resolution propagation-based phase-contrast X-ray tomography setup
with an divergent illumination created by an X-ray waveguide. It was established, re-
fined and optimized over the last 10 years [Kal12;Krel5;/Sal+15;/Top18], consecutively.
A good compromise between field of view (FOV) and resolution for this setup is found
to be at a 40x geometrical magnification (z¢; = 125 mm, z¢2 = 5000 mm).

In this default configuration the FOV is 400 um x 350 um with an effective pixel size
of 160 nm, which is particularly suitable to study biological tissues with sub-cellular
resolution as in [Top+18;|Eck+20; Rei+21; Eck+21b|.

In the demand for higher resolution the geometrical magnification can be increased
by decreasing the source to sample distance xy; resulting in smaller effective pixel
sizes. For example, in [Ves+21]] tomograms were acquired with a voxel size of 64 nm,
however, even smaller pixel sizes are realisable. The unique application of an X-ray
waveguide to create a secondary X-ray focus offers the advantages of a small focal
spot size (sub-100 nm), an increase in spatial coherence and a lowpass filtering of the
illumination profile at the cost of reduced beam intensity. A comparable propagation-
based phase-contrast X-ray tomography setup excluding the waveguide illumination at
similar resolutions is available e.g. at the nano-imaging beamline ID16A at the ESRF
[Kua+20].

This chapter presents the current state of the WG setup at the GINIX and highlights the
software and hardware upgrades implemented during this thesis. The performance
of two improved X-ray waveguide designs is discussed in terms of beam stability and
intensity. Furthermore, the properties of the new fiber-optic scintillation-based sSCMOS
detector for the WG setup are described in detail. Software-wise, the application of a
pixel sensitivity map for the new detector is demonstrated.
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4.2 Holotomography setup at the GINIX

The WG setup of the GINLX endstation combines the lenseless imaging technique of
propagation-based X-ray phase-contrast in the holographic regime with a tomographic
acquisition scheme. This enables the 3D reconstruction of the phase shifts, introduced
by the object. The outstanding feature in this setup is an X-ray waveguide. It acts as a
secondary X-ray source with a focal spot size down to sub-50 nm [Krii+10; Krii+12]
and increases the spatial coherence of the X-ray beam required for propagation-based
phase-contrast. Behind the waveguide, the X-ray beam propagates in a diverging
geometry. The resulting cone beam introduces a geometrical magnification M =
% of the object at the detector plane, which is determined by the distance between
waveguide exit and object 2:yp; and the distance between object and detector ;5. Typical
magnifications of 40x up to 100x lead to high 3D resolutions with effective pixel sizes
of 50-200 nm [Ves+21]]. Since a detailed technical description is presented in [Sal+15],
only the main components for the image acquisition are introduced.

Undulator The X-rays are generated by an undulator insertion device. In 2020, the
5m long U29 undulator (29 mm magnetic period) was replaced by a 5m long U32
undulator. This offers tunable X-ray energies without an energy gap between the 1st
and the 3rd undulator harmonic in the medium-hard X-ray regime of 5-20 keV.

Monochromator The X-ray beam is monochromated by either a Si(111) channel-
cut (CC) or a Si(111) double-crystal monochromator (DCM) to improve the temporal
coherence. The CC provides a much higher angular stability, while the DCM can
operate in a larger energy range offering an energy independent beam position offset
and a slightly higher flux.

Importantly, the pitch angle of the DCM is controlled and automatically regulated to
ensure a stable beam position. It is a counter measure to motor drifts as well as to
vibrations of the crystals introduced by the liquid nitrogen cooling. This automatic
regulation sometimes over corrects. As a consequence, the resulting changes of the
X-ray beam position cause a failure of the X-ray coupling into the waveguide. To this
end, it is recommended to turn off automatic pitch control for the WG setup. In that
way, a more steady waveguide illumination with a slow drift is ensured compared to
the abrupt loss of the entire X-ray intensity due to a failed waveguide coupling.
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Fig. 4.1: Sketch of the waveguide-based holotomography setup at the GINIX endstation.
The X-rays are generated with an energy of 5-20keV by an 5m long U32 undulator.
The temporal coherence is improved by either a Si(111) channel-cut (CC) or a Si(111)
double-crystal monochromator (DCM). Behind the fastshutter, several slit systems and
the attenuator foils box are placed. The X-ray beam is focused by a pair of KB-mirrors
down to focal spot size of about 300 nm x 300 nm. An X-ray waveguide is placed at
the focal plane of the KB-mirrors to further reduce the focal spot size. The object is
mounted onto the sample stage with an adjustable distance to the waveguide. A typical
distance is 125 mm. The position of the detector is fixed at a distance of 5100 mm to
the focal plane of the KB-mirrors. This figure is adopted from [Fro+20a].

KB mirrors A pair of elliptical shaped mirrors, the Kirkpatrick-Baez (KB) mirrors,
focuses the beam down to about 300 nm x 300 nm. The first mirror focuses in vertical
direction with focal length f,, = 302 mm and an incidence angle of ©, = 3.954 mrad.
The second mirror focuses in horizontal direction with focal length f;, = 200 mm
and an incidence angle of ©;, = 4.05mrad [Kal12;/Sal+15]. Apart from the double-
reflected beam, two single reflected beams as well as a non reflected part of the incident
X-ray beam are present. A 1 mm aperture of tungsten (APY) blocks these non- and
single-reflected beams.

X-ray waveguides An X-ray waveguide is placed in the focal plane of the KB-mirrors
to further reduce the focal spot size. The spot size depends on the diameter of the
guiding layer. A reduction of the diameter size results in a smaller focal spot size and a
higher beam divergence at the cost of a reduced photon flux. For example, a diameter
of 100 nm leads to a fully illuminated scintillation detector, e.g. the Zyla (see Ch.
at 5m distance with exposure times of a few seconds. The waveguide also serves as a
lowpass filter for the high frequent features of the beam caused by imperfections of the
mirror surfaces. The resulting smooth illumination is beneficial for the empty beam
correction. Furthermore, the spatial coherence of the beam is increased [[OS11]]. The
waveguide is precisely aligned by the SmarPod hexapod system (SmarAct, Germany),
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which offers 6 degrees of freedom (3x translations + 3x rotations). The waveguides
used in this thesis and their recent developments are presented in detail in Ch.

Sample stage The sample stage consists of the three translational positioners (2x
HPS-170 (x,y) and 1x UPL-160 (z), Micos, Germany) for the alignment of the tomo-
graphic rotation axis (UPR-160 AIR, Micos, Germany) mounted on top of them. For
the alignment of the pitch and roll angle of the tomographic axis two custom build
cradles are positioned below the motor. In order to adjust the position of the object
itself, three additional translational stages (2x SLS-1760 (x,y) and SHL-1D20N-10 (z),
SmarAct, Germany) are mounted on top of the rotational stage.

4.3 Recent developments of X-ray waveguides

X-ray optics are either based on refraction such as compound refractive lenses and
zone plates or on reflection e.g. Kirkpatrick-Baez mirrors and X-ray waveguides. Since
the index of refraction of vacuum (or air) is always larger than the index of refraction
of a solid state material n4;,->n,,4: for X-rays, total reflection appears at the transition
from air to matter. This effect can be exploited to fabricate X-ray waveguides. An empty
channel (air filled) with a diameter of 10-100 nm within a solid state material acts as
the guiding layer for the X-rays, while the surrounding material acts as the cladding
material of the waveguide. Besides enabling the total reflection, the cladding layer
has the function of absorbing the X-rays that are not guided by the empty channel.
The waveguide length to fully absorb the incoming X-rays depends on the cladding
material and the X-ray energy. Such an X-ray waveguide is manufactured by electron
beam lithography, reactive ion etching and wafer bonding, as described in detail in
[Hof+16;Top18||. Different shapes of the guiding channel are realisable e.g. straight,
tapered or curved, however in this work only straight channels are considered.

In the past, such straight empty channel X-ray waveguides based on a silicon cladding
were successfully used with an X-ray energy of 8 keV [Sal+15;|Hof17; Top+18]). Since
then, the improvement of the waveguides can be split in two directions. The change
of the cladding material from silicon to germanium offers the opportunity to utilize
higher X-ray energies with moderate aspect ratios between channel diameter and
waveguide length. The first successful applications of these germanium waveguides
in tomographic experiments at the GINIX are reported in [Fro+20a]. Furthermore,
the manufacturing accuracy of the channels within a silicon cladding was improved
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by outsourcing the e-beam lithography and reactive ion etching steps to the external
company Eulitha. The performance of both waveguide types is presented and discussed.

4.3.1 Germanium waveguides

With an atomic number of Z = 32 the electron density of germanium is higher than
the electron density of silicon with Z = 14, resulting in a higher absorption coefficient.
To this end, the required aspect ratio can be reduced. Additionally, the absorption edge
of germanium is at 11.1 keV, which increases the X-ray absorption in the cladding
material.

The diverging X-ray beam obtained by a germanium X-ray waveguide with 200 um
optical depth and a channel diameter of 100 nm at 5 m distance is presented in Fig.
The waveguide is placed into the X-ray focus of the KB-mirrors leading to a front cou-
pling of the X-rays into the waveguide. The high photon flux resulted in the saturation
of the Zyla detector (15 um Gadox scintillator) at an exposure time of 350 ms. The
corresponding image is illustrated in Fig. a). Typical exposure times for the same
detector are 1-2 s for similar silicon waveguides at 8 keV X-ray energy. At these short
exposure times the implementation of a continuous rotation for tomographic scans
becomes reasonable and a reduction in scan time by a factor of 3-5 is realistic. In order
to investigate the temporal stability of the beam intensity, the empty images obtained
by two subsequent four distance tomographic scans are exploited. The measurement
is completed by waveguide alignment scans and pure empty beam acquisitions after-
wards. For a better understanding of the results shown in Fig. 4.2f), the acquisition
steps for a tomogram at a single distance are described below:

i) The waveguide is scanned in vertical and horizontal direction and moved to the
position with maximum intensity (indicated as WG alignment and the white
area)

ii) 50 images of the X-ray beam are acquired (indicated as Empty image and the
green area)

iii) A tomogram with 1500 projections is acquired (indicated as Tomographic scan
and the bronze area)

iv) 50 images of the X-ray beam are acquired (indicated as Empty image and the
green area)
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Fig. 4.2: Instability of a germanium X-ray waveguide with 200 um optical depth and a
channel diameter of 100 nm at 13.8 keV, which is above the absorption edge of germa-
nium (Feqge = 11.1keV). a) The first intensity image of the X-ray beam (¢ = 0 min)
is saturated at an exposure time of 350 ms. It was acquired with the Zyla detector
(15 um Gadox scintillator) at 5 m distance. b) After 230 min of exposure, the intensity
decreases by a factor of 3. c) The temporal behaviour of the mean beam intensity is
obtained by the empty beam acquisition (green) during two subsequent tomographic
scans at 4 distances each (bronze). Waveguide alignment scans are performed in be-
tween (white). The measurement is completed by waveguide alignment scans (white)
and empty beam acquisitions (green). Scale bars are 1 mm in the detector plane.
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Fig. 4.3: Scanning electron microscope images of the waveguide channel obtained
prior and post to the X-ray exposure. a) The channel entrance has a diameter of 100 nm
before the X-ray exposure. b) The channel entrance shows a severe shape change
after the X-ray exposure. The diameter enlarges to 400 nm. c) The channel exit has a
diameter of 100 nm before the X-ray exposure. d) The channel exit is closed after the
X-ray exposure. Scale bars: a) 100 nm, b) 200 nm, ¢) 100 nm and d) 100 nm.
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After 230 min of usage the intensity decreases by a factor of ~ 3, as illustrated in the
corresponding empty beam image in Fig. [4.2]b). The intensity decay is a combination
of two effects. On the one hand, motor drifts of the waveguide positioning stage result
in an intensity decrease due to a poor coupling into the waveguide. These can be
corrected by repositioning the waveguide as described in step i). As visible in the graph,
the repositioning does not necessarily improve the intensity and fails from time to
time. On the other hand the overall intensity decay is a deformation of the germanium
waveguide itself. Scanning electron microscope images of the channels entrance and
exit are obtained before and after the X-ray exposure and are presented in Fig. A
severe shape change of the channel is visible. The channel entrance is enlarged by a
factor of 4 to 400 nm and deformations are distributed around the channel entrance in
the form of small holes. The channel exit shows the opposite behavior, since it seems
sealed by the relocated germanium. Due to the extended channel entrance it seems
like the channel shape transforms into a tapered shape.

For the future, a remedy for the channel transformation is of significant interest. It
would enable faster acquisition times of the tomographic scans as well as measurements
at higher photon energies with reasonable aspect ratios. Shorter scanning times also
have the benefit of less motor drifts during the scan, resulting in improved empty beam
corrections and therefore reconstructions.

4.3.2 Improved silicon waveguides

The modification of the new silicon waveguide generation is the improved manufac-
turing accuracy of the the empty channels within the wafer. This fabrication step is
performed by Eulitha (Villigen, Switzerland), a company that is specialised on manu-
facturing nanostructures via electron beam lithography. The subsequent wafer bonding
step is still performed in-house. In order to investigate the waveguiding properties
in terms of resulting beam profile and intensity stability of such a waveguide, empty
images of a 1 mm long silicon waveguide with an channel diameter of 100 nm at an
energy of 8 keV are considered. The results are presented in Fig.

The empty image acquired at the start of the measurement shows the nearly ideal
illumination of a Gaussian intensity profile with only a few contributing modes. At an
exposure time of 1 s the maximum intensity is ~ 90 % of the detectors dynamic range
(59823 ADU/65 536 ADU), as shown in Fig. 4.4]a). After 21h of usage during several
tomographic scans, the change of the empty beam image is fractional, as depicted
in Fig. [4.4]b). The detailed intensity behaviour over time is illustrated in Fig.
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c). To this end, the mean intensity of the empty images, which is acquired in the
aforementioned tomographic scan routine, is plotted for several tomographic scans.
The red areas mark the time where no image acquisition takes place, e.g. due to sample
exchange and alignment. Apart from one outlier, the beam intensity is very stable over
the period of ¢t ~ 1d. The intensity is increased by the waveguide alignment at the
start of each tomographic scan, while it decreases over the period of a tomographic
scan due to minor waveguide drifts.

4.4 Zyla X-ray detector

The new Zyla HF 5.5 (Andor, USA) X-ray detector is a scintillation-based X-ray de-
tector with a SCMOS sensor. The pixel size is 6.5 um with a field of view (FOV) of
2560 px x 2160 px. In contrast to the available sSCMOS detectors at the GINIX, the
Pirra (15 um Gadox scintillator, max. frame rate of 18 fps, Photonic Science) detector
and Iris (20 um LuAG scintillator, max. frame rate of 30 fps, Hamamatsu Photonics)
detector, it offers exchangeable scintillator materials and a higher frame rate. A simple
scintillator exchange is enabled by the detector assembly. A 1:1 fibre-optic-plate (FOP)
is bonded on top of the sensor without the scintillator. The scintillation material itself
is bond to an additional FOP, which is then mounted onto the sensor FOP. In that
way, a straightforward exchange of the scintillation material is achieved. A detailed
description is presented in Ch.

The detector can be operated in two different shutter modes, the global shutter mode
(GS) and the rolling shutter mode (RS). In the GS mode each pixel is illuminated at the
same time. The exposure time and the subsequent readout time limit the maximum
frame rate to 50 fps at 16-bit. Higher frame rates are possible using the RS mode. There,
contrarily to the GS mode, the sensor is horizontally split in half and the pixel rows
are read out from the centre outwards. For each half, the adjacent rows are exposed
at slightly different times. The minimum time delay between the rows is the readout
time of a single row, which is ~ 10 us. The parallelization of pixel exposure and pixel
readout results in a maximum frame rate of 100 fps at 16-bit in the rolling shutter mode
[And17]. Note that for fast moving objects the acquired image shows object distortions
due to the different exposure starting points of each row. Furthermore, the frame rate
can be increased by reducing the FOV.

The detector provides three different gain modes. The 12-bit (high well capacity) mode
is the low gain mode optimal for the acquisition of images with a high dynamic range.
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Fig. 4.4: Intensity stability of a silicon X-ray waveguide with 1 m optical depth and
a channel diameter of 100 nm at 8 keV, for further information see[A.3]. a) The first
intensity image of the X-ray beam (¢ = Omin) is acquired at an exposure time of
1 ms. It was acquired with the Zyla detector (15 um Gadox scintillator) at 5m distance.
b) After 21 h of exposure, the beam profile and intensity is nearly unchanged. c)
The temporal behaviour of the mean beam intensity is obtained by the empty beam
acquisition during several tomographic scans, including the following steps: i) the
waveguide alignment (white area), ii) the empty beam acquisition, iii) the tomographic
acquisition (bronze area) and iv) empty beam acquisition. Apart from the outlier at
t ~ 650 min, the beam intensity is stable. Scale bars are 1 mm in the detector plane.
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The 12-bit (low noise) mode is the high gain mode offering a low noise level, which
is optimal for the acquisition of weak signals. The 16-bit (low noise and high well
capacity) mode combines the advantages of both modes. ”The signal can be sampled
simultaneously by both high gain and low gain amplifiers. Therefore, the lowest noise
of the sensor can be harnessed alongside the maximum well depth, affording the widest
possible dynamic range.” [And17].

The commissioning of the camera resulted in an online application note based on
propagation-based X-ray phase-contrast [[Fro+20b].

4.4.1 Scintillators & Assembly

Three different scintillator materials are available for the Zyla detector: i) LuAG:Ce, ii)
YAG:Ce and iii) Gadox. The scintillation properties are presented in Tab. 4.1]based on
literature values from [Van02; Nik06; MKN17;|GMO0S; [Riv16]].

The two important material properties X-ray stopping power (X-ray absorption) and
Photon yield (light emission) are crucial for the conversion of X-ray photons into optical
photons. A high conversion paves the way for a high X-ray sensitivity of the detection
system. The X-ray stopping power depends on the mass density and the effective atomic
number of the scintillator. The absorption curves for the three materials, shown in
Fig. are obtained from [CXR| by applying the density and chemical formula given
by [[GMO8]. The stopping power can also be increased by increasing the scintillator
thickness at the expense of the image resolution, which is discussed in detail below.
The Photon yield is the ratio of emitted photons (A ~ 550 nm) per absorbed X-ray
photon.

The important scintillation properties of the three available scintillation materials are
listed in Tab. [4.1]and the absorption curves of the three scintillation materials are
presented in fig[4.5] The X-ray sensitivity of the Yttrium Aluminium garnet scintillator
(YAG:Ce) and the Lutetium Aluminium Garnet (LuAG:Ce or LAG:Ce) are comparable.
The lower absorption power of the YAG:Ce is compensated by the two times higher
photon yield. However, YAG:Ce has an absorption edge at 17 keV, which results in
a very low absorption for X-ray energies slightly below the edge. For example, the
absorption at 13.8 keV is 23.4 %. The advantages of both the scintillators are the short
decay times and the single crystal structure. The latter is important for lens-coupled
scintillation detectors, due to the low signal broadening within the scintillator as
explained in detail below. The Gadolinium oxysulfide also known as P43, GOS or
Gadox is a powder scintillator with a median particle size of 2.5 um. The powder
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is mixed with a binding agent and processed to a film. Its X-ray stopping power is
comparable to the stopping power of the LuAG:Ce scintillator. However, due to its
high photon yield of 60 ph keV~! the X-ray sensitivity of the Gadox scintillator is the
highest of the three. The major disadvantage of Gadox is its long light decay time
of a few hundred microseconds, which severely limits its application in fast imaging
applications [GMO8|], and its powder structure.
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Fig. 4.5: Absorption curves for three different Zyla HF scintillators. For the default
X-ray energies at the P10 beamline, 8 keV and 13.8 keV (highlighted lines), the Gadox
scintillator absorbs 98% of the X-ray photons at 8 keV, while the LuAG scintillator
absorbs 73.2% at 13.8 keV). Curves are obtained by [CXR].

Scintillator resolution The layer thickness of the scintillator as well as the structure
of the scintillation material influences the resolution power of the scintillator. The
photons emitted by the scintillator without preferred direction require a transfer onto
the sensor. This transfer can either be realized by an imaging optic (fiber or lens) or by
a guiding of the emitted photons by the scintillator structure itself, e.g. by the pillar
structure of CsI:Tl scintillators [Riv16]. The Zyla scintillation units are based on a
fiber-coupled optical transfer. To this end, the scintillation layer is coupled to a 3 mm
thick fiber optic plate (FOP), which also acts as a substrate for the thin layer. The
FOP consists of adjacent optical fibers with a diameter of 3 um, which are waveguides
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Parameter LuAG:Ce YAG:Ce Gadox
Density [-Z;] 6.73 4.55 7.3
Chemical formula LuzAl5015 : Ce  Y3Al5015 : Ce Gdy02S : Th
Type single crystal single crystal ~ grained powder
Thickness [um] 20 20 15
Absorptiong.y [%] 85.6 69.7 98
Absorption, ; gy [%] 73.2 234 69.5
Photon yield [ph/keV] 12.5 24 60

Decay time [ns] 55 90-120 6 x10°
Emission wavelength [nm] 530 550 540

Table 4.1: Properties of the three exhangeable Zyla scintillators.

for the incoming photons emitted by the scintillation layer. The FOP provides a 1:1
imaging of the scintillation signal onto the exit surface of the FOP. Nevertheless, the
emission signal is broadened, which is described by the point spread function (PSF).
The broadening depends on the distance between the emitted photon and the FOP due
to the fixed acceptance angle of the FOP fibers. To this end, a thin scintillation layer
is preferred to obtain a small scintillator PSF. On the other hand, a thin scintillation
layer has a reduced possibility to absorb the X-ray photons resulting in a low X-ray
sensitivity. The choice of layer thickness is always a compromise between resolution
and sensitivity. Furthermore, the PSF of the scintillator also depends on the structure
of the scintillation material itself. The ideal structure of the scintillation layer is in the
form of a single crystal material, which does not cause an additional broadening. Some
scintillation materials can only be manufactured in a powder format. The powder is
mixed with a binding agent and processed to a layer such as the Gadox scintillator. In
this scintillator layer an emitted light photon has the potential to scatter at the surfaces
of the powder grains, which results in an additional broadening [GTE02;|Cec+14]. As
a consequence, at the same layer thickness the PSF of single crystal material is smaller
than the PSF of a powder scintillator. So far, only the scintillator PSF was considered.
In fact, the PSF or resolution power of the detector is determined by the PSF of the
FOP, which is limited by the waveguide diameter of 3 um, and the PSF of the sensor,
which is limited by the pixel size of 6.5 um.

To characterize the effect of the Gadox powder structure on the resolution power
of the detector system, the 2D resolution of the YAG:Ce and the Gadox scintillator
are determined at the in-house setup TONI [Rei+17|] (20keV acceleration voltage
and characteristic line Ex, = 8keV of a rotating copper anode) via the slanted edge
method. The test sample is a 50 um thick gold edge. The object to scintillator distance
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is 20 mm, due to the berrylium window at the front of the detector, and the source to
detector distance is 500 mm. Figure[d.6|compares the resolution of the two scintillators.
The YAG:Ce scintillator shows a maximum intensity of 12000 ADU at 15s exposure
time. Compared to this, the Gadox scintillator yields 27 400 ADU within 3 s exposure
time. which is an intensity increase of a factor of ~ 10. The 2D resolution is identical
for both scintillators, as shown in the MTFs of both images in Fig. ¢). The cross
section of the MTF at the 10 %-threshold is at 40 cy mm ™1, which corresponds to a full
period resolution of 25um = 4 px. As a consequence, the powder structure of the
Gadox scintillator does not limit the resolution of the detector, while providing a high

sensitivity.

Assembly To allow the exchange of the scintillator material, the scintillator is not
directly coupled to the sensor. Instead, a separated and compact scintillation unit is
manufactured by mounting the scintillator material on an FOP. To protect the detection
sensor from mechanical damage during the exchange, it is also equipped with an FOP.
The two FOPs are coupled with an optical grease e.g. glycerol in between. To block
optical photons a 200 um thick berrylium window is placed in front of the scintillation
unit. A detailed procedure to equip the Zyla with a new scintillator can be found in
A1l

4.4.2 Detector pixel response map

[Cro+19|| presented an approach to suppress ring artifacts in X-ray computed tomogra-
phy by calculating and applying a pixel-wise detector response. The idea is to address a
gain factor and an offset to every pixel. This approach was applied for the Zyla equipped
with the 15 um Gadox scintillator and illuminated with X-rays of 8 keV energy at the
GINIX. The results are shown in figure[d.7] To obtain the sensitivity maps, the following
steps are executed:

(1) For each detector pixel, the dynamic range must be properly scanned by acquiring
an ensemble of different intensity values. To this end, the detector was moved through
the empty X-ray beam, which is Gaussian shaped by the waveguide, using a mesh scan
across the detector’s FOV.

(2) These intensity images are then dark corrected I = ;40 — Lgark-

(3) The ’true’ illumination is assumed to be the measured intensity / smoothed with
a 50 px Gaussian kernel I;,,. = I * K50p. This assumption is reasonable for the

waveguide illumination.
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Fig. 4.6: Resolution comparison of YAG:Ce and Gadox scintillator of the Zyla by means
of the slanted edge method. The test object is the edge of a 50 um thick gold foil. The
images are acquired at an in-house X-ray setup (20 keV Bremsspectrum of a rotating
copper anode Ex_ = 8keV). The object to scintillator distance is 20 mm, and the
source to detector distance is 500 mm. a) The raw image of the test structure obtained
with the YAG:Ce scintillator at 15 s exposure time. b) The raw image of the test structure
obtained with the Gadox scintillator at 3 s exposure time. ¢) The MTFs of both images
were obtained by slanted edge method. Both scintillators have the same 2D resolution
at 10 % image contrast. The cross sections are at 40 cymm™?, which corresponds to a
full period resolution of 25 um ~ 4 px. Note different intensities and exposure times
of both images. Scale bars denote 1 mm.
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(4) A linear fit of the k true intensities as a function of the k£ measured intensities was
performed for each pixel (i,j):

Itrue(iajv k) = 04y - I(Za.]v k) + Bij-

(5) The resulting correction maps (sensitivity maps) of the pixel gain «;; and the pixel
offset /3;; are shown in figure[4.7(a) and (b), respectively.

(6) These correction maps were applied to the measured intensities, e.g. the empty

image I, as follows:
IO,corr = Qjj * (IO) + 61] (4.1)

The empty image I, without the sensitivity correction shows the grained structure of
the Gadox scintillator as depicted in figure[d.7(c). In contrast, the application of the
sensitivity correction on [y removes the grained structure of the scintillator as
shown in figure[d.7(d).

Additionally, the correction reveals features in the presence of particle holograms
within the X-ray illumination. To estimate the location of the particles, the PSD of the
particle holograms Ipqrticie = ﬁ was calculated. By changing the Fresnel number,
the expected CTF curve is tuned to fit the calculated PSD of I,,,¢ice. For a Fresnel
number of F' = 0.0076 the expected and the measured PSD are in good agreement,
illustrated in ﬁguree). F = 0.0076 corresponds to a distance of xg; =~ 0.65m
behind the waveguide. At that distance the entrance window of the flight tube in form
of a kapton foil is located, which apparently is unclean. A CTF phase reconstruction

of Iparticie reveals the shape of the particles.

Next, the influence of the sensitivity correction on ring artifacts within the tomographic
reconstruction was investigated. To this end, a tomographic reconstruction without
the sensitivity correction was performed first. All holograms of a tomographic scan
I were empty beam corrected by Iy corr = % with the empty image I, shown in
figure[d.8(a), same I, as in Fig.[4.7(c). Several ring artifacts are visible in an exemplary
2D slice of tomographic reconstruction as depicted in figure[d.8(b). Note that no phase
retrieval was applied. The red arrow is marking a ring artifact that can be assigned to
the scintillator defect marked with the red arrow in figure[d.8{a). In comparison, the
same 2D slice obtained by the tomographic reconstruction of the corrected intensity
images Iy corr is shown in ﬁgurec). To this end, the sensitivity correction is applied
to the holograms Iy as well as to the empty image Ij:
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Fig. 4.7: Sensitivity map of the Zyla equipped with the 15 um Gadox scintillator ac-
quired at 8 keV X-ray energy at the GINIX. a) Gain map « and b) offset map 5 for
each detector pixel. Red rectangle marks the area of the images (c/d/f). c¢) Standard
empty beam image Iy = 4 — Liqrk Without sensitivity correction. Illumination is
superimposed by the grained structure of the scintillator material. Red arrows mark
scintillator features that stand out from the general grained structure. Black arrows
mark features of the X-ray illumination (circular shape with holographic fringes). d)
Sensitivity corrected empty beam image Iy corr = @ (Lrqw — ldark) + 3 reveals the
waveguide illumination. It is corrupted by holograms of small particles. ) PSD of the

particles obtained from Ipqrticie = ﬁ# Io o4y, represents Iy filtered with a 50 px
1T 50px

Gaussian kernel. f) CTF reconstructed phase shift ¢ of I,rsice. Particles are located
at the distance x; =~ 0.65m behind the waveguide (entrance window of the flight
tube). Scale bars are 50 um with a pixel size of 168.6 nm.
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Fig. 4.8: Influence of the detector sensitivity correction on the tomographic recon-
struction. a) Image of the X-ray illumination [, without sensitivity correction. The red
arrow marks an example of a strong scintillator feature of the 15 um Gadox scintillator
at 8 keV. b) Example slice of the tomographic reconstruction obtained from the stan-
dard empty beam corrected holograms Iy corr = % Phase retrieval was not applied.
The reconstruction shows several ring artifacts. The red arrow marks one ring artifact
caused by the scintillator feature in a). ¢) The same example slice as in b) obtained
from the sensitivity corrected holograms divided by the sensitivity corrected empty
beam image Iy corr = % Ring artifacts are still present, but the marked ring
is reduced. d) The difference image between b) and c) shows the correction of the

marked ring. Scale bars 25 um with 168.6 nm px—!.
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aij - (In) + Bij

1 = .
0,corr aij - (IO) + /Bij

The ring artifact caused by the marked scintillator feature is reduced, which is more
prominent in the difference image of the slices in figure[d.8(d). The sensitivity cor-
rection compensates for ring artifacts caused by incorrect pixel values. Since the
reconstructed slice is still flawed by ring artifacts, the origin of these artifacts must be
elsewhere. In general, the standard empty beam correction by a simple division is a
good approximation, especially for a smooth illumination. In the case of a structured
illumination the assumption breaks down, as illustrated in [Hag+14; Hub+18]|. Since
the particles on the kapton foil structure the illumination beam and are stationary
during the tomographic scan, they potentially cause the ring artifacts. To this end,
the next step to reduce ring artifacts is to clean or exchange the kapton foil. Another
approach to circumvent the immobility of features within the illumination is to shift
the sample randomly in both lateral directions for each acquisition angle, as applied in
[Hub+18].

4.5 3D virtual pathohistology of Covid-19 lung tissue

This section is based on the publication 3D virtual histology of human pancreatic tissue
by multiscale phase-contrast X-ray tomography” with a shared first authorship of M.Eck-
ermann, J.Frohn and M.Reichardt [Eck+20] and covers the results from the waveguide-

based holotomography.

The WG setup was used in a proof-of-concept study to investigate Covid-19 affected
human lung tissue at sub-cellular resolution. The previous work of [|Ack+20] on Covid-
19 lungs hypothesizes that a specific variant of new vessel growth - intussusceptive
angiogenesis - is significantly more prevalent in Covid-19 lungs as in lungs of patients
with H1N1 influenza A. In order to investigate blood vessels and possible vessel growth,
tomograms are acquired with the waveguide-based configuration. The acquisition
as well as phase retrieval parameters are listed in Tab.4.2] The image quality and
resolution of the unstained paraffin embedded lung tissue is illustrated in Fig.[4.9]
The holograms of four different propagation distances are empty-beam corrected and
aligned to each other in order to perform the multi distance non-linear CTF-phase
retrieval. The tomographic reconstruction via FDK-algorithm reveals the morphology
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of the lung tissue sample Fig.[4.9(c) & (d). It shows a large artery filled with erythrocytes.

Otherwise, the tissue consists of connective tissue including elastic fibers and collagen

as well as smooth muscle tissue. A 3D visualisation is shown in Fig.4.9(e). In the

front plane, a section through the artery is illustrated, showing the 3D distribution of

erythrocytes within the blood vessel. The PSD of the holograms is in good agreement

with the expected PSD for the given Fresnel number F (red curve) as shown in Fig.[4.9]
k

(f). The spatial frequencies are normalized by the Fresnel number Kyorm = TieF

To investigate the potential splitting of blood vessels within the reconstructed volume,
the segmentation of an exemplary blood vessel is depicted in Fig.[4.9] A series of 2D
slices at different heights highlights the difficulties of the segmentation as shown in
Fig.[4.9]a). The separation starts with the creation of a branch from the blood vessel
(arrow in slice 336). In slice 326, which differs in height by 1.7 um from slice 336,
this branch evolves into an empty and separate capillary. Another 2 pum above, the
capillary is entirely filled with cells. Further 2.3 um, the capillary is empty again and
has a diameter of about 2.8 um. The segmentation of the blood vessel with all its
separated branches is indicated for slice 336 in Fig.4.9|b) by the red lines. In this slice,
three capillaries have already separated from the main vessel, while the fourth starts to
emerge, indicated by the red arrow. The 3D shape of the blood vessel is illustrated by
the 3D rendering of the segmentation, shown in Fig.[4.9|c). Blood vessels or capillaries,
that are spatially separated in the 2D slice, can now be connected due to the access to
the 3D volume. A manual sliding through a series of 2D slices at different heights is a
accurate approach to quickly detect such connections by eye. This sliding also provides
the opportunity to detect cell-filled capillaries, which is impossible on a single 2D slice,
such as slice 314. An automated segmentation of such filled capillaries requires more
elaborate segmentation routines, apart from standard methods such as thresholding,
watershed or region growing. In addition, the segmentation routine must be able
to distinguish between different structures with the same gray values. For example,
empty capillaries and empty alveoli are filled with paraffin, resulting in the same
gray values. Deep learning methods, which are trained on manual segmented data
sets, are a promising approach for an automatic segmentation routine [MNA16]. The
segmentation of the presented capillary is performed manually.
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Variable Value
GINIX run 94 (April 2020)
X-ray energy [keV] 8
Detector Zyla 5.5
Z01,min [Mm] 125

o2 [mm] 5100

Pefr [p.m] 168.2
Field of view [um] 430 x 360
Fresnel number F' 0.0015
Waveguide Si - 100 nm diameter
Number of distances 4
Angular range 180°
Number of projections 1501
Exposure time 1s

Phase retrieval non-linear CTF
lim1 0.0008
lim2 0.4

B/ 1/90

Table 4.2: Acquisition and reconstruction parameters for the tomographic scan of the
unstained paraffin embedded Covid-19 affected human lung that is presented in Fig.

E3
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Fig. 4.9: Phase retrieval and tomographic reconstruction of unstained paraffin embed-
ded lung tissue from Covid-19 patients. a) Exemplary empty-beam corrected hologram
of the object at distance zp; = 125 mm. b) Reconstructed phase distribution ¢ from 4
distances of the hologram in (a) via non-linear CTF-algorithm. c¢) Exemplary recon-
structed tomographic slice in xy-plane. d) Magnified area marked as the red rectangle
in (c). e) Visualisation of the reconstructed 3D volume. f) Power spectral density of
the hologram in (a). The spatial frequency is normalized by the Fresnel number F'
such that the first CTF minimum correlates to 1 px~!. Scale bars: 50 um in (a), (b), (c)
and 10 um in (d).



4.5 3D virtual pathohistology of Covid-19 lung tissue 83

Fig. 4.10: Segmentation of the blood vessel network within the reconstruction of
unstained paraffin embedded lung tissue from Covid-19 patients. a) Series of slices
in z-direction illustrates the separation of a capillary (= 5 um diameter) from a blood
vessel. The red arrow marks the separating capillary. In slice 314, the capillary is
entirely filled with erythrocytes. b) Red lines in the entire virtual slice (336) represent
the contours of a manual segmentation of the blood vessel network. Three capillaries
are already separated from the main vessel, while the fourth starts to emerge, indicated
by the red arrow. c) Segmentation illustrating the 3D structure of the blood vessel
network. Scale bars: 50 um. Figure and caption taken from [Eck+20].
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4.6 Discussion

A new generation of X-ray waveguides shows promising improvements for the X-ray
beam properties utilized in the WG setup. At an X-ray energy of 8 keV, 1 mm long silicon
waveguides with a diamter of 100 nm provide a high photon flux, which saturates the
Zyla detector within one second, paired with beam stability over the course of one
day. This stability reduces the artifacts introduced by a flawed empty-beam correction
due to a changing illumination. The drawback of silicion as the cladding material
of the waveguide is its low X-ray absorption power. For experiments at higher X-
ray energies e.g. at 13.8 keV either the waveguide length needs to be increased or a
different cladding material is required. Germanium is a good candidate for the cladding
material, due to its absorption edge at 11.1 keV. Such germanium waveguides show
a ~ 3 times higher photon flux (Zyla saturation at 0.35s) compared to the silicon
waveguide. But its intensity decreases radically over time due to physical changes
of the channel shape. Understanding theses shape changes in detail and taking the
corresponding countermeasures would be the next major hardware upgrade for the
WG setup. At sub-second exposure times, a switch from the step and shoot acquisition
scheme of the tomographic scans towards a continuous acquisition scheme further
reduces the total scanning time, due to the saved overhead time per image. Shorter
acquisition times also reduce the time for waveguide position drifts and therefore makes
the waveguide alignment step obsolete. Furthermore, the position of the waveguide
requires a sub-micrometer accuracy and is the most sensitive part of the setup. An
improved drift-resistant mounting of the waveguide would be a major upgrade for
this setup, since the empty beam correction is more accurate and the time for the
waveguide alignment step can be saved.

A customized 15 um thick Gadox scintillator combined with the fiber-coupled Zyla
5.5 HF detector shows a higher sensitivity compared to the LuAG:Ce and the YAG:Ce
scintillators for X-ray energies of 5-20 keV. Its grained structure has no influence on
the resolution power of the detector due to the large pixel size of 6.5 um. Although
the grained Gadox structure is reproduced in the empty beam image itself, an empty
beam division corrects for the scintillator structure. However, the grained structure of
the empty image hides fine structures within the X-ray illumination. By calculating
a sensitivity map of the detector the true illumination profile can be revealed. The
sensitivity map corrects systematic detection errors of differing pixel responses and
ring artifacts in tomographic reconstructions are reduced.

3D virtual histology in this configuration was used to investigate Covid-19 affected
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human lung tissue. The image contrast of the phase reconstruction is sufficient to
enable 3D tissue quantification at sub-cellular resolution. Here, the splitting of a
blood vessel with capillaries of a few micrometer in diameter was highlighted in 3D to
search for intussusceptive angiogenesis within Covid-19 affect lung tissue [Ack+20].
The access to the 3D shape of the blood vessel reveals the connection of capillaries,
which are separated in different 2D slices. Furthermore, 3D virtual histology offers the
opportunity to investigate several hundreds of 2D slices. Since 3D virtual histology
is nondestructive, it can therefore support histopathology prior to histology examina-
tion, which can be performed on well-chosen sections after the scan. In particular,
immunohistochemical staining can help to inform about on the biomolecular origin
of the certain structures.






Multi-scale approach (Scale I11):

Super-resolution in-line holography

5.1 Motivation

The third scale of the multi-scale approach aims to push the highest resolution avail-
able at the GINIX setup to the next level. Up to now, high resolution three-dimensional
data sets are recorded by holotomographic acquisitions in the waveguide configuration
at high geometrical magnifications, see Ch. 4l To this end, the established acquisi-
tion scheme utilises a scintillation-based detector with a small pixel size to acquire
the magnified holograms within the primary X-ray beam. The subsequent phase re-
construction is performed via the CTF-approach (Ch. [2.2.3), which assumes a plane
wave illumination. The actual cone beam geometry of the setup can be treated in an
equivalent parallel beam geometry with effective coordinates in combination with the

empty-beam division of the holograms.

Soltau et al. [Sol+21] presented a novel acquisition and reconstruction scheme for X-
ray in-line holography (2D images) at the GINIX setup, which resulted in an improved
2D resolution compared to the aforementioned approach. There, the scintillation-
based detector was replaced by a single photon counting detector Eiger 4M (Dectris,
Switzerland). It provides a larger area of detection and more importantly it enables
the detection of weak signals, due to its noise-free readout and higher dynamic range
compared to scintillation-based detectors. This allows for the detection of the waveg-
uide illumination tails, which results in an extended hologram, and the detection of
coherent diffracted photons beyond the cone beam illumination, which will be referred
to as the "CDI signal” (based on Coherent Diffractive Imaging) in the following. The
simultaneous detection of the holographic and the CDI signal increases the numerical
aperture (NA) of the setup and improves therefore its resolution [Lat21].

The combined acquisition of both signals by placing the sample downstream of a X-ray
focus has already been reported in different terms. In [Wil+06; Wil+10] it is called
Fresnel coherent diffractive imaging (FCDI) and in [[Abb+08|| keyhole coherent diffractive
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imaging (KCDI). [LLF12]| shows the relation between holography and CDI for optical
light and names it holographic coherent diffraction imaging (HCDI). In [Luu+14] FCDI
is combined with ptychography and tomography. In FCDI and KCDI the X-ray beam
is focused by a Fresnel zone plate (FZP), while the central beam part is blocked by
an upsteam beam stop and higher order contributions of the FZP are removed by an
order sorting aperture (OSA) in the focal plane. The unique use of an X-ray waveguide
at the GINIX, which generates a highly confined point source, neither requires a beam
stop nor an OSA.

The phase reconstruction scheme presented in Soltau et al. [[Sol+21] is an iterative
scheme based on alternating projections. Compared to the CTF-approach, it separately
reconstructs the complex-valued illumination wavefield P in the object allowing for
a division of P from the object exit wavefield ©» = P - O in the object plane rather
than the empty-beam division is in the detection plane. Furthermore, the far-field
propagation of the curved phase of P from the object plane to the detection plane via
Fourier transform maintains the actual cone beam geometry of the experiment. In
addition, the far-field treatment results in a smaller effective pixel size compared to the
equivalent parallel beam geometry of the CTF-approach in the object plane. [Sol+21]
reported a 2D resolution of 11.2nm half width at half maximum for a thin pure
phase object, which is smaller than the effective pixel size obtained by the geometrical
magnification in the CTF-approach p. ;s = 17.3 nm. To this end, this novel approach
is named Super-resolution in-line Holography (SrH).

In this work, the SrH scheme is adapted to 3D imaging using tomographic acquisitions
in a proof-of-principle experiment. Furthermore, the iterative reconstruction scheme
is revised, since the assumption of a pure phase object is usually not applicable for a
3D object. A unique extraction of the object transmission function O from the object
exit wavefield 1) = P - O enables the application of various constraints onto the object
transmission function O in the reconstruction plane. In the remainder of this chapter,
a detailed description of the experiment and the reconstruction scheme is presented
along with the resolution determination in 3D.

5.2 Experimental realization

Test object Lines and spaces or Siemens star patterns are common test patterns
to determine the 2D resolution of an imaging setup. However, the transition of such
a pattern from 2D to 3D creates strong phase gradients at the edges of the spoke if
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the spoke is parallel to the X-ray beam direction. These edges complicate the phase
retrieval of the object. Thus, we have designed a novel test pattern in form of a 2D
spiral that is extended in the third dimension. The spiral circumvents strong phase
gradients, which is more suitable for the phase reconstruction step. The test pattern
was manufactured by XRnanotech (Villigen-PSI, Switzerland) with a total diameter
of 50 um, consisting of five 2 um thick spokes and a height of 150 um, as illustrated
in Fig. [5.4p). It is supported by 3 surrounding helical spokes. The sample material
is the photon resin IP-S (Nanoscribe, Karlsruhe, Germany), which has the index of
refraction coefficients of 5 = 1.1 x 107° and § = 1.39 x 109, which results in a ratio
of ~ 1/1250 at 13.8 keV. The mass density is 1.2 gcm 3. With these object properties
a maximum phase shift of ¢, < 1.5rad is expected.

a) b) Reference wave Scattered wave

f
Xwe (= 0)

Fig. 5.1: Scheme of the Super-resolution in-line Holography setup at the GINIX. a) The
3D spiral test pattern to determine the 3D resolution of the setup imaged by a SEM. b)
A sketch of the SrH setup. The reference beam (gray) is focused by a KB-mirror system.
Two crossed 1d multilayer waveguides (Ge/Mo/C/Mo/Ge) act as a 2D waveguide for
the KB-focused X-ray beam. The divergent X-ray beam generated by the waveguide
interacts with the object, which is placed at z,;; = 12.7mm. The scattered wave is
marked as red. The photon-counting detector Eiger 4M is placed at x4.; = 5.1m
behind the waveguide exit. Scale bars: a) 20 um.

Setup The experiment is performed at the synchrotron endstation GINIX
at the P10 coherence beamline at PETRA III (DESY). A sketch of the setup is shown
in Fig. [5.1b). The X-ray beam is monochromatized by an Si(111) channel cut to an
energy of 13.8 keV and focused by the KB-mirror system onto the entrance channel of
an X-ray waveguide. The waveguide consists of two crossed 1d multilayer waveguides
(Ge/Mo/C/Mo/Ge) as described in [Krii+12; Krii+10]. The guiding layer thickness
is 58 nm. The distance between waveguide exit and sample is o1 = zop; = 12.7 mm.
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The interaction of the reference beam (gray) with the object results in a scattered
wave (red). The detector is a photon-counting Eiger 4M (Dectris, Switzerland) with
a FOV of 2070 px x 2167 px and a pixel size of 75um. It is placed at a distance of
22 = T4er = 5100 mm behind the waveguide exit. The acquisition parameter for the
tomographic scan are listed in Tab. 10 empty images are acquired prior and post
to the tomographic scan.

Variable Value
GINIX run 102 (April 2022)
X-ray energy [keV] 13.8
Detector Eiger 4M
o1 [mm] 12.7

To2 [mm] 5100
Peff.crr [nm] 186.8
Geometric magnification 401.6
Fresnel number F 0.0306
Waveguide ID4743: 58nm (2021-08-26)
Number of distances 1
Angular range 180°
Number of projections 758
Exposure time 0.4s

Table 5.1: Acquisition parameter for the SrH tomographic scan.

5.3 Reconstruction scheme

The idea of the reconstruction scheme is to first reconstruct the complex-valued X-ray
illumination wavefield P in the waveguide plane using an iterative error reduction
approach [Fie82]. As shown in [Sol+21]] this reconstruction results in similar results as
the reconstruction by ptychography. The determination of the illumination wavefield
in the object plane via near-field propagation provides the opportunity to perform a
division of the wavefields in the object plane rather than intensity division in the detec-
tion plane. The object transmission function O is reconstructed in a second iterative
reconstruction approach based on alternating projections and far-field propagation. A
detailed description of the scheme is given below.

Probe reconstruction The iterative phase reconstruction scheme Error Reduction
(ER), which is based on alternating projections, is used to reconstruct the complex-
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valued wavefield of the illumination Py ¢ in the exit plane of the waveguide [Krii+10].
The reconstruction scheme is illustrated in Fig. One iteration consists of the
following four steps: Forward propagation into the detector plane F(-), application
of the magnitude constraint in the detector plane Py, (-), back propagation into the
waveguide plane F~!(-) and application of the support constraint Ps(-):

Py =Ps [F [Py [F (Piva)]]]

After n = 100 iterations, the probe wavefield P;}%, is Fresnel propagated into the object
plane P,,; = F,.(P%). The result of a consistency check of the reconstructed probe
wavefield P,; is that the modulus of its far-field propagation | F [Py;]| ~ VT is in
good agreement with the measured amplitude of the empty image /1.

Object reconstruction The interaction between object transmission function O and
the illumination wavefield P,;; is given by the wavefield .

dJ:Pobj'O

The object transmission function O describes the interaction of an object with the
incident radiation. The object absorption A is given by A = |O| and the object phase
shift by ® = arg [O].

O=A-¢7°

A refractive object approach [Dav+11; Kos+13;Wit20] is introduced to avoid the phase
wrapping of phase shifts ® > 2. Accordingly, the object transmission function O is
expressed as an exponential function of the wavefield O, which is referred to as the
refractive object.

O =¢e"©

Now, the object absorption is givenby A = |[O| = ¢ fm [O]

® =arg[O] =Re [O}

and the object phase by
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Fig. 5.2: Iterative scheme for reconstruction of the complex-valued illumination func-
tion P, .. One iterations is as follows: i) The reconstruction starts in the plane of the
X-ray detector (marked red) with P}, or the initial guess Pa?et = 1. ii) The magnitude
constraint Py, is applied on the wavefield via Py, [P].,] = i P" \f /T is the square
root of the measured detector intensity. iii) The updated waveﬁeld is back propagated
into the waveguide plane (marked blue) via an inverse Fourier transform 1. iv) The
support constraint Pg is applied on the wavefield via the pixelwise multiplication of the
support mask S and the wavefield Ps [Pll¢] = Pl - S = Pjj1 . v) The last iteration
step is to propagate the updated wavefield forward into the detector plane via a Fourier
transform F. After n = 100 iteration steps the wavefield PL% is propagated via a
Fresnel propagation into the object plane (marked green). The far field propagation
via Fourier transform of the wavefield P,;; provides the complex-valued illumination
function in the detector plane P,.;. Note that the scale bars differs depending on the
reconstruction plane.
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The object reconstruction scheme consists of the following eight steps as illustrated
in Fig. The upper index n indicates the iteration number, while the lower index
indicates the step number within one iteration:

i) The start is the initial guess for the refractive object O?. A pure phase object
(A° = 1) with a guessed phase distribution ®° is assumed. ®° is obtained by a
prior CTF reconstuction ®° = ®%,,.,.. This results in an initial guess of:

0V =0%rp+i-0

ii) Multiplication of the probe wavefield P,;; (object plane) and the object trans-

. . - An
mission function O} = etoi':

wZ = L obj * OZI = Lobj * eioi
iii) Forward propagation of the wavefield ¢}; to the detector plane via a Fourier
transform F:

= F i

iv) Application of the magnitude constraint 75, on the wavefield ¥,

by replacing
the modulus of the wavefield with the square root of the measured intensity v/I:

Po= Pag [U0] = VI - et Wii)

v) Back propagation via inverse Fourier transform F~! of the updated wavefield

mn .
v

vy =F 7 i)

" from the wavefield

v

vi) Extraction of the refractive object transmission function O
1,r: In order to account for low intensity regions of the illumination wavefield
P,,; an object update step based on the ePIE algorithm [MJL17|| and adapted
for a refractive object [Wit20] is applied to the wavefield ¢;'. The parameter «
sets the strength of the update step. In this thesis an « value of 0.9 is chosen. A
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detailed derivation of the formula is provided in[A.2]

O = 0" +a- h;;,‘f’z @ — )

v

vii) Application of a negativity constrain P,qn4. on the phase @7, = Re [O" } of the

refractive object transmission function O’

0, ife?, >0
q)n

v

(I):)ln = Prange [CI)ZZ] =

otherwise

viii) The final step to obtain the updated refractive object O’?H is the application of
a homogeneous object constraint P}, on the objects phase ®7,..

B

~ 1
O;H_ mu PhO [(p;rjn] = - (5 (I):)Lu + ®2u

In conclusion, the operator notation for one iteration step is:

on+l — (1 — 2?) PrangeRe {O" +a- (WZ:{IF A(F TPy FY" — Wl))}
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Fig. 5.3: Iterative scheme for reconstruction of the complex-valued refractive object
transmission function O. One iterations is as follows: i) The iteration starts with the
reconstructed probe wavefield P and the reconstructed refractive object transmission
function O or the intial guess OY obtained by the CTF reconstruction ®%,,... ii) Multi-
plication of the probe wavefield P and the object transmission function. iii) Forward
propagation of the wavefield via Fourier transform. iv) Application of the modulus
constraint Py;. v) Back propagation of the updated wavefield ¥/, into the object plane
via inverse Fourier transform F ~!. vi) Retrieval of the object transmission function
from back propagated wavefield via a modified ePIE approach. vii) Application of
a negativity constraint on the phase of the refractive object. viii) Application of a
homogeneous object constraint to obtain the absorption of the refractive object.
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Fig. 5.4 (next page): An exemplary detector image obtained in the SrH setup at the
GINIX. a) Left: The raw image of the detector is represented on a logarithmic scale.
Right: The magnified area shows the weak contrast of the 3D spiral object. b)Left:
The empty beam corrected image shows the holographic contribution to the detected
signal. Right: The magnified area reveals the shape of the 3D spiral. For a comparison,
the blue square indicates the FOV of the scintillation detector Zyla (2560 px x 2160 px
at 6.5 um pixel size), which is used in X-ray waveguide-based holography setup at
the GINIX. c) Right: The difference between raw image and empty image shows the
scattered signal. Note that some of the horizontal and vertical scattered signal is part
of the waveguide illumination, due to the design of two crossed 1d waveguides. Right:
The inset shows the signal next to the reference beam. The histogram of this scattered
signal is shown in Fig. Scale bars: 10 mm in the detector plane.

5.4 Results

Detector images The large field of view of the EIGER 4M detector allows for the
acquisition of the holographic signal as well as the CDI signal of the object. Figure|[5.4]
depicts an exemplary raw detector image as well as the signal contributions acquired
at an exposure time of 0.4 s. The raw detector image is represented on a logarithmic
scale in Fig. a). The detector FOV captures the entire waveguide illumination
with the potential to use the scattered signal next to the waveguide illumination for
phase retrieval. The magnified area shows that the illumination is Gaussian shaped
in the center with horizontal and vertical extensions as expected by the waveguide
design of two crossed 1d waveguides [Krii+10|]. The object in the center of the beam
is barely visible. To highlight the holographic signal, the raw image is divided by an
empty beam image, as shown in Fig. [5.4]b). This empty beam corrected image reveals
the contrast obtained by the interaction between reference wave and scattered wave.
However, it does not show the diffracted wavefield beyond the cone beam illumination.
The general shape of the 3D spiral is recognised. For a comparison, the blue square
indicates the FOV of the scintillation detector Zyla (2560 px x 2160 px at 6.5 um pixel
size), which is commonly used in X-ray waveguide-based holography setup at the
GINIX.

The difference image between the raw image and the empty image isolates the CDI
signal, as illustrated in Fig. |5.4{c). The absorption of the object is negligible, since the
mean value of the difference image is I = 0. To check the CDI signal an exemplary area
next to the waveguide illumination is depicted. It shows the weak signal next to the
direct X-ray illumination. The histogram of that area is shown in Fig. The detected
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signal ranges from —20 ph to 20 ph with a symmetrical behavior around the zero. This
indicates that the measured coherent scattering signal can not be distinguished from
noise of the X-ray illumination in that area.

6 T T T T T T T

Log,, (number of pixel)

0 1 1 1 1 1 | 1

-20 -15 -10 -5 0 5 10 15 20
Counts / ph i

Fig. 5.5: The histogram of the difference of object image and empty beam image (red
marked area in[5.4]c)) ranges from -20 to 20 photons. The fact that the histogram is
symmetrical centered at zero indicates that the coherent scattering signal (CDI signal)
can not be distinguished from noise of the X-ray illumination in the selected image
area.

CTF phase reconstruction The conventional GINIX workflow for holotomogra-
phy data sets is applied to the tomographic scan of the 3D spiral acquired with the
EIGER 4M detector. The results are summarized in Fig. Since the area of the
X-ray illumination is approximately 500 px x 500 px of the raw image, each hologram
is cropped to this area (same area as marked in Fig. [5.4]a)). Such a cropped hologram
is shown in Fig. [5.6]a). While the sample structure is recognisable in the centre of the
image, the signal decreases towards the corners of the hologram, recognisable by the
increased photon noise. The phase reconstruction via the CTF-approach (Ch.
is performed on each hologram with the reconstruction parameters lim1 = 0.0004,
lim2 = 0.05, g = 1/1250 and a negativity constraint on the phase ®,,,, = 0. The
reconstructed phase is presented in Fig. [5.6]b). Since the phase reconstruction results
in artifacts at the noisy corners, the image is faded out towards the corners. After the
phase reconstruction of each hologram, an inverse radon transform is performed via
filtered backprojection. An exemplary reconstructed xy-slice is shown in Fig. [5.6/c).
The spiral shape of the object is recognisable. However, the reconstruction is flawed
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by phase retrieval artifacts in form of remaining fringes between the spokes and back-
ground variations of low spatial frequencies. A histogram of the red rectangle yields
the reconstructed phase shifts per voxel. The histogram peak at ® /vz = —9 mrad vx !
represents the object, while the peak at ®/vz = 4mradvx ! represents the back-
ground. The difference of ® /vx = 13 mrad vx ! between the peaks is in the order of

the expected phase shifts of:

2

38 <10 m 1.78 x 10~ m = —18.03 mrad.

ADypeo = —0-k-2=-138x10"°

The 3D resolution is estimated by an edge profile along the marked red line. Figure
e) shows the obtained profile. The error function fit with

f@)=a- <1+erf <i;§)> +b

yields a half width at half maximum resolution, which is the same as the half-period res-
olution [Bar13], of HW H M = 241.9 nm. This corresponds to a half-period resolution
of 1.3 px.

Upsampling The sampling or effective pixel size of the CTF reconstruction is given
by the geometrical magnification and physical detector pixel size. The SrH allows for
better sampling of the object, based on the NA of the detected signal. In order to use the
CTF reconstruction as the initial guess for the SrH-approach the CTF reconstruction
has to be interpolated with the corresponding pixel size and FOV.

As described in the reconstruction scheme in section|[5.3} the illumination function is
reconstructed in the waveguide plane first. The effective pixel size in the waveguide
plane pzyw ¢ of the far-field propagation is given by the smallest resolution element
and is therefore determined by the size of the detectors FOV D, the wavelength A\ and
the propagation distance zg»:

Azog A zo2
bprwa = D =

N, -px’

The subsequent Fresnel propagation from the waveguide plane to the sample plane
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Fig. 5.6: Reconstruction of the object phase shifts ¢ via the CTF approach. a) Shows an
area of 500 px x 500 px of the empty beam corrected hologram. The pixel size due to
the geometrical magnification of M = 401.6 is 186.8 nm. b) The phase distribution ¢
of the hologram from a) was reconstructed via the CTF approach with the application
of a negativity constraint. c) Shows an exemplary xy-slice of the reconstructed 3D
volume obtained by filtered back projection of the reconstructed phase distributions.
d) The histogram of the red marked area in c) divides into two values corresponding
to air (® = 4mrad vx~!) and the object (# = —9 mrad vx~!). The theoretical phase
shift is 18.03 mrad vx~!. e) The fit of an error function at the edge of the object (red
line in c) with the thickness) results in an resolution of 240 nm. This corresponds to a
half-period period resolution of 1.3 px. Scale bars are 10 um in the object plane.
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leaves the pixel size unchanged pzrwa = prsr (Sample F). Thus, for the selected
detector FOV of D = 500 px the resulting pixel size in the object plane is pzsr = 12 nm.
In comparison, the pixel size of the CTF reconstruction is pz. sy = 187 nm. To extend
the FOV in the object plane of the SrH reconstruction, the signal in the detector

plane can be upsampled by a pixel interpolation. The upsampling factor is given by
dIeff
PTsF
plane. Furthermore, to also match sampling rate of both reconstructions, the CTF

a = , which causes the FOV of both reconstructions to match in the object

reconstruction is upsampled by the factor « as well.

In the case of D = 500 px the resulting upsampling factor is asgpp; = 15.3. To this
end, the detector image as well as the initial CTF reconstruction image are upsampled
from 500 px x 500 px to 7643 px x 7643 px. Figure compares the tomographic re-
constructions of the initial 500 px-CTF phase reconstructions with the tomographic
reconstructions of the upsampled CTF phase reconstructions. Integrated line profiles
of both reconstructions are determined at the same spoke-to-air transition position as
marked by the red line in Fig. [5.6|c). The corresponding areas are shown in Fig[5.7]
a) and b), respectively. The line profiles of the two tomographic reconstructions are
almost identical, but differ in sampling. As expected, the upsampling of the CTF
reconstructions has no influence on the 3D resolution.
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Fig. 5.7: Comparison of the original and the upsampled the CTF reconstruction on the
spoke-to-air transition of the tomographic reconstruction. The integrated line profile
is the same as shown in Fig. a) The area of the line profile obtained by the original
CTF reconstruction. b) The area of the line profile obtained by the upsampled CTF
reconstruction. c) The line profiles of both reconstructions show the same behavior.
Scale bars: 1 pum.
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SrH reconstruction The SrH-approach to reconstruct the phase of the object g,
requires the prior reconstruction of the complex probe wavefield P. The wavefield P
is obtained by the iterative reconstruction scheme presented in Ch. 100 iterations
and a waveguide exit support constraint of a 1 um circular aperture are applied. The
modulus of the reconstructed wavefield in the exit plane of the waveguide P, is
shown in Fig. |5.8/a) on a logarithmic scale. The inner circular 100 nm contain 72 % of
the total intensity. This wavefield is propagated into the object plane at z,,; = 12.7 mm
via Fresnel propagation. The modulus of F,; is shown in Fig. b). It has the same
shape as the measured empty image with scaled intensities.

The inputs for the SrH phase reconstruction of the object transmission function O are
the wavefield P, ;, the upsampled detector holograms \/IT,, and the upsampled CTF
phase reconstructions of the object ® o1 .. Which acts as the initial phase guess. An
exemplary image is shown in Fig. [5.8|c). With the aforementioned iterative reconstruc-
tion scheme, the reconstructed object phase ® g, is obtained after 1000 iteration steps
and is depicted in Fig. [5.8)d). Horizontal line profiles of both reconstructions at central
image height are compared in Fig. [5.8]e). The largest changes of the reconstructed
phase shifts occur at the highest absolute phase shifts. Here, the SrH algortihm recon-
structs slightly larger phase shifts compared to the CTF reconstruction. In addition,
residual vertical interference fringes of the CTF reconstruction are corrected by the
SrH algortihm.

Next, the tomographic reconstructions of the CTF and the SrH phase reconstructions
are compared, as illustrated in Fig. [5.9]a). The CTF reconstruction shows fringe artifacts
between the spokes as well as larger spoke widths compared to the SrH reconstruction.
The edge profiles at the red marked area is plotted in Fig. [5.9|b). The spoke-to-air
transistion is HWHM = 229 nm for the CTF and HWHM = 120.6 nm for the SrH
reconstruction obtained by an error fit of the profiles. To this end, the 3D resolution is

increased by a factor of ~ 2, due to the novel phase reconstruction scheme.

In addition,a HWHM = 120.6 nm is smaller than the effective pixel size of 186.8 nm
of the equivalent parallel beam geometry. Since this is a sub-pixel resolution compared
the standard in-line holography approach (equivalent parallel beam geometry), the new
reconstruction approach is named Super-resolution in-line Holography (SrH). The
key difference of the SrH approach to obtain the sub-pixel resolution is the propagation
of a larger field of view via Fourier transform, which results in smaller effective pixel
sizes ps,y = 12nm compared to the equivalent parallel beam geometry and a higher
resolution. A 3D rendering of the spiral test pattern is illustrated in Fig. c).



5.4 Results 103

Lin Log
a) 25 10 0.04
0 0.035
| P 003
< x
s = 0025 <
4,
= &2
. ;& 0.02 E
10 = 0015 =
8 i
5 0.01
Lin -10 0.005
0 0
0.2 0.2
-0.4 0.4
-0.6 -0.6
el el
[ ©
08 = 08 =
- -
-1 -1
1.2 1.2
1.4 -1.4
1.6 1.6
T T T T r
0.5 -
g Af -
<
15 F -
—SrH
—CTF
~ 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000

X / px -

Fig. 5.8: Results of the SrH phase reconstruction scheme. a) The modulus of the
reconstructed probe wavefield |¢prope (Zwg)| Shows the intensity distribution in the
waveguide exit plane after 100 iterations. b) The modulus of the near-field propagated
wavefield |¢p,obe (Zob; )| is shown in the object plane. c) The initial guess for the SrtH
scheme, which is given by the CTF reconstruction ®crr, is presented. d) Shows the
phase reconstruction via SrH-approach &g,z after 1000 iterations. e) The comparison
of the intensity profile of the central horizontal line depicts the differences of the two
phase reconstructions. Scale bars: a) 20 nm, b), ¢), and d) 10 um.
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Fig. 5.9 (previous page): 3D resolution comparison of the CTF and the SrH phase
reconstructions. a) Top: Zoom into the xy-slice of the tomographic reconstruction
obtained from the CTF phase reconstructions. Bottom: Zoom into the same xy-slice
obtained from the SrH phase reconstructions. The SrH reconstruction shows less
fringe artifacts between the spokes. b) The 3D resolution of both reconstructions is
determined by an error fit of the intensity profiles, which are marked by the red area
in a). The half width at half maximum of the SrH approach is by a factor ~ 2 smaller
than the CTF approach. c) 3D rendering of the reconstructed 3D spiral. The scale bar
is 10 um.

Comparison of reconstruction quality The difference image of the forward prop-
agated phase solution A,,,, and the square root of the measured intensity A,,¢.s is
calculated to check the consistency of the reconstructed phases, as illustrated in Fig.
Major interference residuals of the object are visible in the case of the CTF phase
reconstruction. The propagated SrH reconstruction is in a better agreement with the
measurement in the central part, where the beam intensity is the highest. Towards the
edges the reconstruction fails. Figure[5.10|c) shows the following error metric of the
reconstruction scheme:

[(IF (P-0@@) > = DI?
N, - N,

E(i) =

The error metric shows a converging behavior for 1000 iterations.
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Fig. 5.10: Comparison of the quality of the reconstructed phases by the CTF and the
SrH approach. a) The amplitude of the forward propagated CTF phase reconstruction
AcTF prop is divided by the square root of the measured hologram A,,,cqs. The object
does not cancel out well. b) The amplitude of the forward propagated SrH phase
reconstruction (¢ = 1000) Agy i prop is divided by the square root of the measured
hologram A,,..s. The object cancel out well in the center. The reconstruction become
worse towards the illumination borders. c) The error metric of the SrH iterations

E@i) = w shows a converging behavior for ¢ = 1000. Scale bars are

y z

10 um in the detection plane.
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5.5 Discussion and Outlook

A new test pattern in the form of a 3D spiral is designed and manufactured to determine
the 3D resolution of the novel Super-resolution in-line Holography (SrH) phase re-
trieval approach and the routinely used CTF approach. Instead of a scintillation-based
detector, the large area photon counting detector Eiger 4M is used to increase the nu-
merical aperture of the imaging system. The complex probe wavefield is reconstructed
by a single empty beam acquisition via an iterative reconstruction scheme based on
alternating projections. This allows for an empty beam division in the object plane,
rather than in the detection plane. The high X-ray sensitivity of the Eiger 4M enables
the possibility to detect weak signals such as the CDI signal of the object. After phase
retrieval of the images and subsequent tomographic reconstruction, the 3D resolution
is determined by error function fits at the object-to-air transition. The 3D resolution of
the SrH approach is approximately twice as high (HWHM = 120.6 nm) as that of the
CTF reconstruction (HWHM = 229 nm). This is attributed to the far-field treatment of
the object transmission function, which provides smaller effective pixel sizes than the
equivalent parallel beam geometry assumed in the CTF approach, the larger field of
view and the usage of the waveguide illumination tails. In fact, the resolution of the
SrH approach is higher than the effective pixel size of 186.8 nm > 120.6 nm of the CTF
approach, resulting in a super-resolution compared to the standard in-line holography
CTF-based approach. Furthermore, an refractive object approach is applied, which
allows for the reconstruction of phase shifts larger than 27 without phase wrapping.

In the presented proof-of-principle experiment, the coherent scattered signal beyond
the waveguide illumination is weak. A FOV larger than the selected 500 px x 500 px
does not contain any further information and therefore does not increase the 3D
resolution. Besides, the determination of the 3D resolution is limited by the actual
steepness of the edge of the test object. A more elaborate method of determining
resolution would be to use a 3D spiral with narrowing spokes as the equivalent of a 2D
siemens star. Currently, the manufacture of such small spokes is a challenge for the
used method of laser lithography of polymer material. In addition, 3D resolution is
affected by tomographic reconstruction. For example, positional inaccuracies of the
tomographic rotation axis at different acquisition angles reduce resolution, especially
at these small scales. Furthermore, the quality of tomographic reconstruction can be
improved by increasing the number of tomographic angles.

This proof-of-concept experiment demonstrates the potential of the SrH approach for
3D imaging. Further steps would be to verify the actual 3D resolution limit of this
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approach at the GINIX setup. A smaller distance between source and sample, the
switch to lower X-ray energies and longer acquisition times could result in a more
intense coherent diffracted signal. With the planned upgrade of the PETRA III storage
ring to a diffraction-limited PETRA IV storage ring, the higher intensity provided
could be helpful for the coherent diffraction signal as well. Furthermore, a 3D support
constraints can be considered for compact objects. Currently, the reconstruction
scheme works with the upsampled pixel sizes in the detector plane. A more accurate
reconstruction method would consider the actual pixel size in the detector plane
instead of the upsampled pixel sizes. The reconstruction scheme should also benefit
from acquisitions at several propagation distances. Another important step is the
application to biological samples. In general, they are not compact objects and the
effect of region-of-interest tomography becomes relevant.



Conclusion and Outlook

In this work the holotomography setup of the synchrotron endstation GINIX was
extended to a multi-scale X-ray phase-contrast tomography setup suitable for 3D
virtual histology by adding two acquisition schemes. The first additional scheme is
Scale I of the multi-scale approach, which enlarges the reconstructed 3D volumes by a
factor of ~ 64 at =5
setup. To this end, the larger sized and more intense parallel X-ray beam is used. The

th of the acquisition time compared to the existing holotomography

already established X-ray waveguide-based configuration is referred to as Scale II. The
second additional scheme is Scale III of the multi-scale approach, which aims for
the highest resolution. It is based on a novel acquisition and reconstruction scheme,
which is enabled by using a single photon counting detector with a large FOV instead
of a high-resolution scintillation-based detector.

The propagation-based X-ray phase-contrast tomography of Scale I or else the parallel
beam (PB) setup is a powerful imaging scheme, which is known to provide excellent
reconstructions of unstained biological tissue and is an established imaging tech-
nique at several synchrotron beamlines, e.g. TOMCAT [Bor+21f], ID19 [Cho+22b|
or ANATOMIX [Rod+21]]. Such a microtomography configuration complements and
improves the 3D virtual histology capability of the GINIX endstation by its larger
reconstruction volume of 1.6 mm x 1.6 mm x 1.4 mm or more by stitching several
tomograms. This additional scale complements 3D virtual histology at the GINIX by
enabling the investigation of tissue morphologies such as the tissue parenchyma on
larger scales with the possibility of investigations at sub-cellular resolution by the
waveguide-based setup. Chapter [3|describes the implementation and commissioning
of the PB setup. The characterisation of biological tissue imaged by this setup is demon-
strated on the examples of pancreatic tumorous human tissue and Covid-19 affected
human lung tissue. An Islet of Langerhans, which is a distinctive feature within the
pancreas, and its inner cells are visualized. The calculation of an 3D anisotropy param-
eter of the reconstructed volume showcases the potential to support the classification
of tumorous pancreatic tissue into different stages. The example for another tissue-
specific 3D metric is presented for the Covid-19 tissue. In this case, the air-to-tissue
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distance was calculated for each voxel. A larger mean distance of the reconstructed
volume leads to the assumption of a reduced oxygen-to-blood transport. Furthermore,
a direct comparison of a conventional H&E histology image and a virtual histology
image is presented and discussed. The reconstruction volume can be increased by
acquiring multiple side-by-side tomograms with overlapping FOVs followed by the
subsequent stitching of the individual tomograms.

Chapter 4 describes the improvements on Scale II, the X-ray waveguide-based holo-
tomography setup. New designed silicon and germanium X-ray waveguides are pre-
sented. The silicon waveguide offers long beam stabilities at an X-ray energy of 8 keV.
The germanium waveguide shows great potential in terms of X-ray beam intensity at
13.8 keV. However, the intensity decreases drastically over the course of a few hours
of illumination due to structural changes. At the current stage of development, the
germanium waveguide is not suitable for routine operation. A new scintillation-based
X-ray detector is commissioned and implemented as the new standard detector in this
configuration. In this context a pixel response map of the detector was calculated,
which separates the actual shape of the X-ray illumination function from the grained
structure of the Gadox scintillator. More importantly it reduces ring artifacts in the
tomographic reconstruction caused by stationary false pixel responses. This setup was
used to investigate the blood vessel splitting of micrometer thick capillaries of Covid-19
affected human lung tissue.

In addition to this two scales, a novel acquisition and reconstruction scheme for high
resolution tomographic acquisitions (Scale III) is presented. In a proof-of-concept
experiment, which is based on the work of Soltau et al. [Sol+21]], the potential for
high resolutions of the novel super-resolution in-line holography (SRH) approach is
demonstrated in 3D on a custom designed test pattern in form of a 3D spiral. The
reconstruction scheme of Soltau [Sol+21] is extended by its application to 3D imaging
using tomographic acquisitions. Furthermore, an object extraction step is introduced
to apply constraints to the object transmission function e.g. homogeneous object.
The 3D resolution power of the SRH-approach was determined by the error function
fit of an object edge. It resulted in a sub-pixel resolution of 120 nm and therefore
super-resolution compared to the standard approach of an equivalent parallel beam
geometry, which provides an effective pixel size of 180 nm. However, the determined
3D half-period resolution of 120 nm at an effective pixel size of 12 nm leaves room for
further resolution improvements.

This work presents an imaging instrument with the capability of multi-scale 3D virtual
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histology. However, to realise the full potential of this multi-scale approach an im-
proved workflow is required. This includes an uncomplicated reconstruction pipeline
for all three scales, e.g. in the form of a dedicated user interface with a few parameter
settings and reconstruction previews. On the fly reconstructions of Scale 1 enable
the possibility to select an area of interest for the Scale 2 scan. With an improved
and automated switch routine between Scale 1 and Scale 2, a follow up scan of the
selected area can be performed at a higher resolution. The object size and possible
region-of-interest tomography issues, such as a weak X-ray signal, need to be consid-
ered. An equivalent selection and switch from Scale 2 to Scale 3 is conceivable. In
addition to an optimized acquisition and reconstruction workflow, each scale offers
room for improvements. A major upgrade for Scale 1 would be a sophisticated ac-
quisition pattern of individual adjacent tomograms with a subsequent reconstruction
that stitches accordingly. The next improvement step for Scale 2 is the reduction of
waveguide motion drifts to ensure a more static X-ray illumination. The switch from a
step and shoot to a continuous tomographic acquisition scheme would lead to a reduced
total scanning time. For Scale 3, the application to biomedical samples and further
improvements in 3D resolution by refined acquisition parameters are important next
steps. For all three scales local tomography artifacts can become an issue and should
be considered. One concern for high resolution scans is the lateral motion of the
rotation axis during a tomographic scan. A separate control of the rotation axis e.g.
by an interferometer can help. Up to now, a simple but meaningful presentation of
the 3D data is challenging. The segmentation of characteristic object features is an
effective approach. However, image segmentation can be arbitrarily complex and is the
subject of current research [Ram+21]). The presented work with the resulting schemes
shows interesting candidates for potential beamline applications and endstations for
the planned upgrade of the PETRA III into a diffraction-limited storage ring (PETRA
).

So far, the combination of Scale 1 and Scale 2 for 3D virtual histology has been
demonstrated on tumorous pancreatic tissue [Fro+20al] and Covid-19 affected lung
tissue [[Eck+20|]. This allows the 3D quantification of the tissue morphology, e.g. the
parenchym, as well as the 3D quantification at a cellular level, e.g. 3D cell shapes. It is
expected that the application of Scale 3 to 3D virtual histology provides further insights
into the 3D substructure of cells within the tissue. The obtained 3D information can
support conventional histology, which is more specific to the biomolecular origin of
the structures due to special staining. Note that each chapter contains its own detailed
discussion.






Appendix A

A.1 Zyla scintillator exchange

It is recommended to (dis-) assemble the Zyla in a cleanroom:

1.

Clean the scintillator-FOP and the sensor-FOP with optical tissues and isopropyl
alcohol

Put the O-ring around the sensor-FOP and a drop of glycerol onto the sensor-FOP
in order to ensure a good optical transmission

Put the scintillator-FOP against the sensor-FOP (scintillation layer faces towards
the X-rays)

4. Put the berrylium-scintillator-adapter onto the scintillator

5. Fix the adapter by 4 screws and tighten it lightly crossed-wise
6.
7
8

Put the berrylium filter onto the berrylium-scintillator-adapter

. Put the cover plate-berrylium-adapter onto the berrylium filter

. Fix the adapter by 4 screws and tighten it lightly crossed-wise

Figure shows the sSCMOS sensor of the disassembled camera on the left and the
front side of the scintillation unit on the right.



114 Appendix

Adapter
plate

Gadox

sCMOS sensor ! scintillator

Fig. A.1: Left: Disassembled Zyla camera reveals the sSCMOS sensor. Right: Gadox
scintillation unit and adapter plate.

A.2 Derivation of the modified ePIE

The derivation is based on [MJL17|] and [Wit20]. The updated wavefield ¢/’ can be
divided by the probe wavefield P to retrieve the updated object transmission function
0.

/_il_d/'P*
O

However, this fails for areas of low intensity (photon counts). The idea is to update
bright areas of the probe wavefield P, while keeping the object O at dim areas of the
probe wavefield. This is realised by the introduction of a weighting factor w:

w/ . P*
PP
Pt ('~ v)
PP

O=1-w)-O+w-



A.2 Derivation of the modified ePIE 115

Withw = a - |P|?/|P|?, ... this leads to the ePIE update step:

max?

*

O'=0+a- (W' =)

1Pl

max

By replacing the object wavefield with an exponential wavefield of the refractive object
O = €9, this update step changes. The change is derived from the perspective of a

minimization problem. Consider the error metric :
Fobi — P 0 _ "//‘2

The gradient of the error metric with respect to O is:

VoEb = 2. (z’Peié) (Pei® — ')
The error metric is reduced by moving in the negative gradient direction:
0=0- %VOEObj =0+~ (iPeiO) (¥ — Pei©)

A (iPei())* ’ iO
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A.3 Silicon waveguide

The internal name of the presented silicon waveguide is P200L-01, which was intro-
duced at the end of run89. The presented beam stability results from measurements
in run90. Furthermore, the waveguide was used in run94. Figure shows the
unmounted waveguide (top) and the mounted waveguide (bottom).

— =

,_,,, -

‘ optlsche Tiefe @ mm
optische Tlefﬂ .85 mm ab Seite 6

EULITHA P200L

Fig. A.2: Top: Unmounted silicon waveguide P200L-01 with 1 mm optical depth and
channels with 100 nm diameter. Bottom: The waveguide is mounted onto the hexapod.
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To this day, the standard method for investigating biological tissue with cellular
resolution is the examination under a light microscope, first denoted as
histology by Karl Meyer in 1819. Despite the enormous success and importance
of histology, it has two major disadvantages. Firstly, the specimen must be
physically cut into thin sections due to the limited penetrating power of optical
light, and secondly, additional staining of the specimen is required to achieve
sufficient image contrast. Both disadvantages can be overcome by the non-
destructive method of propagation-based X-ray phase-contrast tomography.
While the mechanism of phase-contrast provides sufficient image contrast to
image single cells, a tomographic imaging scheme with penetrating X-rays
allows for an undamaged sample by virtually slicing the reconstructed 3D sample
volume.

In this work, the holotomography setup of the synchrotron endstation ,GINIX"
(The Gottingen Instrument for Nanoscale-Imaging with X-Rays) was extended
to a multi-scale X-ray phase-contrast tomography setup suitable for 3D virtual
histology by adding two acquisition schemes. Compared to the existing setup,
the first additional scheme is a propagation-based microtomography setup,
which enlarges the reconstructed 3D volumes by a factor of approx. 64 at a
fraction of the acquisition time (ca. 2 min). The second additional scheme
aims for higher resolutions. To this end, the X-ray waveguide illumination was
combined with photon counting detector with a large field of view and a novel
phase reconstruction scheme, which is based on iterative farfield phase retrieval
without an ,empty-beam correction“ in the detector plane.
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