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Summary

Mammalian brains are extremely complex: even the rather small mouse brain con-
tains around one hundred million neurons. Mapping the three-dimensional cytoar-
chitecture from the nanometer- to centimeter-scale within the context of the entire
brain is a key step towards understanding brain function. This thesis presents
developments in neuroimaging with virtual histology based on hard X-ray microto-
mography. This emerging technique holds great promise for non-destructive three-
dimensional analysis of centimeter-sized post mortem brain tissue with true microm-
eter resolution.

The brain is composed of soft tissue with inherently low contrast for absorption-
based X-ray imaging. Phase contrast has been suggested to boost contrast by several
orders of magnitude. The most common method is single-distance phase retrieval
by Fourier-space filtering. The trade-off between spatial resolution and contrast-to-
noise ratio was characterized for Paganin’s widespread phase retrieval and simple
Gaussian filtering for synchrotron radiation-based microtomography. Both provided
substantial contrast gains at the expense of spatial resolution. Surprisingly, Gaussian
filtering outperformed Paganin filtering at equal spatial resolution. A priori infor-
mation was not known and model assumptions for single-distance phase retrieval
such as monochromaticity and sample homogeneity were violated for the measured
soft tissues. Therefore, filter selection should be based on an image quality factor
to optimize both contrast and spatial resolution.

Conventional histology requires fixation and embedding of post mortem brain tis-
sue. Performing virtual histology at an intermediary preparation step allows for
subsequent validation and a combination the two modalities. However, preparation
changes tissue composition and generates inhomogenous shrinkage. Virtual histol-
ogy datasets of an entire mouse brain at each step of preparation were non-rigidly
registered to characterize volumetric strain fields and compare X-ray contrast of cor-
responding anatomical features. Brain volume changed by —40% and —60% from
formalin-fixed to ethanol dehydrated and paraffin embedded, respectively. Volumet-
ric strain fields depended on both anatomical boundaries and distance to the brain’s
surface, for example the cerebral cortex volume changed by —55% and -75% while
the thalamus changed by —25% and —45% for ethanol dehydration and paraffin
embedding, respectively. Selection of preparation provides differential tissue con-
trast, for example fiber tracts are enhanced through ethanol dehydration while the
cerebellum has high inter-layer contrast when paraffin embedded.

Virtual histology can also reveal structural changes caused by neurological disorders.
Epilepsy is among the most prevalent neurological disorders, with mesial temporal
lobe epilepsy (mTLE) the most common form among adults. The three-dimensional
pathological changes are poorly accessible with magnetic resonance imaging or con-
ventional histology. Synchrotron radiation-based phase contrast microtomography
of kainate induced mTLE in a mouse model allowed for the identification of hip-
pocampal sclerosis. The polymorph, granular, and molecular layers of the dentate
gyrus were segmented for a unique quantification of morphological changes during
epileptogenesis. Granule cell dispersion was associated with an increase in granule
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cell layer volume from 2.9 to 11.4 x 103 mm?. Thus, virtual histology complements
gold standard conventional histology by providing three-dimensional, cellular reso-
lution histopathological analysis for mTLE.

For microtomography with 0.65 pm pixel size, field-of-view (FOV) is typically limited
to about 2.2mm?. FOV must to be significantly extended for full brain mapping,
e.g. to 450 mm? for a mouse brain. Mosaic tiling of multiple FOVs has been demon-
strated based on a dedicated pipeline to process these tera-voxel sized datasets.
Here, the entire mouse brain was imaged with 0.65 pm-wide voxels. The datasets,
which are 6 TB in size at 16-bit depth, contain a wealth of microanatomical in-
formation but present challenges for registration and segmentation. The question
arises: can virtual histology be used to visualize the 3000 times larger entire human
brain at 1jm resolution?
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Zusammenfassung

Die Gehirne der Séugetiere haben eine komplexe anatomische Struktur — selbst das
relativ kleine Méusehirn umfasst etwa 100 000 000 Neuronen. Die Abbildung der
dreidimensionalen Zellarchitektur in der entsprechenden Umgebung iiber Langens-
kalen vom Nano- zum Zentimeter ist wesentlich fiir das Verstandnis der Hirnfunkti-
on. Die vorliegende Arbeit stellt Entwicklungen zur Neurobildgebung mittels virtuel-
ler Histologie vor, die sich auf Mikrotomographie mit harten Rontgenstrahlen griin-
det. Diese neu entstehende Technik verspricht die zerstorungsfreie, dreidimensionale
Untersuchung von totem, zentimetergrossem Hirngewebe mit Mikrometerauflésung.

Aufgrund seiner chemikalischen Zusammensetzung liefert das Hirn kaum Absorp-
tionskontrast. Der Vorteilsfaktor der Phasenmessung in Bezug auf den Kontrast
betragt etwa 1 000. Deshalb wird heute héufig die sogenannte Methode der Pha-
senriickgewinnung mittels Filter im Fourier-Raum eingesetzt. Die vorliegende Ar-
beit nutzt Paganin’s Algorithmus und den Gauss-Filter, um Ortsauflosung und das
Signal-Rausch-Verhaltnis auszutarieren. Beide Ansétze verstéarken den Kontrast auf
Kosten der Ortsauflosung. Fiir das menschliche Gehirn findet man bei vergleichba-
rer Ortsauflosung erstaunlicherweise einen besseren Kontrast unter Verwendung des
Gaussfilters. Erfahrungsabhéngige Informationen und Modellannahmen fiir die Pha-
senriickgewinnung wie Monochromatismus und Homogenitat der Probe sind nicht
notig, weil sich die Filterauswahl nur auf die Bildqualitat, gegeben durch Kontrast
und Ortsauflosung, griindet.

Herkémmliche Histologie erfordert die Gewebefixierung und -einbettung. Virtuel-
le Histologie lasst sich bereits wéhrend der Gewebepréaparation durchfithren und
erlaubt Bewertungen der Zwischenschritte sowie die Kombination der Ergebnisse.
Wir wissen, dass die Praparation der herkdbmmlichen Histologie das Gewebe in sei-
ner Zusammensetzung modifiziert und das lokalen Formverdnderungen entstehen.
Um diese Schrumpfungsprozesse lokal fiir das Méausehirn bei jeder Praparations-
stufe zu quantifizieren, wurden die Datenséitze elastisch registriert. Das Formalin-
fixierte Mausehirn verlor 40 bzw. 60% an Volumen durch die tiberfithrung in Alkohol
bzw. Paraffineinbettung. Die dreidimensionalen Verzerrungen hiangen sowohl von der
lokalen Anatomie als auch vom Abstand zur Oberfliche ab. Die Grosshirnrinde bei-
spielsweise schrumpfte um 55 bzw. 75%, wiahrend der Thalamus nur 25 bzw. 45%
durch Dehydrierung bzw. Paraffineinbettung verlor. Je nach anatomischem Merk-
mal und Praparationsschritt erhédlt man einen charakteristischen Gewebekontrast.
Faserabschnitte beispielsweise sind besonders gut sichtbar in Alkohol, wiahrend die
Trennschichten im Paraffin-eingebetteten Kleinhirn hervortreten.

Virtuelle Histologie hilft auch strukturelle Verénderungen des Gehirns, die durch
neurologische Storungen verursacht werden, sichtbar zu machen. Epilepsie gehort
zu den gangigen neurologischen Stérungen. Schléfenlappenepilepsie ist dabei die
haufigste Form bei Erwachsenen. Die bildgebende Kernspintomographie und die
konventionelle Histologie sind wenig geeignet, die dreidimensionalen pathologischen
Verdanderungen zu detektieren. Demgegeniiber ermoglicht die synchrotronstrahlungs-
basierte Mikrotomographie das Erkennen der Ammonshornsklerose in einem Maus-
model. Die Entstehungsmechanismen von Epilepsien in dem gewéahlten Mausmodel
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wurden untersucht, indem wir die morphologischen Verdnderungen der polymor-
phen, der granuldren und der molekularen Schichten der gezahnten Hirnwindung in
den Daten segmentiert haben. Die Ausbreitung der granuldren Zellen ist mit einer
Volumenzunahme von 2.9 auf 11.4 x 1072 mm?® verbunden. In dieser Art und Weise
erganzt die virtuelle Histologie die bisher benutzte zweidimensionale Methode.

Mikrotomographie mit 0.65 pm? Pixeln ist iblicherweise auf ein Blickfeld beschrinkt,
das einem Volumen von 2.2mm? entspricht. Um das gesamte Méausehirn mit ei-
nem Volumen von 450 mm? abzubilden, wurden die erhaltenen radiographischen
Daten wie ein Mosaik zusammengesetzt. Somit konnte das Mausehirn aus isotro-
pen Submikrometer-grossen Voxeln dargestellt werden. Dieser Terabyte-grosse Da-
tensatz enthélt eine Fiille anatomischer Informationen. Thre Auswertung erfordert
jedoch einen automatischen Ansatz, der Segmentierung und Registrierung einsch-
liesst. Die Frage bleibt, ob man mittels virtueller Histologie das menschliche Hirn,
das 3 000 mal grosser als das Mé&usehirn ist, mit einer Voxelgrosse von einem Mi-
krometer abbilden kann.
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1 Introduction

Mapping brain cytoarchitecture plays a critical role in understanding the structure-
function relationship of the brain and decoding neurological disorders |1]. However,
the number of cells in mammalian brains is staggering: the mouse brain contains
around 108 cells including neurons [2] and the human brain around 10" [3]. These
cells belong to a diverse range of cell types and are three-dimensionally organized
across multiple length scales [1]. The challenging task of brain mapping therefore
relies on multi-modal imaging, combining macroscopic information of the full brain
with micro- or nanoscale information from smaller regions.

This chapter reviews the three imaging techniques most commonly employed for
neuroimaging: magnetic resonance imaging, optical microscopy, and electron mi-
croscopy. Though powerful, especially in their combination, a gap remains for
mesoscale brain mapping—three-dimensional imaging of the entire brain with de-
tail on the micrometer scale. The emerging field of X-ray virtual histology holds
great promise for this task. This technique is introduced and compared with well-
established neuroimaging modalities in Table [[.I} Finally, current challenges for
virtual histology-based brain mapping are presented to motivate and outline the
present thesis.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a technique that probes the relaxation of
nuclear spins, usually those of hydrogen atoms. Briefly, MRI involves application of
both static and spatially varying magnetic fields to generate magnetization, which
is then probed with radio frequency pulses and the resulting evolution is read out
with radio frequency coils. A variety of acquisition sequences are used [4], many of
which generate excellent contrast for neuroimaging. MRI does not rely on ionizing
radiation and can provide in vivo or in situ volumetric imaging [4]. MRI is the gold
standard for mapping macroscopic brain structure, but only reaches voxel sizes of
a fraction of a mm [4]. Still, MRI is used extensively in brain atlases on its own
or as a reference frame for alignment and correction of subsequent higher resolution
imaging, see the well-known BigBrain human brain atlas in Ref. |5.

Variants of MRI can also be used to assess microscopic brain structure: Magnetic
resonance microscopy can reach voxel sizes of several tens of nm [4] and has been
applied to the study of the mouse [6-8] and human brain [9,/10], though cellular
resolution is not achieved. Diffusion MRI probes the diffusion of water molecules
and allows for deduction of microanatomical properties such as fiber trajectories or
axon diameters within mm-sized voxels |11].

Optical microscopy and conventional histology

Conventional histology is the gold standard for evaluation of brain tissue with sub-
cellular resolution. This post mortem or ex vivo technique involves tissue fixation,
embedding, sectioning, staining, and imaging with optical microscopy [12,|13]. His-
tology provides sub-pm in-plane resolution and relies on relatively accessible materi-
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als and equipment. There are a wealth of well-established staining protocols such as
hematoxylin and eosin, which targets cell nuclei (hematoxylin), cytoplasm (eosin),
and connective tissue fibers (eosin) [13]. Immunohistochemistry can be used to la-
bel specific antigens, for example with immunofluorescence [13]. Minor variations
in tissue processing, staining protocol, and section thickness, however, can result in
changes in slide appearance that make automatic analysis difficult [14,/15]. Addition-
ally, physical sectioning is irreversible, strain-inducing, and artefact-prone [16,(17].

Due to absorption and scattering of light by tissue, serial sectioning and three-
dimensional reconstruction of two-dimensional optical micrographs are used for vol-
umetric imaging with conventional histology [16]. Prior blockface photographs or
MRI can guide this complex reconstruction problem [16]. Out-of-plane spatial reso-
lution is limited by section thickness, which is typically on the order of tens of pm for
serial sectioning. For example, the highest resolution atlas of the entire human brain
is based on histology and has sectioning-limited out-of-plane resolution of 20 pm [5).

Several alternatives have been presented to overcome the limited out-of-plane res-
olution associated with serial sectioning. The combination of two-photon, light-
sheet, or confocal microscopy with sectioning via microtome or laser ablation [18-20]
has allowed for volumetric imaging of the entire mouse brain with isotropic 1pm-
voxels [21,22]. Light scattering can also be reduced by tissue clearing, allowing volu-
metric imaging with high out-of-plane resolution based on optical sectioning [2325].
Downsides of these approaches include time-consuming acquisition and specialized
sample preparation.

Electron microscopy

Electron microscopy (EM) offers far higher spatial resolution than optical microscopy
thanks to electron wavelengths that are around six orders of magnitude shorter than
of visible light. Electron microscopes are typically based on electromagnetic lenses to
focus beams of electrons with a diffraction limit well below 1 nm. Both scanning and
transmission EM are used extensively in the dense reconstruction of neuroanatomy
with nm resolution [1,26]. EM is applied only for post mortem or ez wvivo brain
tissue. Preparation of biological samples for EM is complex and includes embed-
ding, staining, and physical sectioning [27]. For both scanning and transmission
EM, specialized serial sectioning techniques provide sufficient out-of-plane resolu-
tion to trace the finest synaptic connections in three dimensions [28]. Research
towards automated, high speed, volumetric EM is ongoing, though currently avail-
able techniques are limited to volumes of about 1 mm? [28-30]. Challenges include
costly, time consuming acquisition and processing of datasets ranging from tera- to
petabytes in size [28-30].

X-ray virtual histology

Hard X-rays offer deep penetration through brain tissue, bypassing the need for tis-
sue sectioning or clearing. X-rays wavelengths in the angstrom range can also access
spatial resolutions below the diffraction limit of visible light microscopy. However,
the X-ray absorption of soft tissues is weak, therefore optimizing contrast has been
a main challenge for neuroimaging.



Table 1.1: Comparison of neuroimaging techniques. In this table, X-ray virtual histology is defined

as hard X-ray microtomography.

Note that X-ray nanotomography provides spatial

resolution on the nm scale but also restricts imaged volume and sample preparation.
This table is intended to show general trends and does not represent all specific cases.

Imaging method
Physical principle

Contrast related to

Preparation
State
Environment
Fixation
Cutting

Spatial resolution
in-plane
out-of-plane

Volumetric imaging
Method
Penetration depth
Field-of-view

Compatibility
Prior imaging

Subsequent imaging

Magnetic resonance
imaging

X-ray virtual
histology

Conventional
histology

Electron
microscopy

relaxation of
nuclear spins

proton densityﬂ

in vivo

in situ

native
none

0.25 mn’
variable, to isotropic

k-space reconstruction

entire organ
entire organ

none
CH, EM, VH

X-ray absorption

or refraction

electron densityﬂ

post mortem
extracted
ﬁxe

trimmed

1pm
isotropic

tomography
entire orga
100’s of mm

MRI
CH, EM

light scattering
or fluorescence

immunohistochemical &

histochemical stains

post mortem
extracted
fixed, embedded
sectioned

0.3 pm
variable, to ~10 pm

serial sectioning
100 pm
entire organ

MRI, VH
none

electron scattering

electron density,
heavy metal stains

post mortem
extracted
fixed, embedded
sectioned, milled

1nm

variable, to ~1 nm

serial sectioning
1pm

1 mm?3

MRI, VH

none

%A diverse range of MRI sequences are available to probe far more than proton density. Additionally, contrast
agents are used in clinical MRI, for example gadolinium-based contrast agents shorten relaxation times and
appear bright in T1-weighted imaging.

bWhile high-Z stains are available for virtual histology, they are not required and this thesis will focus on label-free
neuroimaging.

¢Embedding may provide benefits for virtual histology, but is not a requirement.

dThis refers to standard magnetic resonance imaging. Magnetic resonance microscopy can reach spatial resolution
of tens of pm.

¢Penetration increases with increasing photon energy. For penetration of the entire human brain, a photon energy
of around 50keV is needed, while for a mouse brain, 20keV is sufficient.

This thesis focuses on hard X-ray microtomography [31]. Both microtomography
and standard computed tomography rely on the reconstruction of three-dimensional
images from a series of two-dimensional radiographs, often called projections [32].
Microtomography refers to tomographic imaging with few-pm resolution, which re-
quires dedicated instrumentation [31]. High resolution is typically achieved with
geometric magnification or through high resolution X-ray detectors based on scin-
tillating screens coupled wvia visible light optics to digital sensors. Both laboratory
X-ray sources and highly brilliant synchrotron radiation sources can be used for mi-
crotomography. The latter generates higher image quality, however access is limited
and only granted on the basis of proposals or at high cost.

As an X-ray wavefront travels through matter, it is both attenuated and phase
shifted. This process can be described with a photon energy-dependent complex
index of refraction, n = 1 — § + i. For imaging, attenuation or absorption con-
trast is related to the imaginary part [, while the phase contrast is related to the
decrement of the real part 6. Note that X-ray detectors measure the only beam
intensity, therefore dedicated approaches are needed to access phase information.
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For a detailed discussion of contrast mechanisms and recent developments X-ray
microtomography, see e.g. Ref. 33|

Absorption-based imaging is the simplest form of X-ray imaging, although soft tis-
sues are only weakly absorbing. Therefore, contrast agents based on high-Z elements
are commonly employed. Staining for cells with heavy metal compounds such as
silver nitrate has allowed for impressive visualization of the cytoarchitecture of the
brain [34]. Many protocols have been suggested including osmium-based [35-37],
iodine-based [38], and Golgi-Cox mercury-based impregnation [39,40]. Unfortu-
nately, the selection and application of contrast agents is complex and can involve
toxic chemicals, therefore it is generally restricted to experts. Development of con-
trast agents in an active research field, with newly developed contrast agents provid-
ing uniform, full-organ coverage and compatibility with subsequent histology [41142].

An alternative approach is to utilize phase contrast methods for label-free neu-
roimaging down to the cellular level [43]. Since the Bonse-Hart crystal interferome-
ter was demonstrated in 1965 [44], a variety of phase-sensitive imaging methods have
emerged—particularly since a strong resurgence of interest in the 1990’s [45]. These
include but are not limited to grating- [46-49], speckle- [50-53|, coded aperture-
[54,55], analyzer- [56(-58|, as well as propagation-based approaches [59-64].

While each offers specific benefits, single-distance propagation-based phase contrast
is among the most commonly used because it offers a simple setup, impressive con-
trast gains, and high spatial resolution. Recently, propagation-based phase tomog-
raphy of neuronal volumes up to tens of mm? in size have allowed for quantitative
analysis of cytoarchitechture in mice and humans [65-68]. Unique possibilities such
as capillary-level visualization of amyloid-angiopathy were demonstrated in a mouse
brain model of Alzheimer’s disease [69]. These results are contributing to the emerg-
ing field of X-ray virtual histology [70].

Synchrotron radiation facilities offer higher brilliance than laboratory-based X-ray
sources, but accessibility is reduced. To increase the availability of virtual histol-
ogy, cellular-resolution neuroimaging has been demonstrated at laboratory sources
with absorption contrast, taking advantage of standard histological tissue embed-
ding [71]. State-of-the-art laboratory X-ray sources have also demonstrated promis-
ing results for virtual histology including cellular-resolution neuroimaging based on
propagation-based phase contrast [67],68,72].

It should be noted that complementary hard X-ray nanotomography has allowed for
dense neuronal reconstruction with sub-100nm resolution [73|, even for unstained
tissue [74]. This approach offers volumetric data comparable to EM without the
need for physical sectioning. Efforts are underway to expand the field-of-view of
nanotomography towards macroscopic specimens [75].

Towards brain atlases with X-ray virtual histology

X-ray virtual histology based on microtomography is a promising tool for cellular-
resolution full-brain mapping, where an understanding of mesoscale cytoarchitecture
can link our microscopic and macroscopic understanding of brain organization [76].
It offers label-free, dense visualization of the brain’s cytoarchitecture and is compat-
ible with subsequent histology for validation and as part of a multi-modal imaging
strategy.



This thesis aims to addresses several challenges for the generation of future brain
atlases based on X-ray virtual histology. These include optimizing soft tissue con-
trast at high spatial resolution, understanding morphological effects of tissue fixation
and embedding, demonstrating medically relevant findings and benchmarking vir-
tual histology with gold-standard conventional histology, and developing protocols
for large volume imaging and processing the related teravoxel-sized datasets. Each
chapter of this thesis addresses one of these challenges:

Chapter [2| discusses the optimization of contrast and spatial resolution for X-ray
microtomography of physically soft tissues. Highlights:

o Hard X-ray microtomography of two biomedically relevant tissues: human brain
and mouse kidney

o Quantifying the trade-off between spatial resolution and contrast-to-noise as a
function of applied filter kernel

« Surprisingly, simple Gaussian filtering was advantageous for high spatial reso-
lution

tanh(CNR)
(SR/SRo)

Chapter (3| demonstrates a method to quantify morphology and X-ray contrast
changes within an entire mouse brain as a result of histological tissue preparation.
Highlights:
o Virtual histology with (3 pm)3-voxels of a single mouse brain over the course
of standard histological preparation

o Introduced a figure-of-merit for image quality: QF =

e Segmentation to quantify non-uniform brain shrinkage

o Non-rigid registration of embedding-dependent local microanatomy shrinkage
o Quantification of volumetric strain fields within the mouse brain

o X-ray contrast improves by ethanol dehydration and paraffin embedding

Chapter 4| presents a complementary conventional- and virtual-histology approach
to study the healthy and epileptic mouse brain. Highlights:

o X-ray microtomography of healthy and epileptic mouse brains with 1.6 pm pixel
size prior to conventional histopathological investigation

o Label-free virtual histology allows for identification hippocampal sclerosis

o Virtual histology benchmarked with well-established histochemical and im-
munohistochemical stains

o Quantified pathological changes in morphology and density based on segmen-
tation of the volumetric data

Finally, Chapter [5| presents a data acquisition and processing approach as well as
first results for microtomography of the entire mouse brain with0.65 pm pixel size.
Highlights:

o Built a reconstruction pipeline for mosaic-style extension of field-of-view for
microtomography

o Implemented ring correction, filtering or phase retrieval, and teravoxel recon-
struction within a reasonable time frame

o Experimental realization of mosaic imaging with 64x larger reconstructed area
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compared to standard acquisition
» Visualization of an entire mouse brain with 0.65 pm pixel sizes

« Employed for mosaic tomography of paraffin-embedded nerve bundles [77],
human teeth from Natural History Museum of Basel [78], and entire mouse
brains [79]



Contributions

The results presented in Chapters [2] - [5| were the product of strong, interdisciplinary
collaborations. While the author of this thesis (G.R.) was the primary author of
these sections, numerous scientists made important contributions. The roles each
of the co-authors are listed below. Roles are given according to the CRediT (Con-
tributer Roles Taxonomy). Where applicable, the order of the co-authors matches
the related manuscripts.

Chapter [2; contributions from Georg Schulz (G.S.), Hans Deyhle (H.D.), Willy
Kuo (W.K.), Christoph Rau (C.R.), Timm Weitkamp (T.W.), and Bert Miiller
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Visualization, Supervision
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B.M. Conceptualization, Methodology, Investigation, Resources, Writing

- Review & Editing, Visualization, Supervision, Project administra-
tion, Funding acquisition
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2 Optimizing spatial and density resolution
for X-ray virtual histology

High contrast-to-noise ratio (CNR) is needed to distinguish the minute native tissue
density differences within the brain or other soft tissue. In synchrotron radiation-
based microtomography, single distance phase retrieval is often employed to boost
CNR. Image quality, however, is a function of both CNR and spatial resolution (SR).
In this study, we explore the trade-off between CNR and SR with the application
of the most common phase retrieval, Paganin’s filter, and with simple Gaussian
filtering, well-known from image processing. This report focuses on two synchrotron
radiation-based microtomography measurements, one of a mouse kidney and the
other of a biopsy punch from a paraffin-embedded human cerebellum. For small
filter kernels, the CNR generated by Gaussian filtering beat Paganin filtering at
equal SR. Paganin filtering produced better results when large filter kernels were
applied. We also introduce a dimensionless quality factor, which can be used to
select an appropriate filter kernel. Our results underline that understanding the
SR-CNR trade-off is critical to discussions of image quality and can help in the
optimization of virtual histology for medically relevant tissues.

Published in Applied Physics Letters



10 CHAPTER 2. OPTIMIZING SPATIAL AND DENSITY RESOLUTION

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Optimizing contrast and spatial resolution in hard
x-ray tomography of medically relevant tissues

Cite as: Appl. Phys. Lett. 116, 023702 (2020); doi: 10.1063/1.5133742 @
Submitted: 25 October 2019 - Accepted: 26 December 2019 -
Published Online: 16 January 2020

s )

View Online Export Citation CrossMark

Griffin Rodgers,' (%) Georg Schulz,' (%) Hans Deyhle,? Willy Kuo," (%) Christoph Rau,” Timm Weitkamp,*® (&

and Bert Miiller'

AFFILIATIONS

'Biomaterials Science Center, University of Basel, 4123 Allschwil, Switzerland

?Diamond Light Source Ltd., Didcot OX11 ODE, United Kingdom

*The Interface Group, Institute of Physiology, University of Zurich, 8057 Zurich, Switzerland
“Synchrotron Soleil, 91192 Gif-sur-Yvette, France

2 Electronic mail: weitkamp@synchrotron-soleil fr

ABSTRACT

Hard x-ray tomography with Paganin’s widespread single-distance phase retrieval filter improves the contrast-to-noise ratio (CNR) while reducing
spatial resolution (SR). We demonstrate that a Gaussian filter provided larger CNR at high SR with interpretable density measurements for two
medically relevant soft tissue samples. Paganin’s filter produced larger CNR at low SR, though a priori assumptions were generally false and image
quality gains diminish for CNR > 1. Therefore, simple absorption measurements of low-Z specimens combined with Gaussian filtering can pro-

vide improved image quality and model-independent density measurements compared to single-distance phase retrieval.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133742

Hard x-ray microtomography non-destructively provides a
three-dimensional map of a wide range of samples." Medically relevant
tissues are composed primarily of low-Z elements and therefore have
low x-ray absorption. Phase contrast methods have been proposed
because the phase cross section is orders of magnitude larger than the
absorption cross section for photon energies on the order of 10 keV.”

The simplest phase contrast techniques are propagation-based,
where Fresnel diffraction from the free-space propagation of the x-ray
wavefront makes phase information detectable in intensity measure-
ments.” Sufficient coherence and the propagation distance allow for
the wavefront phase shift to be extracted from radiographs at one or
more positions downstream.”” Exact phase retrieval for samples with
non-negligible absorption may require several downstream positions
or multiple energies.” Still, single-distance approaches can provide
semi-quantitative phase retrieval, reduce edge enhancement, and in
some cases improve the contrast-to-noise ratio (CNR).” The single-
distance phase retrieval filter introduced by Paganin et al. is among
the most used thanks to its simplicity and large CNR gains.” This
method has found many applications, for example, low-dose medical
imaging and virtual histology.” '

However, the image quality is a function of both the CNR and
the spatial resolution (SR),'”'* which Paganin filtering reduces.'” It is
often unclear if CNR gains should be attributed to phase sensitivity or

the low-pass effects. Previous experiments have shown that the pixel
binning of tomography measurements improves the CNR at the
expense of SR.""'° The question now arises if the low-pass filtering of
absorption datasets'” outperforms Paganin phase retrieval when both
CNR and SR are taken into account.

In this study, we present two synchrotron radiation-based micro-
tomography (SRuCT) measurements of biological tissues: a cylinder of
the paraffin-embedded human cerebellum and a formalin-fixed mouse
kidney. Gaussian filtering was applied to the projections prior to
reconstruction in the absorption contrast mode, while Paganin filter-
ing was used for the phase retrieval of the projections before recon-
struction. The CNR and SR were measured for a range of filter kernels
to optimize the image quality.

The human cerebellum tissue was extracted post-mortem with
informed consent for scientific use and embedded according to the
standard procedure for pathological analysis, ie., transferred to 4%
histological-grade buffered paraformaldehyde, ascending ethanol solu-
tions, and xylene and finally embedded in a paraffin mixture. A
stainless-steel punch was used to produce the final 6 mm diameter
sample.

One seven-month old female C57BL/6] mouse was anesthetized
with Ketamine/Xylazine, and the kidneys were perfused retrogradely via
the abdominal aorta'® at 150 mm Hg with 10ml phosphate-buffered

Appl. Phys. Lett. 116, 023702 (2020); doi: 10.1063/1.5133742
Published under license by AIP Publishing
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saline (PBS), 100ml 4% formaldehyde/1% glutaraldehyde/PBS, 20 ml
PBS, 50 ml glycine solution (5 mg/ml in PBS), and 40 ml PBS. 4 ml of
x-ray contrast agent solution (75mg iodine/ml) was injected into the
vasculature to distinguish blood vessels from tubules. The abdominal
cavity was then filled with 4% glutaraldehyde/PBS to cross link the con-
trast agent, and the kidneys excised and kept in 4% glutaraldehyde/PBS.
The right kidney was mounted in 1% Agar/PBS in a 0.5 ml plastic tubes
intended for polymerase chain reaction (PCR tubes) to avoid movement
during scanning.

The SRuCT measurements were performed at the Diamond
Manchester Imaging Beamline (I113-2, Diamond Light Source, Didcot,
UK), where an undulator source is used.'” Table I shows the acquisi-
tion parameters for both measurements.

The optimal photon energy criteria for an absorption contrast
measurement are given by u(E) x D = 2 (equivalent to 13% transmis-
sion), where p(E) is the linear attenuation coefficient and D the sample
diameter."” Both the brain and kidney samples have x x D < 2, higher
than optimal photon energies.

The conditions for the validity of the Paganin phase retrieval are as
follows: (i) a single homogenous material or constant J/f8 throughout
the specimen, (ii) a monochromatic plane wave, and (iii) the detector in
the near-field.”’ Tt should be noted negligible sample absorption is not
required. Previous x-ray grating interferometry measurements of the
brain sample confirm the constant §/f ratio;'” however, the 3/ ratio
is unknown for the mouse kidney. Condition (i) is valid for the brain
measurement with a double-crystal monochromator, and previous
experimental results have shown that Paganin’s method is robust for

TABLE 1. Summary of the acquisition parameters for the human cerebellum and
mouse kidney samples measured at the Diamond Manchester Imaging Beamline
(113-2, Diamond Light Source, Didcot, UK). z; is the critical distance for the single
distance phase retrieval as defined by Weitkamp et al.”’

Sample Brain Kidney
Mode Monochromatic Filtered pink beam
Mean photon energy 20 keV 23 keV
Camera pco.4000” pco.4000
Bit depth 14 14
Objective PLAPON 2X" PLAPON 4X
Numerical aperture 0.08 0.16
Hardware binning 2x2 1x1
Effective pixel size 4.6 um 1.125 um
Scintillator LuAG LuAG
500 pm 500 um
Detector distance 7 cm 9cm
Ze 137 cm 9.4 cm
Sample transmission” 75% 56%
Acquisition mode Standard Off-axis
Step scan Fly scan
Number of projections 1201 2501
Exposure time 2s 0.5s
Mean flat-field counts 10000 1700

“PCO AG, Kelheim, Germany.
“Olympus Corporation, Tokyo, Japan.
“Mean over ROI in the sample center.

ARTICLE scitation.org/journal/apl

polychromaticity such as filtered “pink beam” radiation.”’ Condition
(i) can be expressed by the critical propagation distance z, = (2a)*/,
with pixel size a and x-ray wavelength /. For the brain, the 7 cm propa-
gation distance is well within z. = 137 cm. The kidney had 9 cm dis-
tance and z, = 9.4 cm. Therefore, the SR for both measurements will
not be limited by propagation effects.”’ Both measurements showed
edge enhancement at the outer boundaries of the sample.

The initial SR of the kidney reconstruction was around 6 pixels,
while the initial SR of the brain measurement was near the Nyquist
limit (measured with the method proposed in Ref. 22.) These SR

unfiltered

unfiltered, zoom

CNR 0.05
SR 217
QF 0.05

CNR 0.4
SR 36
QF 0.21

(a) 6/B =100

() 6/B =200

(e) 8/ =1,000

25

(9) 8/B = 5,000
Vo — CNR 29
bl SR 114

QF 0.7

FIG. 1. Reconstructed slices of the human cerebellum after Paganin phase retrieval
(left, blue) and Gaussian filtering (right, red) of the transmission projections. Filter
kernel, SR (in pixels), CNR, and QF are indicated. Regions for the CNR measure-
ment are given in the unfiltered slice (green and yellow). The grayscale is given by
the intersection of the histogram of each zoom with a threshold.
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values are relatively consistent with the expected resolution of the
detection system according to the formalism developed by Koch et al.
in Ref. 23. If the attenuation lengths in LuAG (40 um for 20 keV and
60 um for 23 keV) are considered as effective scintillator depths, the
values thus obtained for the expected resolution in terms of the full
width of the line-spread function containing 90% of the intensity
response are 9 um (i.e., approximately 2 pixels) for the brain samples
and 5 um (approximately 5 pixels) for the kidney measurements.

Both the Paganin and Gaussian filters can be described as a con-
volution of the transmission projection T(x,y) = I(x,y)/Io(x,y).
The Paganin filtered projection is given by

P(x,y) =7 x F{Txy} |, O

where # (Z ') denotes a two-dimensional (inverse) Fourier trans-
form, u and v are the Fourier-space coordinates (in units of inverse
pixels) dual to x and y, and z is the propagation distance.””’ The
Gaussian filtered projections are interpreted as software-blurred trans-
mission projections and are defined by

Glxy) = 7 He ") 5 F{T(x.)} ) @)

unfiltered

(@) 6/8=1

CNR 0.3
SR 66
QF 0.08

unfiltered, zoom

(g) /8 =100

200 pm
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where ¢ is the standard deviation of the real-space Gaussian filter
(in pixels). Thus, Paganin filtering is multiplication with a Lorentzian
in Fourier space, while Gaussian filtering is multiplication with a
Gaussian in Fourier space. Taking the logarithm of Eq. (1) and multi-
plying by 6/2f provide a projected phase shift map, while taking the
logarithm of Eq. (2) and multiplying by 1/(2ka) provide the projected
J map.

For this study, a filtered back-projection with the standard Ram-
Lak filter was used for tomographic reconstruction. All analysis steps
were implemented in Matlab (The MathWorks, Inc., Natick, USA).

CNR and SR were measured in the reconstructed slices. CNR is
defined as |, — 11,|/+/0} + 03 based on the mean (i) and standard
deviation (o) within equal-sized, uniform regions of interest (see green
and yellow boxes of Figs. 1 and 2). For reference, the difference of the
linear attenuation coefficient between these regions of interest is
133 m ! (43.1 m™ ") for the brain (kidney) sample. The SR was mea-
sured with the method proposed by Mizutani et al.,”” which does not
require a noise criterion. Large values of SR correspond to low spatial
resolution. Here, SR is normalized by pixel size.

We define the image quality factor (QF) as

tanh(CNR
SLLLISUNY 3)
SR/SR
CNR 12
SR 7.6
QF 022
(d) o=2.00
CNR 1.7 CNR 3.8
SR 88 YR 88
QF 021 8 QF 023
(f) 0=375
CNR 9.4
SR 116
QF 017
CNR 14.8 CNR 13.8
SR 145 SR 144
QF 014 QF 0.4

1mm 200 pm

FIG. 2. Reconstructed slices of the mouse kidney after Paganin phase retrieval (left, blue) and Gaussian filtering (right, red) of transmission projections. Filter kernel, CNR, SR
(pixels), and QF are indicated. Zooms help us to identify reduced SR and improved CNR with the increasing filter size. Regions for the CNR measurement are given in the
unfiltered slice (green and yellow). The grayscale is based on the intersection of the histogram of each zoom with a threshold.
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where SRy = 2 pixels is the Nyquist limit for the minimum SR. Here,
QF is used as an image quality metric that is maximized at QF = 1 for
Nyquist-limited spatial resolution and CNR — oo. The hyperbolic
tangent provides diminishing increases in QF for large CNR.

Figure 1 shows characteristic reconstructed slices of the cerebel-
lum sample after Paganin and Gaussian filtering with increasing kernel
sizes. The unfiltered reconstruction is given in the top row for refer-
ence. Paraffin (p, black), the molecular layer (m, darker gray), and the
granular layer (g, lighter gray) can be identified in all reconstructions.
With increasing filter size, both CNR and SR values increase. Each
row has approximately equal spatial resolution. The largest QF is
achieved with Gaussian filtering (d), though both filters significantly
improve the image quality (d)-(f). At low (high) values of SR,
Gaussian (Paganin) produces higher QF images. It should be noted
that all Gaussian filters produced accurate f§ values, while only the
Paganin filter with 6/ = 10° gave accurate J as confirmed by previ-
ous experiments.'”

Figure 2 shows the characteristic reconstructed slices and zooms
of the mouse kidney, including the unfiltered datasets (left). Tubular
lumina (background, black), tubular tissue (darker gray), and contrast
agent in the vascular lumina (lighter gray) can all be identified, partic-
ularly after filtering. The highest QF image is produced with the
Gaussian filter of ¢ = 2 pixels. For all SR values, the QF of Gaussian
filtering is greater or equal to Paganin filtering. Measured f# does not
depend on the Gaussian filter, while ¢ is linear to the 6/f of the
Paganin filter. The correct J/ff was unknown for this sample.

The CNR is plotted against the SR for both samples in Fig. 3. At
small values of SR, Gaussian filtering provides greater CNR. At larger
values of SR, Paganin filtering produces greater CNR. For the brain,
the crossover is at 6/ = 10°, where accurate § values are given by
Paganin filtering. For the kidney, the crossover point was at
0/B =10%. The QF in these larger filter kernel regions is lower
because CNR > 1, and therefore, the increasing SR is the dominant
factor. For the brain specimen, the results of data binning'"'® are
given, though CNR is lower than for Gaussian filtering for any SR. For
convenience, the software binned data were nearest-neighbor interpo-
lated back to their original size prior to reconstruction to have equal
pixel size to the other filtered datasets.

The maximum QF reached for the brain (kidney) dataset was
0.29 (0.24) for Gaussian filtering, 0.25 (0.21) for Paganin filtering, and
0.23 for software binning. The maximum QF for the kidney dataset
was achieved at J/ff = 5, while for the brain, it was achieved at /f
= 500 and 1000. For context, the full width at half maximum of the
Paganin filter for the kidney dataset at 6/ = 5 is nearly equal to that
in the brain dataset at 6/ = 100 [from Eq. (1) and the measurement
parameters in Table 1.] Still, the §/f optimizing QF for the Paganin fil-
ter has no inherent physical meaning. The trade-off between SR and
CNR for Paganin filtering will depend on the noise and spatial resolu-
tion of the imaging system rather than the accuracy of the phase
retrieval.

It should be noted that while software binning shows smaller QF
compared to Gaussian filtering for any SR, it provides the benefit of
reducing the three-dimensional dataset’s size by the cube of the bin-
ning factor. For this study, a two-dimensional Gaussian filter was
applied to the projections to make an analogy with the Paganin filter.
Three-dimensional Gaussian filtering of the reconstructed data pro-
vided similar results with the maximum quality factor within 1% of

scitation.org/journal/apl

two-dimensional filtering, although previous studies have shown that
binning prior to reconstruction provides benefits over binning recon-
structed data.”* The combination of Gaussian filtering before binning
can provide the benefits of both strategies. Mean and median filters
also provided lower QF at any SR compared with Gaussian filtering,
and therefore, they are not presented here. Further studies should
determine how Gaussian filtering compares with more advanced filters
such as bilateral filtering,”"*”

For reference, the difference in the linear attenuation coefficient
between the regions of interest is 1.33 m ™' in Fig. 1 and 43.1 m " in
Fig. 2. The density resolution varies with filter kernel size and can be
calculated considering the CNR. Interpreting density resolution for the
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FIG. 3. Measured CNR and SR (in pixels) for the reconstructed slices of the human
brain (top) and the mouse kidney (bottom) after Paganin phase retrieval (orange)
and Gauss filtering (blue). Binning up to 8 x 8 pixels is also given for the brain for
reference (green). Both filters show a sigmoidal relationship between CNR and SR
until at very large SR, uniform regions of interest (ROIs) become difficult to select.
Slices shown in Figs. 1(a)-1(h) and 2(a)-2(j) are indicated.
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Paganin phase retrieval is more challenging. For a comparison with
other techniques such as grating interferometry, several other factors
must be considered in addition to the trade-off between CNR and SR."”

Future studies are needed to determine the effects of the noise level
of the projections, sample composition, and propagation distance.
Previous results have shown that certain single-distance phase retrieval
results are robust against noise,” though the initial noise level will limit the
maximum achievable CNR and the slope of the SR vs CNR curve. We
expect increasing the propagation distance will benefit the performance of
the Paganin filter over Gaussian filtered absorption, although the latter
may still perform better than previously expected. Characterizing the
beam coherence™ > will help quantify the contributions of phase infor-
mation vs low pass filtering to CNR gains. Paganin’s approach likely
proves more advantageous when absorption is negligible.

Gaussian filtering produces higher quality images at high spatial
resolution (low SR values) for the two biomedically relevant samples
considered here. Being model-independent, it also allows for the quan-
titative interpretation of gray values. Paganin filtering, though more
commonly used, only outperformed Gaussian filtering at low spatial
resolution where CNR was already large. These results suggest that for
certain medically relevant specimens, the density resolution improve-
ments from phase retrieval can be matched or exceeded by suitably
low-pass filtered absorption measurements. These results are especially
meaningful for samples with non-negligible absorption. We conclude
that both the SR and CNR must be considered when comparing the
quality of tomography data.
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3 Impact of fixation and paraffin embedding
on mouse brain morphology and X-ray
contrast

Cellular-resolution neuroimaging with conventional histology typically relies on for-
malin fixation and paraffin embedding of post mortem tissue. This tissue preparation
is gaining popularity for virtual histology because it is compatible with conven-
tional histology. The standard protocol involves fixation in formalin, dehydration
in ethanol, clearing in xylene, and embedding into a paraffin block [13], which al-
ters the densities of physically soft tissues and induces non-uniform strain at each
step. On one hand, density changes can be taken advantage of to improve X-ray
contrast [71,72]. On the other hand, the morphology changes should be corrected to
more accurately reflect the physiological state. Here, we present the non-rigid regis-
tration of volumetric data from X-ray microtomography of a single mouse brain at
each intermediate step of the standard paraffin embedding protocol. This approach
produces volumetric strain fields and directly corrects induced deformations to align
microanatomical features.

This chapter presents a two-part manuscript published in Journal of Neuroscience
Methods. Before each manuscript, the graphical abstract and highlights are given.
Though not given in full in this chapter, two first-author conference proceedings
manuscripts have also been published on this topic: reference 80| discusses the non-
rigid registration pipeline in more detail and reference [79 compares ethanol dehydra-
tion and paraffin embedding based on follow-up measurements with 0.65 pm pixel
size.
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Part 1: Data acquisition, anatomical feature segmentation,
tracking global volume and density changes

X-ray virtual histology acquisition

Synchrotron radiation

Formalin 100% EtOH Xylene Paraffin

o Three-dimensional imaging with (3 pm)3-voxels of a murine brain post mortem

Hard X-ray virtual histology of one entire mouse brain in four embedding media

Segmentation to quantify non-uniform brain shrinkage

X-ray contrast improves by ethanol dehydration and paraffin embedding
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1. Introduction

The micro- and nano-morphology of the neuronal network is closely
related to brain function. Therefore, (sub-)cellular imaging plays a
crucial role in understanding the brain in health and disease. The gold
standard for sub-micrometer histological analysis involves tissue fixa-
tion, embedding, sectioning, staining, and imaging with light or electron
microscopy (Culling, 1974). Benefits of optical microscopy include fast
imaging in two dimensions and well-established histochemical staining
protocols for function-related contrast and differentiation of anatomical
features. A drawback is that physical slicing is irreversible and in-
troduces artifacts (Pichat et al., 2018; Germann et al., 2008). Volumetric
histological imaging relies on serial sectioning, which typically provides
anisotropic spatial resolution limited by the section thickness and true
micrometer resolution is time consuming (Amunts et al., 2013; Gong
et al., 2013).

Thanks to the penetration of hard X-rays through matter, micro-
tomography offers a complementary three-dimensional neuroimaging
approach that generates isotropic micrometer resolution without serial
sectioning. The X-ray absorption of soft tissues is weak, which is why
microtomography of brain tissue has traditionally relied on contrast
agents. Staining for cells with heavy metal compounds such as silver
nitrate has allowed for impressive visualization of the cytoarchitecture
of the brain (Mizutani et al., 2008; Mizutani and Suzuki, 2012). Many
protocols have been suggested including osmium-based (Bohm et al.,
2019; Barbone et al., 2020), iodine-based (Anderson and Maga, 2015;
Saccomano et al., 2018), and Golgi-Cox mercury-based impregnation
(Fonseca et al., 2018; Jiang et al., 2021). Unfortunately, selection and
usage of X-ray contrast agents is sample- and target-specific, hence
presenting a barrier for non-experts.

X-ray phase contrast methods at synchrotron radiation facilities offer
higher density resolution than absorption contrast (Momose, 2005),
allowing for imaging of the minute native density differences in brain
tissue without staining (Schulz et al., 2010; Pinzer et al., 2012). This has
enabled label-free imaging of cyto- and angioarchitecture of whole ro-
dent brains (Zhang et al., 2015; Barbone et al., 2018). It has also been
used for the quantitative analysis of cytoarchitecture within neuronal
volumes up to tens of mm? in size for mice and humans (Dyer et al.,
2017; Hieber et al., 2016; Topperwien et al., 2018). Unique possibilities
such as capillary-level visualization of amyloid-angiopathy were
demonstrated in a mouse brain model of Alzheimer’s disease (Massimi
et al., 2019). Advances in computing power and acquisition techniques
have allowed for imaging of the full mouse brain at around 1 ym reso-
lution, though the related datasets are not thoroughly presented in the
literature (Vescovi, 2018; Miettinen et al., 2019). These developments
are contributing to the rise of X-ray virtual histology (Albers et al.,
2018a), which can complement standard histology as part of a multi-
modal imaging strategy (Uludag and Roebroeck, 2014; Katsamenis
et al.,, 2019). Still, the limited accessibility of synchrotron radiation
sources prevents more widespread use. Recently, state-of-the-art labo-
ratory X-ray sources have demonstrated promising results for virtual
histology (Albers et al., 2018b; Végberg et al., 2018; Busse et al., 2018;
Zdora et al., 2020) including cellular-resolution neuroimaging
(Topperwien et al., 2018; Topperwien and van der Meer, 2020), but
these systems are still not commonplace.

Fortunately, the modified electron density of brain tissue fixed in
ethanol or embedded in paraffin (Topperwien et al., 2019) allows for the
use of conventional laboratory-based absorption- contrast systems for
virtual histology (Khimchenko et al., 2016). Paraffin embedding is used
in standard histology, meaning well-established preparation protocols
exist and virtual histology can be incorporated into the workflow of
conventional histology. This allows for validation of virtual histology
with well-selected histochemical stains (Topperwien and van der Meer,
2020) and extension of conventional histology to the third dimension
with slice-to-volume registration (Khimchenko et al., 2016; Chicherova
etal., 2018). Thus, paraffin embedding is becoming increasingly popular
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among the X-ray imaging community, even for imaging beyond the
optical limit (Khimchenko et al., 2018; Kuan et al., 2020).

Each step of the paraffin embedding protocol introduces significant
tissue shrinkage. This effect is well known, but quantification of
shrinkage has previously been based on length measurements of
dissected tissue (Quester and Schroder, 1997). Volume change mea-
surements based on computed tomography and magnetic resonance
imaging (MRI) have been reported (Wehrl et al., 2015), however higher
spatial and density resolution are needed for the quantification of
morphology change of smaller anatomical regions within the brain.

The objective of this two-part study is to quantify morphological and
density changes within the mouse brain as a result of tissue embedding.
To this end, we employ synchrotron radiation-based X-ray micro
computed tomography to visualize an entire mouse brain over the
course of paraffin embedding, i.e. in formalin, five ascending ethanol
solutions (50%, 70%, 80%, 90%, and 100%), xylene, and finally
paraffin; see Fig. 1 for the workflow. In this Part 1 manuscript, we report
the brain preparation, image acquisition procedure, and semi-automatic
segmentation of anatomical features before describing the measured
changes in volume and density of selected anatomical regions. Part 2 of
this publication (Rodgers et al., 2021a) provides details and validation
of the image registration method which is used to extract volumetric
strain fields, and reports on the local volume and contrast changes.

2. Materials and methods
2.1. Mouse brain extraction and preparation

All tissue collected in this study was excess material from an exper-
iment approved by the veterinary office of the Canton of Zurich (license
number ZH067/17). The brain of one six-month-old female C57BL/6JRj
mouse (Janvier Labs, Le Genest-Saint-Isle, France) was extracted and
immersion-fixed with 4% formaldehyde / phosphate buffered saline
after sacrifice. The standard paraffin embedding protocol was used
(Wolfe, 2019): after immersion in 4% formaldehyde/phosphate buffered
saline (Sigma Aldrich, Darmstadt, Germany/Thermo Fisher Scientific,
Massachusetts, USA), the brain was immersed for two hours in each of
50%, 70%, 80%, 90%, and 100% ethanol solutions, xylene (20 mL each,
Carl Roth GmbH, Karlsruhe, Germany). Finally, the sample was trans-
ferred to liquid paraffin wax (ROTI® Plast, Carl Roth GmbH, Karlsruhe,
Germany) for two hours, then cooled to form a solid paraffin block.

Between each step, the sample was transferred to a 1.5 mL Eppendorf
tube and scanned while immersed in the specific embedding medium.
The solidified paraffin block was trimmed to remove excess material and
directly glued to the sample holder for tomographic measurement. Fig. 1
shows a sketch of the sequence of sample preparation and experimental
set-up.

2.2. Synchrotron radiation-based X-ray microtomography

Microtomography measurements were performed at the ANATOMIX
beamline at Synchrotron SOLEIL (Gif-sur-Yvette, France) (Weitkamp
et al., 2017). Here, an undulator gap of 10.3 mm was selected together
with a 20 ym Au filter to provide X-rays with an effective mean photon
energy of around 22 keV. Radiographic projections were acquired with a
detector system consisting of a 300 ym-thick LuAG scintillator coupled
to a scientific CMOS camera (Hamamatsu Orca Flash 4.0 V2,
2048 x 2048 pixels, 6.5 ym physical pixel size) via a lens system made
of two photo objectives in tandem geometry (Hasselblad HC 4/210 and
HC 2.2/100, numerical aperture of 0.22) resulting in a magnification
factor of 2.1 and thus yielding an effective pixel size of 3.1 yum (Des-
jardins et al., 2018). The detector system’s resolution is the result of
three factors: (i) Nyquist-Shannon sampling theorem, (ii) the Hasselblad
objective quality (including mirror, etc.), and (iii) the “blur” within the
scintillator. At 22 keV, most X-ray photons are absorbed in the first third
of the scintillator: 87.9% (98.5%) of photons are absorbed by a depth of
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X-ray virtual histology acquisition
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Fig. 1. Virtual histology of an entire mouse brain from formalin fixation to paraffin embedding. Between each step of the standard paraffin embedding protocol, the
mouse brain was placed in an Eppendorf tube filled with the embedding media and measured at the ANATOMIX beamline (Synchrotron SOLEIL, Gif-sur-Yvette,
France) with pixel length of 3.1 ym. The final paraffin block was trimmed to a cylinder for measurement.

108 ym (216 ym), corresponding to a maximal full width at half
maximum blur of 1 pixel (2 pixels). Most well-designed detector systems
offer spatial resolution of 2.5-3 pixels. Here, projections of a Siemens
star test pattern showed that the setup could resolve a line pair with
period just below 10 ym.

The sample was placed 675 mm upstream of the detector to allow for
edge enhancement. For tomographic acquisition, 5,900 projections were
acquired over an angular range of 360° with off-axis alignment to nearly
double the detector field-of-view. The exposure time was 50 ms per
projection. The fly-scan mode was used to minimize overhead. The scan
time for a single height step was around seven minutes. Three to four
height steps were needed to capture the full sample depending on
embedding state. The resulting datasets contained approximately
4,000 x 4,000 x 7,000 voxels and covered a volume of approximately
12 x 12 x 21 mm®.

The selected propagation distance caused edge enhancement, which
was desired for the visualization of anatomical structures and interfaces
between tissues of similar density. The experimental setup would have
allowed for single-distance phase retrieval due to the propagation dis-
tance of 675 mm and spatial coherence at the ANATOMIX beamline of
Synchrotron SOLEIL. Here, we opted for reconstruction of the linear
attenuation coefficient u, herein referred to as the absorption coefficient,
because it does not require a priori knowledge of sample composition
and filtering for noise reduction can be applied without shifting mean
u-values (Rodgers et al., 2020). Surprisingly, this approach provided
sufficient contrast even in the formalin-fixed state despite the low ab-
sorption contrast (Schulz et al., 2010). The u-values measured at in-
terfaces are not considered quantitative since phase effects were present.

For the photon energies and sample size used in this study, the
photoelectric effect is the main contributor to X-ray absorption and thus
u is related to the mass density p through u « pZ*/E3, with atomic
number Z and photon energy E (Als-Nielsen and McMorrow, 2011). The
reconstructed u-values are thus an approximate measure of mass density
p, though the impact of phase-contrast phenomena and the energy
spectrum used prevent accurate quantitative determination of y- or
p-values.

2.3. Dose estimation and potential temperature increase of the mouse
brain

The substantial radiation dose during microtomography at syn-
chrotron radiation facilities should not be ignored. Nevertheless, no
indication of radiation-induced changes was observed in this study:

projections at same orientation, i.e. rotation stage at 0" and 360°, as well
as from adjacent height steps showed no noticeable changes in the
overlap regions; bubble formation or sample discoloration were not
observed; motion artifacts were not present in reconstructions.

The dose was approximated from an estimate of the total flux of the
22 keV-photons per detector pixel. We detected 40,000 and 20,000
counts per pixel without and with the sample, respectively. Considering
the acquisition of 5,900 projections with the asymmetric rotation axis,
the optical magnification of the detection unit and the scintillator effi-
ciency, the total number of photons per pixel was about 10%, the
deposited energy was 3 J and the dose was 3 kGy.

The absorbed energy of 3 J in the 1.5 g contents of the Eppendorf
container, i.e. brain tissue and liquid with a heat capacity of around
4,000 J kg’1 K’l, would lead to a maximal temperature increase of
0.5 K. This temperature increase gives rise to a linear thermal expansion
of one tenth of the pixel length, which is in agreement with the lack of
observations mentioned above.

2.4. Tomographic reconstruction

The reconstruction pipeline was implemented in Matlab (release
R2020a, The MathWorks, Inc., Natick, USA). Prior to flat- and dark-field
correction, radiographic projections were stitched together based on
maximum cross-correlation. Ring correction was performed by taking a
mean of all projections, applying a low-pass filter to isolate rings, and
subtracting the result from the flat-field-corrected projections (a 2D
variation of the 1D approach given in e.g. (Boin and Haibel, 2006;
Mirone et al., 2014)). A filtered back-projection with the standard
Ram-Lak filter was used for tomographic reconstruction.

Filtering or binning were applied after ring correction to avoid
increasing artifact strength (Vo et al., 2018). For the unbinned dataset,
Gaussian filtering was used to improve contrast-to-noise at the expense
of some spatial resolution (Rodgers et al., 2020). A Gaussian filter with
o = 1.25 pixels was applied after reconstruction and prior to registra-
tion. Additionally, 3 x 3 and 9 x 9 binned projections, Gaussian filtered
with ¢ =1.5 pixels prior to downsampling, were reconstructed to
improve contrast-to-noise and reduce data size (Thurner et al., 2004) for
memory-intensive computational steps such as non-rigid registration.
The 3 x 3 x 3 binned tomographic data with voxel length of 9.3 ym
have been made publicly available (Rodgers et al., 2021).
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2.5. Laboratory-based microtomography

To verify that contrast changes in the brain were observable in pure
absorption contrast, an additional mouse brain was measured using a
SkyScan 1275 (Bruker, Kontich, Belgium) laboratory microtomography
scanner.

The tissue used was excess from an experiment approved by the
veterinary office of the Canton of Zurich (license number ZH117/19).
One 42 days-old female mouse was euthanized with carbon dioxide then
the brain was excised and washed in phosphate buffered saline. The
brain was then immersion-fixed in 10% neutral buffered formalin. The
mouse line employed was derived from a crossing of three C57BL/6
reporter mouse lines encoding fluorescent proteins that do not impact
endogenous gene expression (Yarg, Red5 and Smart13) (Molofsky et al.,
2013; Reese et al., 2007; von Moltke, 2016). The mouse line is therefore
equivalent to wild-type for the purposes of the current study. The fixa-
tion and embedding was performed in the same way as described in
Section 2.1.

Laboratory microtomography measurements were taken in formalin,
100% ethanol, xylene, and paraffin. The same parameters were used for
all four scans: the acceleration voltage was 25 kVp, electron beam cur-
rent was 193 yA, pixel size was 7.5 ym, exposure time was 305 ms, the
mean number of counts per pixel was 58,000 in the reference image, and
720 projections were taken around 360°. Beam hardening correction,
ring artifact removal, and tomographic reconstruction were performed
with the SkyScan NRecon software package (Version 1.7.4, Bruker,
Kontich, Belgium).

2.6. Three-dimensional rendering and segmentation

Segmentation was performed with VGStudio MAX 2.1 (Volume
Graphics, Heidelberg, Germany). Adaptive region-growing from user-
defined seed points and subsequent morphological operations were
used for semi-automatic segmentation of anatomical features. Segmen-
tations were carried out by a single observer based on the Allen Mouse

(c) Xylene

(b) 100% Ethano

Full brain

Hippocampus

Anterior
Commissure

Ventricles
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Brain Atlas (Lein et al., 2007). To understand how over- and under-
segmentation impacted the volume of the segmented structures, we
morphologically dilated or eroded the single-observer segmentations
with spheres of radius 3 voxels for the full brain and radius 1 voxel for
the hippocampus, anterior commissure, and ventricles. These radii for
dilation or erosion were chosen by the observer as the largest values that
still resulted in an acceptable segmentation. The volumes of these dila-
ted/eroded segmentations were used as error bars in Fig. 2 (right). The
volume renderings of the segmentations found in Fig. 2 (left) were also
generated with vGStudio MAX 2.1 (Volume Graphics, Heidelberg,
Germany).

2.7. Quality assurance for data processing pipeline

We identified the following sources of artifacts or losses of data
quality during the processing pipeline. Reconstruction (Section 2.4):
ring, streak, center-of-rotation, and stitching/blending artifacts.
Filtering (Section 2.4): noise, increasing ring artifacts, and over-
smoothing. To avoid creating these artifacts, orthogonal slices of all
datasets were visually inspected after each processing step. For consis-
tency, parameters were selected only if they allowed for acceptable
performance on all datasets.

3. Results
3.1. Global brain shrinkage

The datasets from each of the primary embedding steps (formalin,
100% ethanol, xylene, and paraffin) were manually segmented to track
the volume of the full brain, hippocampus, anterior commissure olfac-
tory and temporal limbs (hereafter “anterior commissure™), as well as
the lateral and third ventricles (hereafter “ventricles”). The segmenta-
tions were based on the Allen Mouse Brain Atlas (Lein et al., 2007).
Fig. 2 shows renderings of the segmented regions (left) and measured
volumes (right). The measurements were taken from a single brain with

500

Full brain
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20

o

[N}
o

Volume [mm?]

Anterior
Commissure

Ventricles

Fig. 2. Brain shrinkage over the course of paraffin embedding. (left) Volume renderings of manually segmented tomographic data are shown for the mouse brain and
three selected anatomical regions after (a) formalin fixation, (b) dehydration in ascending alcohol solutions, (c) xylene, and (d) paraffin embedding. Arrows indicate
(top) the olfactory lobe, which was broken during sample handling, (middle) the contact between container and brain, and (bottom) a cut on the cerebellum from the
extraction of the brain. For reference, the width of the formalin-fixed brain at the middle arrow is about 8.5 mm and all of the renderings have the camera and sample
in the same positions. (right) The bar charts show the volumes and estimates of inter-observer segmentation variability as error bars for the selected regions for each

embedding step.



21

G. Rodgers et al.

error bars representing simulated inter-observer variability. The vol-
umes of the four segmented features and the related volume changes are
given in Table 1. The volumes and volume changes are based on seg-
mentations, which are displayed with volume renderings in Fig. 2. The
volume changes given in Fig. 2 and Table 1 demonstrate that tissue
shrinkage is non-uniform and varies across the selected anatomical
features.

3.2. Density changes

In addition to the volume change, a reduction in the X-ray absorption
coefficient y values of the brain tissue and surrounding medium was
observed. Histograms of y for the volumetric datasets of the brain in
formalin, 100% ethanol, xylene, and paraffin are displayed in Fig. 3
(left). The shift of the main peak towards lower u indicates decreased X-
ray absorption within the tissue. A broadening of the histogram peak
widths indicates an increase in inter-tissue density differences. These
changes are also illustrated by axial slices through the datasets with the
same grayscale range in Fig. 3 (right). The increase in inter-tissue den-
sity differences results in easier differentiation of anatomical features.
Despite the mask to isolate the brain tissue, some of the embedding
media is reflected in the histogram: formalin solution is more dense than
the formalin-fixed brain (right shoulder in histogram) while for the other
steps the embedding media are less dense than the brain (smaller peaks
on the left side of the histograms).

Table 2 shows the measured absorption coefficients for regions of the
cerebellum in formalin, 100% ethanol, xylene, and paraffin. The gran-
ular layer, molecular layer, and white matter were manually segmented
and the mean values were measured. The absorption coefficient of
formalin exceeded those of the other embedding materials. All features
of the cerebellum had negative contrast to formalin and positive contrast
to 100% ethanol, xylene, and paraffin. Contrast between the three
segmented regions of the cerebellum and the surrounding medium
increased from formalin to ethanol, xylene, and paraffin. The u differ-
ence between molecular layer and the granular layer increased over the
embedding process. Contrast of white matter to granular layer was
moderate in formalin and 100% ethanol, and increased in xylene and
paraffin. Compared to white matter and the granular layer, the

Table 1

Volumes of the full brain, hippocampus, anterior commissure, and ventricles in
the four primary embedding media. Volumes and volume ratio (percentage of
volume in formalin) are based on the manual segmentations shown in Fig. 2. The
given ranges indicate simulated inter-observer variability. We assume that ob-
servers will consistently over- or under-segment the datasets across all embed-
dings. Therefore, the ranges of volume change correspond to all over- or under-
segmented volumes.

Formalin 100% Ethanol Xylene Paraffin
Full brain
Volume [mm®] 434 262 244 174
413-454 245-277 228-259 157-189
Volume Ratio - 60% 56% 40%
59-61% 55-57% 38-42%
Hippocampus
Volume [mm?] 22.3 15.0 14.7 10.8
21.2-23.4 14.2-15.8 13.9-15.5 10.1-11.4
Volume Ratio - 67% 66% 48%
67-67% 66-66% 48-49%
Anterior Commissure
Volume [mm®] 1.17 0.74 0.83 0.62
0.83-1.54 0.50-1.00 0.62-1.06 0.45-0.80
Volume Ratio - 63% 71% 53%
60-65% 75-69% 54-52%
Ventricles
Volume [mm?] 0.75 0.94 0.70 0.75
0.44-1.11 0.62-1.29 0.45-0.99 0.44-1.10
Volume Ratio - 125% 94% 100%
141-116% 102-89% 100-99%
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absorption coefficient of molecular layer was intermediate for formalin,
smaller for ethanol, and intermediate for xylene and paraffin.

Table 3 shows the standard deviation ¢ of the absorption coefficient
within the same regions as Table 2. This gives a measure of texture, or
the difference in absorption between extracellular space and micro-
scopic features such as cells, fibers, and vessels. Improved contrast of
fine structures was demonstrated by increased ¢ values from formalin to
subsequent steps. For example, the ¢ for white matter was highest in
100% ethanol. This observation agreed with visual assessment, where
the texture of the fiber structures within the white matter was more
discernible in 100% ethanol than for the other embedding stages (cf.
Fig. 4 bottom). The increased o of the paraffin was due its granular
structure.

3.3. Laboratory- and synchrotron radiation-based microtomography

To confirm that the observed changes in X-ray absorption coefficient
were not a result of phase effects, an additional mouse brain was
measured in pure absorption mode with a laboratory microtomography
system. Fig. 4 (top) shows virtual coronal slices through the cerebellum
and brainstem from both laboratory and synchrotron radiation-based
microtomography datasets. Magnified views (bottom) highlight the
granular layer, molecular layer, white matter, and interposed nucleus of
the cerebellum. Both modalities show the same contrast changes over
the course of embedding, namely an increasing contrast between brain
and surrounding medium, improved contrast between granular and
molecular layers over the course of embedding, lower absorption of
white matter relative to surrounding tissue in formalin, and increased
absorption of white matter in 100% ethanol.

It should be noted that the higher resolution synchrotron radiation-
based measurements allowed for differentiation of individual cells,
vessels, and fiber tracts. The edge enhancement that is present in the
synchrotron radiation datasets improves visualization of these struc-
tures. For example, the interposed nucleus of the cerebellum and the
Purkinje cell layer (Fig. 4 bottom) can be distinguished in the datasets
from ANATOMIX, but appear uniform in the laboratory-based datasets.
While both datasets appear to have similar contrast, the synchrotron
radiation-based datasets would have significantly higher contrast-to-
noise ratio if they were blurred or binned to match the spatial resolu-
tion of the laboratory instrument (Rodgers et al., 2020; Thurner et al.,
2004).

4. Discussion

Standard histological preparations include the exchange of formalin
with alcohol, alcohol with xylene, and xylene with paraffin, a procedure
that alters the densities of the affected soft tissues and thereby changes
the local X-ray absorption values. Neurons, for example, show signifi-
cant X-ray contrast enhancement from paraffin embedding, see e.g
(Topperwien et al., 2019; Khimchenko et al., 2018). In this sense, sample
embedding is analogous to staining and should be considered as an
experimental parameter to be optimized. The understanding of tissue
density and related X-ray contrast changes for the entire brain of animals
and humans is therefore desirable, as it will facilitate the selection of
embedding state for the visualization of the anatomical structure of in-
terest. In this framework, we combined isotropic micrometer-resolution
imaging in three dimensions (Part 1, this paper) with non-rigid regis-
tration (Part 2, (Rodgers et al., 2021a)) to quantify morphological and
density changes as a result of tissue embedding steps. By way of
example, we employed synchrotron radiation-based hard X-ray micro-
tomography to map an entire mouse brain over the course of paraffin
embedding, i.e. in formalin, five ascending ethanol solutions, xylene,
and finally paraffin. The proposed procedure can be equally employed to
any other kind of physically soft tissue with the aim to measure global
and local volume changes, to identify the most appropriate embedding
medium for feature visualization, and to reveal the basis for the
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Fig. 3. Global density changes during embedding. Histograms of the X-ray absorption coefficient ¢ within the brain for several stages of the paraffin embedding

protocol. Related axial slices through the original (not registered) datasets are shown with the same grayscale range of 4 € [0.3, 0.9] cm

~1 as indicated on the

histograms. The scale bar for all images is 3 mm. The measurements were taken with the same acquisition parameters. The decrease in mean y indicates reduced
tissue density and the broadening of the peaks indicates increasing separation of tissue densities. The embedding material (semitransparent color overlay on image),
which is not completely masked out, accounts for the right shoulder in formalin histogram and the smaller left histogram peaks in the other media.

Table 2

X-ray contrast change in the cerebellum. For the formalin, 100% ethanol, xylene,
and paraffin datasets, the mean absorption coefficient y was measured in
manually segmented regions in the granular layer, molecular layer, and white
matter of the cerebellum. Contrast between granular layer and both white
matter and molecular layer increased with subsequent embedding steps. Mo-
lecular layer to white matter contrast was small in 100% ethanol, though texture
of white matter increased (see Table 3).

Mean absorption coefficient y [em™]

Embedding Molecular Granular White
material layer layer matter
Formalin 0.86 0.83 0.81 0.77
100% 0.56 0.71 0.64 0.65
Ethanol
Xylene 0.45 0.69 0.59 0.58
Paraffin 0.45 0.78 0.66 0.62
Table 3

Increasing texture across the embedding process. The standard deviation o of the
absorption coefficient of structures in manually segmented regions of the cere-
bellum were measured for the formalin, 100% ethanol, xylene, and paraffin
datasets. The ¢ within the selected regions rose as a result of increased density
differences between the extracellular space and cells, fibers, vessels, etc. The ¢ of
the embedding material indicates the noise level, except in paraffin, which had a
inhomogeneous granular structure.

Standard deviation ¢ [cm™']

Embedding Molecular Granular White
material layer layer matter
Formalin 0.05 0.07 0.06 0.07
100% 0.05 0.21 0.16 0.20
Ethanol
Xylene 0.05 0.24 0.16 0.16
Paraffin 0.13 0.24 0.19 0.16

dramatic X-ray contrast enhancement observed in numerous embedded
tissues.

We have demonstrated X-ray virtual histology for slicing-free imag-
ing of an entire mouse brain after each of the primary steps of tissue
preparation for conventional histology, namely fixed in formalin,
immersed in ethanol solutions (50%, 70%, 80%, 90%, and 100%),
immersed in xylene, and embedded in a paraffin block. These volumetric
datasets with voxel length of 3.1 ym allowed for analysis of morpho-
logical changes and X-ray contrast enhancement. The present study is
based on a single mouse brain, thus it is of a preliminary nature
compared to MRI-based brain atlases that include six to 20 mice per sex
(Dorr et al., 2008). A sample size of a few tens of mice is feasible for
future experiments based on the 30 min per brain acquisition time of the
synchrotron radiation-based imaging presented here.

X-ray virtual histology provides full brain imaging with near
micrometer resolution and reasonable contrast from formalin fixation to
paraffin embedding. For in vivo studies, however, the radiation dose
limitations and the strongly X-ray absorbing skull prevent such high-
resolution brain imaging. Therefore, the present study treats the
formalin-fixed state as the reference. Fresh tissue imaging would also be
possible within a 30-minute scan time, potentially providing a reference
point closer to the in vivo state. This would, however, present logistical
complications related to safety, animal housing, surgery, and timing of
experiments. Alternatively, MRI allows for in vivo and post mortem
measurements (Ma et al., 2008), but only reaches a spatial resolution of
around 100 micrometers. A combination of the imaging techniques
could allow for detailed studies of the changes from the in vivo state via
formalin fixation to the paraffin embedded state.

We analyzed brain shrinkage during the embedding protocol with
two methods: manual segmentation of anatomical features (Part 1) and
non-rigid registration (Part 2). The segmentation-based approach
allowed for calculation of the volume of the full brain and anatomical
regions such as the ventricles, anterior commissure, and the hippo-
campus (Fig. 2). The improved spatial resolution of microtomography
compared to MR microscopy should lead to more accurate segmenta-
tions and volume measurements. Multiple independent observers would
be needed to fully confirm this hypothesis, whereas the present study
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Paraffin

Fig. 4. Comparing tissue contrast in laboratory- and synchrotron radiation-based microtomography of two mouse brains across the embedding media. Similar
coronal slices are shown through a mouse brain measured in absorption-contrast mode in a SkyScan 1275 (Bruker, Kontich, Belgium) system and the mouse brain
measured at ANATOMIX beamline, Synchrotron SOLEIL (Gif-sur-Yvette, France). These slices contain (top) the cerebellum and the brain stem, while magnified views
(bottom) focus on the granular layer, molecular layer, and white matter of the cerebellum, as well as the interposed nucleus. Despite the presence of edge
enhancement, the contrast changes observed at ANATOMIX based on reconstructed absorption values are also observed in the laboratory with pure absorp-

tion contrast.

was based on a single-observer study and relied on morphological op-
erations to simulate inter-observer variability. Still, the segmentation-
based approach was sufficient to determine that volume change was
inhomogeneous. Unfortunately, a full characterization of shrinkage with
this approach would require extensive segmentation.

Automated segmentation of label-free X-ray microtomography data
with cellular resolution is challenging because anatomical borders are
often based on connectivity or function and are thus not directly
correlated to density. Manual or semi-automatic approaches are
required, though ambiguities in anatomical borders cause these ap-
proaches to be slow and to suffer from user-specific variability. The

registration approach presented in Part 2 and in (Rodgers et al., 2021b)
involves relatively few user interactions. An additional registration be-
tween the reference dataset and an appropriate atlas would allow for
propagation of all the atlas labels with similar accuracy to the manual
approach. This atlas-based segmentation will be more efficient as the
number of anatomical features and/or number of datasets increases.

The formalin-fixed brain was squeezed into the Eppendorf container,
see Fig. 2. The contact with the container affected tissue up to about
0.5 mm from the edge, see Part 2 Fig. 3.

We acquired a total of nine quasistatic measurements, each after 2 h
of immersion in the embedding media, which is a standard immersion
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time found in paraffin embedding protocols. Time-resolved volumetric
imaging will give a deeper insight into the feature-dependent formation
of local strains through the diffusion of the embedding media and its
reactions with the tissue components. The current acquisition time was
around 30 min, whereas time resolution of around 1 min would be
desirable for real-time tracking of shrinkage. Reducing the size of the
sample (e.g. a study of tissue punches), the spatial resolution, and/or the
signal-to-noise ratio will be necessary to achieve this with currently
available instrumentation.

In addition to shrinkage, we analyzed the X-ray absorption changes
at each step of the embedding protocol. While the setup allowed for
phase retrieval, we analyzed u because it does not require a priori
knowledge of sample composition and noise reduction filtering can be
applied without shifting mean u-values (Rodgers et al., 2020). Despite
the semi-quantitative nature of the measurement, we can infer compo-
sition changes from mean u of large anatomical regions and texture
changes from the standard deviation of y. To confirm the findings re-
ported here based on a mixture of phase- and absorption-contrast, we
performed pure absorption-contrast measurements of a second brain
with a laboratory instrument. The results confirmed the observed
contrast changes, see Fig. 4.

In preparation steps subsequent to formalin, a decrease in X-ray
absorption of both brain tissue and surrounding solutions was observed
(Fig. 3). The average absorption decreases of the embedding media
compared to formalin are due to a decrease in both density and effective
atomic number: formalin (approximated by water, H20) has density
0.997 gmL ™}, ethanol (CyHeO) has density 0.789 gmL™!, xylene
(CgHjp) has density 0.864 g mL’l, and paraffin (C,Hzp2) has density
around 0.900 g mL™!. The mean absorption of the brain was not pro-
portional to the embedding medium: the formalin-fixed brain was less
than that of formalin, while the brain was higher absorbing than the
surrounding medium in ethanol, xylene, and paraffin.

The reduction in mean absorption from formalin to ethanol, xylene,
and paraffin is accompanied by an increase in absorption differences
between internal structures, evidenced by broadening of histogram
peaks in Fig. 3 as well as larger ¢ values in Table 3. Generally, these
changes result in an improved visualization of internal structures with X-
ray microtomography for subsequent embedding steps.

Interestingly, the relative absorption values of tissues change sub-
stantially from one embedding step to the next: subsequent steps show
enhanced or in some cases inverted contrast between internal structures
(Table 2). This indicates an embedding medium can be selected to best
highlight a given anatomical feature, analogous to stain selection.

Our results indicate that ethanol immersion or paraffin embedding
should generally be favored for microtomography-based virtual histol-
ogy. Compared to formalin, both of these preparations provide X-ray
contrast gains within the brain and from the brain to the surrounding
medium. These properties also simplify alignment and navigation dur-
ing imaging. The global decrease in absorption allows for the selection of
a lower photon energy to improve density resolution. Topperwien and
co-workers have also noted that compared to formalin, both ethanol and
paraffin embedding provide improved contrast for imaging individual
cells (Topperwien et al., 2019). From a practical standpoint, the paraffin
embedded state is the simplest to handle and measure. Formalin and
xylene both pose health risks and the selection of organic solvent
resistant container is an additional requirement for xylene. Future
studies should consider the radiation resistance of the embedding media
presented here, particularly under higher doses necessary for X-ray
nanotomography of brain tissue (Khimchenko et al., 2018; Kuan et al.,
2020) as it is scaled towards macroscopic specimens (Du et al., 2021).

All of the specimen preparation steps studied here are compatible
with prior in vivo MRI or subsequent conventional histology. In princi-
ple, non-rigid registration of high resolution virtual histology data to in
vivo MRI (Fratini et al., 2020) could allow for correction of deformations
due to death, fixation, and subsequent tissue treatment. In this case,
formalin offers the smallest deformations, though difficulty of
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registration may be increased by lower image quality. Paraffin embed-
ding offers the smallest deformations in the case of slice-to-volume
registration of conventional histology to virtual histology (Chicherova
et al., 2018; Ferrante and Paragios, 2017).

We have presented staining- and slicing-free X-ray imaging of a full
mouse brain with pixel size of 3.1 um. For full-field tomographic im-
aging, the accessible spatial resolution depends on the object size.
Additional stitching of data will allow for the measurement of the full
mouse brain with a spatial resolution of about one micrometer. X-ray
imaging with pixel sizes at or below 1 ym has been reported in literature,
however detailed images of those datasets are not yet publicly accessible
(Vescovi, 2018; Miettinen et al., 2019). Based on the present study, a
decrease in pixel size to below 1 um appears feasible, though the
approximately 10-fold increase in measurement time and data size are
challenges. Increasing spatial resolution with fixed image quality will
dramatically increase dose, therefore radiation damage may be observed
for such measurements. The current results and extensions to higher
resolution suggest that microtomography data should be integrated into
future mouse brain atlases.

5. Conclusions

We employed slicing-free, three-dimensional virtual histology of a
mouse brain to quantify morphology and X-ray contrast changes during
the standard protocol for tissue preparation from the formalin-fixed
state to the paraffin-embedded state. The mouse brain volume was
60%, 56%, and 40% of that in formalin for 100% ethanol, xylene, and
paraffin, respectively. The volume changes of anatomical regions such as
the hippocampus, anterior commissure, and ventricles were not pro-
portional to the global volume change. Additionally, subsequent steps of
the embedding protocol led to a global decrease in X-ray absorption as
well as changes in inter-tissue absorption. These X-ray absorption
changes make ethanol immersion or paraffin embedding attractive
choices for X-ray microtomography. These virtual histology results can
complement mouse brain atlases based on a combination of magnetic
resonance microscopy and optical micrographs of serial histological
sections.
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ARTICLE INFO ABSTRACT

Keywords: Background: Fixation and embedding of post mortem brain tissue is a pre-requisite for both gold-standard con-
Synchrotron radiation-based microtomography ventional histology and X-ray virtual histology. This process alters the morphology and density of the brain
Neuroimaging

microanatomy.

New method: To quantify these changes, we employed synchrotron radiation-based hard X-ray tomography with
3 ym voxel length to visualize the same mouse brain after fixation in 4% formalin, immersion in ethanol solutions
(50%, 70%, 80%, 90%, and 100%), xylene, and finally after embedding in a paraffin block. The volumetric data
were non-rigidly registered to the initial formalin-fixed state to align the microanatomy within the entire mouse
brain.

Results: Volumetric strain fields were used to characterize local shrinkage, which was found to depend on the
anatomical region and distance to external surface. X-ray contrast was altered and enhanced by preparation-
induced inter-tissue density changes. The preparation step can be selected to highlight specific anatomical
features. For example, fiber tract contrast is amplified in 100% ethanol.

Comparison with existing methods: Our method provides volumetric strain fields, unlike approaches based on
feature-to-feature or volume measurements. Volumetric strain fields are produced by non-rigid registration,
which is less labor-intensive and observer-dependent than volume change measurements based on manual
segmentations. X-ray microtomography provides spatial resolution at least an order of magnitude higher than
magnetic resonance microscopy, allowing for analysis of morphology and density changes within the brain’s
microanatomy.

Conclusion: Our approach belongs to three-dimensional virtual histology with isotropic micrometer spatial res-
olution and therefore complements atlases based on a combination of magnetic resonance microscopy and op-
tical micrographs of serial histological sections.

Non-rigid registration

Non-uniform shrinkage

Embedding media for contrast enhancement in
brain tissue

1. Introduction

Histology is the gold standard for investigations of brain micro-
anatomy, as it provides sub-micron resolution in two dimensions with a
variety of functional stains (Culling, 1974). Virtual histology based on
hard X-ray microtomography (Albers et al., 2018) is an emerging com-
plementary technique that can reveal the brain’s cytoarchitecture in
three dimensions (Dyer et al., 2017; Hieber et al., 2016; Khimchenko

et al., 2016; Topperwien et al., 2018, 2020) with isotropic spatial res-
olution down to and even below the optical limit (Khimchenko et al.,
2018; Kuan et al., 2020).

Tissue fixation and embedding are prerequisites for post mortem
neuroimaging with both conventional and virtual histology. During the
standard histological preparation (Culling, 1974), the exchange of
formalin with alcohol, alcohol with xylene, and xylene with paraffin
alters the densities of physically soft tissues and thereby changes the
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local X-ray absorption coefficient. Neurons, for example, show signifi-
cant X-ray contrast enhancement from paraffin embedding (Topperwien
et al., 2019). In this sense, sample embedding can be thought of anal-
ogously to staining (Miiller et al., 2008) and should be considered as an
experimental parameter to be optimized (Topperwien et al., 2019;
Strotton et al., 2018). An understanding of tissue density and X-ray
contrast changes for the whole brain is therefore desirable, as it would
facilitate the selection of embedding state for the visualization of each
anatomical structure.

In addition to density changes, paraffin embedding introduces non-
uniform shrinkage. Though this has been studied for over a century
(Hardy, 1899), until now most studies quantifying shrinkage are based
on total volume change or length measurements of tissue sections
(Quester and Schroder, 1997). To map shrinkage in three dimensions, a
non-destructive volumetric imaging modality is needed. For example,
strain fields in the human brain were tracked after extraction from the
skull and during formalin fixation with magnetic resonance imaging
(MRI) (Schulz et al., 2011). MRI was also used to quantify volume
changes of segmented anatomical regions from the in vivo state to the
formalin fixed state (Ma et al., 2008). Unfortunately, MRI contrast is
weak after dehydration for paraffin embedding (Wehrl et al., 2015).
Total volume and landmark positions were tracked in MR and computed
tomography images to assess shrinkage of the mouse brain with various
fixatives (Wehrl et al., 2015). However, all of the above studies lack
spatial and density resolution to differentiate effects within smaller
anatomical regions.

The objective of this two-part study is to combine isotropic
micrometer-resolution imaging with non-rigid registration to quantify
morphological and density changes as a result of tissue embedding. To
this end, we employ synchrotron radiation-based X-ray micro computed
tomography to visualize an entire mouse brain over the course of
paraffin embedding, i.e. in formalin, five ascending ethanol solutions
(50%, 70%, 80%, 90%, and 100%), xylene, and paraffin. We aim to
measure global and local volume change, determine the best embedding
medium for visualization of selected anatomical features, and uncover
the basis for the dramatic X-ray contrast enhancement observed in
embedded tissues.

The first part of this investigation (Rodgers et al., 2021a) reports the
brain preparation and paraffin embedding protocol, acquisition and
reconstruction of the tomography data from laboratory- and synchro-
tron radiation-based microtomography, and analysis of volume and
density changes of the full brain and segmented anatomical features.
Part 2 complements that study by addressing the non-rigid registration
of the tomography data, its validation, and the analysis of volumetric
strain fields and local contrast changes.

2. Materials and methods
2.1. Sample preparation and data acquisition

A detailed description of the sample preparation, image acquisition,
and tomographic reconstruction is presented in Part 1 (Rodgers et al.,
2021a).

2.2. Non-rigid registration

The open-source software toolbox elastix (Klein et al., 2010;
Shamonin et al., 2014) (version 4.9) was used for registration of the
tomography data. Registrations were performed on a workstation with
an Intel® Xeon® CPU (E5-2637 v2 3.50 GHz) and 144 GB memory. The
dataset of the formalin-fixed brain was selected as the reference dataset
for all registrations. The non-rigid registration pipeline consisted of
three steps: (1) coarse manual affine pre-alignment, (2) automatic
multi-resolution affine registration, and (3) automatic multi-resolution
B-spline registration. A final rigid transformation (4) was used for dis-
playing the data in anatomical planes.
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Step (1) facilitates the automatic registrations by starting from a
reasonable alignment. Using the open-source software ITK-SNAP
(Yushkevich et al., 2006) (version 3.8.0) and the downsampled datasets,
three rotation angles, three translations, and one scaling factor were
selected for a coarse alignment. Determining these parameters took
about one minute per dataset.

The registrations in steps (2) and (3) relied on the 3x binned datasets
to speed up registration, as the data size of the unbinned reconstructed
volumes ranged from 210 to 260 GB for single precision (32-bit depth).
Textures and edges were enhanced with a standard deviation filter with
3 x 3 x 3 voxel neighborhood. Background pixels were excluded from
the registration optimization to avoid influence of the surrounding
medium and sample holder. This was achieved by means of coarse masks
created by simple semi-automatic segmentation of the full brain via
thresholding, morphological closing, and largest connected structure
extraction. Mattes mutual information was selected as the similarity
measure to account for non-linear intensity changes due to the selected
embedding materials. Optimization was based on stochastic gradient
descent. The registration parameter files are freely available (Rodgers
et al., 2021c).

For step (2), affine registration was done with four resolutions
(smoothing and downsampling), 1,000 iterations per resolution, and
65,536 random spatial samples. The number of spatial samples was
selected as a compromise between registration speed and fluctuations in
the similarity measure due to sample variations. Affine registration of
each dataset took around 35 min.

For step (3), non-rigid registration was based on a B-Spline trans-
form, where the displacements at a grid of control points are interpo-
lated by cubic B-Splines. The degrees of freedom are controlled by the
grid spacing. We selected a spacing of 12 x 12 x 12 voxels as this choice
was the finest grid spacing that allowed the full volume registration to
run on a single workstation with 144 GB of RAM and showed sufficient
flexibility in initial tests. This approach corresponds to nearly 7 million
degrees of freedom. To avoid unrealistic deformations in homogeneous
regions, a bending energy term was added to the cost function. The
weighting of this regularization term was optimized by plotting the
image dissimilarity versus the bending energy after registrations with
various grid spacings and weights (Rodgers et al., 2021b). A weight was
then chosen which was on the Pareto front and close to the elbow of the
resulting L-shape curve (Rodgers et al., 2021b; Hansen, 2000). Five
resolutions (smoothing without downsampling) were used with 2, 000
iterations each and 131, 072 random spatial samples. This registration
took around 7.5 h per dataset.

After step (3), all datasets were in the coordinate frame of the
formalin dataset. Step (4) applied a rigid transformation to all datasets
for display in a desired coordinate frame, i.e. sagittal, axial, and coronal
planes. This single transformation was manually determined in ITK-
SNAP in around one minute.

The datasets were warped only once with the composition of trans-
formations produced in steps (1)-(4). We note that this transformation
can be applied to any volume in the same coordinate frame as the
floating dataset, for example if an alternative filtering option such as
phase retrieval is more desirable for visualization or subsequent anal-
ysis. Resampling was done with linear interpolation to avoid over-shoots
where edge enhancement is observed. The warping took about 20 min
for the 3 x 3 x 3 binned datasets. The entire unbinned dataset could not
be warped due to memory limitations, therefore regions of interest were
individually warped by applying the transformation from registration of
the 3 x 3 x 3 binned dataset.

The voxel-wise volume change as the result of the registrations was
calculated from the determinant of the Jacobian of the transformation.
The program transformix (Klein et al., 2010; Shamonin et al., 2014)
(version 4.9) was used to calculate these values for the composition of
transformations given from steps (1)-(4). These transformations have
been made publicly available along with the 3 x 3 x 3 datasets used for
registration (Rodgers et al., 2021c).
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2.3. Evaluation of registration accuracy

Validation of non-rigid registration is challenging as the ground truth
is unknown and difficult to manually establish (Crum et al., 2003;
Schnabel et al., 2003; Pluim et al., 2016). Here, the registration accuracy
was qualitatively assessed with visual inspection. Quantitative assess-
ment was based on the Dice Similarity Coefficient (Dice, 1945), median
surface-to-surface distance, and volume change error of segmentations
of the full brain and ventricles. These structures could be confidently
segmented thanks to the contrast between tissue and the embedding
material. The metrics were calculated between the reference (formalin)
and the transformed segmentations (100% ethanol, xylene, and
paraffin).

Consider the reference segmentation Sy, the floating segmentation
S0, and the floating segmentation transformed to the reference space T
(Sf10) via the transformation T found by registration. The Dice similarity
coefficient was defined as

DSC = 2| St N T(Sto)|/([Seet| + |T(Sno))-

The median surface-to-surface distance was defined as
dieq = median{ 7 (Srer, T(Sno)) U Z(T(Sto), Sref) }+

where Z(Ser, T(Sno)) is the set of the shortest distances from all surface
points of Seer to the surface of T(Spo). The volume change error was
calculated by

Eiy = 1Vieg [TV — 1.

Here rVieg = V(Sno)/V(T(Sqo)) is the volume change ratio using the
transformed floating segmentation and rVseg = V(Sqo)/V(Sref) is the
volume change ratio using the reference segmentation.

Dice overlap scores are known to overstate registration quality for
large volume segmentations because surface differences have small
contributions. Hence, we included median surface-to-surface distances,
which are entirely surface-based with the median providing robustness
to local segmentation differences. Volume change error was included, as
it characterizes the difference between volume change as measured by
segmentation vs. registration. For reference, a Dice score of unity in-
dicates perfect overlap and zero indicates no overlap. A surface-to-
surface distance of zero indicates precise alignment and large values
indicate poor alignment. A volume change error of 0% (+100%) in-
dicates that the volume change measured by registration matches (is two

Reference (R) Floating (F)

100% Ethanol

Pre-align
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times larger than) the volume change measured by segmentation.

2.4. Quality assurance for data processing pipeline

We identified the following sources of artefacts or losses of data
quality during registration (Section 2.2): overfitting, folding, under- or
over-regularization (e.g. wavy or stiff edges). To reduce the risk of these
artefacts, orthogonal slices of all datasets were visually inspected after
each processing step. For consistency, parameters were selected only if
they allowed for acceptable performance on all datasets. We analyzed L-
curves to support parameter selection to reduce over- or under-
regularization during registration (Rodgers et al., 2021b).

3. Results
3.1. Quality of non-rigid registration

Registration results were visually evaluated within the formalin-
fixed and 100% ethanol immersed brain datasets in Figs. 1 and 2.
Fig. 1 shows representative virtual axial slices of the reference formalin-
fixed dataset (Fig. 1R), the original floating dataset (Fig. 1F), the
manually rigid pre-aligned dataset (Fig. 1S1), the automatically affine
registered dataset (Fig. 152), and the automatically B-spline registered
dataset (Fig. 1S3). These selected virtual slices show the steps of regis-
tration described in Section 2.2.

The affine registration was characterized by twelve degrees of
freedom (three translation, three rotation, three scaling, and three skew
parameters) with the same geometric transformation for all voxels and
thus a uniform volume change. It resulted in a coarse alignment of the
full brain (Fig. 1S2) with many internal features not matching (cf.
Fig. 2). The B-spline transform used here contained nearly 7 million
degrees of freedom and thus improved on the affine registration with
local deformations to match fine structures. This improvement became
apparent upon closer visual inspection as depicted for three examples in
Fig. 2.

Fig. 2 shows magnified views of the regions of interest highlighted by
the dashed yellow squares in Fig. 1R. Overlays are shown to visually
compare the performance of automatic affine and automatic B-spline
registrations. The B-spline registration showed excellent results within
most of the brain, even accurately aligning individual cells (see the
hippocampus, top arrow of middle row). Discrepancies were found in
regions where large local deformations occurred, e.g. within the

(S1) Affine (52) B-Spline (S3)

Fig. 1. Registration results. Floating datasets (F, here 100% ethanol) were registered to the reference formalin-fixed dataset (R) via a manual pre-alignment (S1)
followed by automatic affine (S2) and then automatic B-spline registration (S3). Affine registration allows for global translation, rotation, scaling, and shearing (12
degrees of freedom), while B-spline allows for local deformations based on displacements of a grid of control points (in this work, about 7 million degrees of freedom
were used). A bending energy regularization term was imposed on the B-spline registration to penalize large local deformations. The registration was optimized
within full brain masks (shown without color) to avoid influence of the surrounding medium and the sample holder. The yellow dashed boxes show regions of interest
for detailed comparison in Fig. 2. The scale bar is 3 mm and the grayscale range is given by mean + 2 standard deviations of the intensities in the full brain mask

per embedding.
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Fig. 2. Comparing affine and non-rigid (B-spline) registration. The three regions of interest marked in Fig. 1 are shown in the reference formalin (column 1) and the
B-spline registered 100% ethanol (column 4) datasets. Alignment performance of affine (column 2) and B-spline registrations (column 3) are shown with overlays,
green: formalin, red: 100% ethanol. The outer borders of the cerebellum (top) were matched by B-spline (bottom arrow) with the exception of regions of complete
collapse or expansion (top arrow); (middle) matching of fine structures near the hippocampus indicates excellent agreement for the B-spline (both arrows); (bottom)
the ventricle walls (middle arrow) presented a challenge due to strong local deformations, but nearby regions showed excellent agreement, see e.g. the plexus
choroideus (top arrow) or the vessel in the lower left (bottom arrow). All scale bars correspond to 1 mm and the grayscale range is given by mean + 2 standard

deviations of the intensities in the full brain mask per embedding.

ventricles (bottom row, top arrow), as well as at locations of complete
expansion or collapse, e.g. at the border between the cerebellum and
cerebral cortex (top row, top arrow).

The registration accuracy was also assessed with Dice overlap, me-
dian surface-to-surface distances, and volume difference, see Table 1.
Note that the metrics were evaluated on the 3x binned datasets with
pixel length of 9.3 um, as this binning factor was used for registration.
All metrics showed a substantial registration improvement from affine to
B-spline approaches.

3.2. Mapping the local volumetric strain

The determinant of the spatial Jacobian of the transformation found
during registration gives the volume change ratio (corresponding to the
floating volume divided by reference volume, i.e. V(Igo(x))/V(ref(x)))
for each voxel in the dataset. Note that the transformation is the
composition of all steps (pre-align, affine and non-rigid). Volumetric

Table 1

Registration quality metrics. Segmentations of the full brain and ventricles were
used to assess registration accuracy. Dice similarity coefficient, median surface-
to-surface distance, and the volume change error were calculated between the
reference (formalin) and the transformed segmentations (100% ethanol, xylene,
and paraffin).

Dice Similarity Surface-to-surface Volume change

Coefficient distance [ym] error

Affine B-spline Affine B-spline Affine B-spline
Full brain
100% ethanol 0.953 0.975 47.3 13.1 -3.2% -1.9%
xylene 0.935 0.974 80.0 11.2 -9.7% -1.2%
paraffin 0.890 0.951 142.7 46.4 -22.6% -8.5%
Ventricles
100% ethanol 0.503 0.677 20.7 9.3 -50.2% -31.7%
xylene 0.507 0.655 26.2 9.3 -33.0% -10.3%
paraffin 0.440 0.592 20.7 9.3 -50.4% -33.5%
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strain fields (volume change ratio minus 1, given as percentages in the
Figs. 3 and 7) show the local compression or expansion from the refer-
ence (formalin) to the floating dataset. Fig. 3 shows renderings of the
100% ethanol, xylene, and paraffin datasets before and after non-rigid
registration, slices through the volumetric strain fields, and histograms
of the voxel-wise volumetric strains for the entire dataset of each
preparation step.

Fig. 3 (left) illustrates the volumetric strain fields for the main steps,
namely 100% ethanol, xylene, and paraffin. All embedding steps showed
a similar pattern of volume change: greater volume change was
observed towards the brain’s outer surface, e.g. in the cerebral cortex,
while less shrinkage was found in the region around the ventricles.
Volume change appeared to be related to both distance from the
embedding medium and anatomical region. For example, the thalamus
could be identified from the volumetric strain fields by its smaller vol-
ume change. Similarly, white matter, granular, and molecular layers of
the cerebellum could be seen from interfaces in the strain field maps.
The histograms on the right side of Fig. 3 display the distribution of
voxel-wise volumetric strain within the brain. Increasing shrinkage was
seen over the course of embedding: for 50%, 70%, 80%, 90%, 100%
ethanol, xylene, and paraffin, the median volumetric strain (inter-
quartile range) from formalin to these steps was — 5% (10%), — 12%
(16%), — 23% (18%), — 37% (13%), — 39% (11%), — 41% (12%), and
— 56% (10%).

3.3. Local X-ray absorption of corresponding features

Registration allows for side-by-side comparisons of the X-ray
contrast in corresponding anatomical regions. Fig. 4 shows a sagittal
slice (1) through the registered 3x binned datasets in formalin (A),
100% ethanol (B), xylene (C), and paraffin (D). The cerebellum (2),
hippocampus (3), and caudoputamen (4) are highlighted with zoom-ins.
The difference in absorption coefficient y between the brain and sur-
rounding medium became larger with each subsequent step.

Fig. 5 shows magnified views of the aligned unbinned datasets with
pixel size 3.1 ym. These zooms are within the regions of interest of the
sagittal slices from Fig. 4 Al. For all datasets, spatial and density reso-
lution were sufficient to identify individual cells. At this resolution, local
density changes determined which features can be easily distinguished.
The increased relative density of white matter in ethanol made identi-
fication of the extent of the granular layer difficult (B1). The same
border was clearly distinguishable in xylene and paraffin (C1 & D1). The
border between caudopatumen and the fiber tracks was clearest in 100%
ethanol (B2) and nearly invisible in paraffin (D2).

Fig. 6 demonstrates the effect of ascending ethanol solutions on the
fiber tract contrast. Regions of interest in coronal, axial, and sagittal
virtual slices are shown in all steps of the 3x binned datasets. A notable
feature in the formalin-fixed brain is the white matter and other fiber
tracts, which had y below that of the surrounding brain tissue (see also e.
g. Fig. 4A2). Contrast between fiber tracts and the surrounding tissue
increased with ethanol concentration. The visibility of fibers was
reduced in xylene and nearly zero when embedded in paraffin.

4. Discussion

The combination of slicing-free three-dimensional imaging and non-
rigid registration allowed for the generation of volumetric strain fields
and side-by-side comparison of tissue density in the selected preparation
stages. As it can be applied after brain extraction and immediately prior
to histological sectioning, X-ray virtual histology can also be incorpo-
rated into the creation of brain atlases. This procedure can be applied to
other tissue types and preparation protocols to measure non-uniform
volume changes and to select an optimized preparation with respect to
X-ray contrast.

We analyzed brain shrinkage during the embedding protocol with
two methods: manual segmentation of anatomical features (Rodgers,
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2021a) and non-rigid registration (described in this Part 2). The
approach based on non-rigid registration generates volumetric strain
fields for the entire brain without the need for time-consuming manual
segmentation. This offers a visual scheme that is more intuitive than
tabulated volume measurements. For example, the maps shown in Fig. 3
allow for quick determination of the effect of tissue preparation on any
anatomical region. Overlaying the anatomical information of the
tomographic data with these strain fields (e.g. in Fig. 7 column 2) allows
for studying volume changes within a given region in three dimensions.

A challenge of the non-rigid registration approach is that volumetric
strain fields depend on the transformation model used for registration,
with highly regularized models leading to smooth strain fields (Rodgers
etal., 2021b). We tuned registration parameters for one dataset (xylene)
and applied them to the other embedding states. The metrics in Table 1
and visual inspection of the registered datasets indicated that the
registration parameters were not over-tuned. We expect that parameter
tuning for each embedding state, e.g. with the L-curve method (Rodgers
et al.,, 2021b), may provide better registration accuracy and more real-
istic strain fields, as the contrast changes affect the image similarity
metric and thus influence the regularization weight. For population
studies, we do not expect that tuning parameters for each mouse will be
necessary as long as the identical experimental setup and imaging pa-
rameters are used. The current model was optimized for the 3x binned
volumes, i.e. for an isotropic voxel length of about 10 ym. Registration of
the unbinned data would be more computationally demanding but allow
for alignment of microstructures with smaller size and/or for the
determination of more detailed volumetric strain fields. In this study,
such a registration would have exceeded the available memory. A
framework should be developed for elastix registration of
sub-volumes with a large number of degrees of freedom without
exceeding standard workstation resources.

Nevertheless, the calculated volumetric strain fields revealed that the
shrinkage from the formalin-fixed state to each of the preparation steps
was a function of both anatomical region and distance to the brain
surface (Fig. 3). This distance dependence suggests shrinkage is related
to diffusion of the embedding material into the brain tissue. Fig. 7
compares the volumetric strain field of the paraffin embedded brain
with a three-dimensional distance transform of the segmentation of the
full brain in paraffin. An overlay of the volumetric strain fields on the
tomographic data reveals the dependence on anatomical region. The
distance transform shows a first approximation of equal diffusion coef-
ficient for all brain tissue. Deviation of the shrinkage maps from the
distance transform is due to tissue composition-dependent uptake of
embedding material, altered diffusion across anatomical borders, and
decreased access of embedding media through smaller channels such as
the ventricles.

Due to the role of diffusion, we expect geometry-dependent volu-
metric strain fields during preparation of smaller tissue sections such as
biopsies (Katsamenis et al., 2019) and punches (Hieber et al., 2016;
Topperwien et al., 2018, 2019). The methodology presented here, or a
more accessible variation based on laboratory X-ray microtomography,
could be easily adapted to quantify and correct preparation-based tissue
deformations.

In this experiment, the choice of embedding material did not alter
the spatial resolution of the measurement setup. The data of the paraffin-
embedded brain appears to have lower spatial resolution in Fig. 5
because it has been interpolated to be displayed as registered to
formalin-fixed brain. Due to shrinkage, a higher spatial resolution may
be desirable for studying samples embedded in paraffin compared to
samples fixed in formalin. This is in contrast to the concept of expansion
microscopy, where a sample is deliberately swollen to increase spatial
resolution (Chen et al., 2015).

Individual cells were near the resolution limit of this study and
therefore cellular shrinkage could not be accurately characterized.
Topperwien and co-workers performed sub-micrometer virtual histol-
ogy of 1 mm diameter punches from the cerebellum of formalin-fixed,
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Fig. 3. Volumetric strain fields from mouse brain embedding. Non-rigid registration allows for extraction of the volume change of each voxel in the dataset. The left
column shows a volume rendering of the brain before and after registration as well as the associated volumetric strain fields on selected sagittal, coronal, and axial
slices (scale bar 3 mm). The highest volume shrinkage was observed towards the outer edges of the brain, e.g. in the cerebral cortex. The region around the ventricles
showed the least shrinkage. Volumetric strain appeared to be related to both distance from the embedding medium and anatomical region. Histograms of the
volumetric strain fields are given in the right column for all embedding steps. A voxel volume strain of zero corresponds to no volume change from formalin.
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Fig. 4. Direct comparison of tissue density and contrast over the course of embedding: 3x -binned datasets in formalin (A), 100% ethanol (B), xylene (C), and
paraffin (D). Corresponding sagittal slices of the registered datasets (A1-D1) indicate regions of interest in the cerebellum (A2-D2), hippocampus (A3-D3), and
caudoputamen (A4-D4). In the cerebellum (A2-D2), the relative densities of white matter and granular layer changed dramatically, see arrow. The hippocampus (A3-
D3) showed similar contrast throughout embedding, though the nearby fiber tracts became more dense in 100% ethanol (arrow, B3). The fiber tracts in the cau-
doputamen (A4-D4) were clearly visible in ethanol (B4) and barely visible in paraffin (D4, arrow). All scale bars are 1 mm and the grayscale range is given by mean
+ 2 standard deviations of the intensities in the full brain mask per embedding.
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Fig. 5. Anatomical details in the aligned
unbinned tomography data with a pixel length
of 3.1um. Regions of interest of a selected
sagittal slice in the formalin dataset showing
the cerebellum (Als), caudoputamen (A2s),
and hippocampus (A3s). Zoom-ins provide
cellular details in formalin (A), 100% ethanol
(B), xylene (C), and paraffin (D). The density
and texture of white matter (WM in Al) (Al-
D1, right side) is greatly altered by embedding,
while the Purkinje cell layer (arrow in Al) is
clearly visible in all embeddings. The caudo-
patum to fiber tract border (top arrow in A2) is
especially visible in ethanol (B2), but individ-
ual cells in the somatomotor layers of the iso-
cortex (bottom arrow in A2) are visible in all
embeddings (A2-D2, upper left). Spatial reso-
lution is approximately equal but appears
poorer in paraffin (e.g. D3) because of the
interpolation required to transform the data
into the coordinates of formalin-fixed brain.
All steps clearly capture cells of the subiculum
in the retrohippocampal region (A3, arrow).
All scale bars are 1 mm and the grayscale
range is given by mean + 2.5 standard de-
viations of the intensities in the full brain mask
per embedding.
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Fig. 6. Enhancement of fiber tract contrast in ethanol solutions. Selected re-
gions of interest showing fiber tracts within virtual sagittal, axial, and coronal
slices are given across the entire embedding process after registration. Relative
density of fiber tracts increased with respect to the surrounding tissue as
ethanol concentration increased. The fiber tract contrast was almost entirely
lost when embedded in paraffin. All scale bars are 1 mm and the grayscale
range is given by mean + 1.5 standard deviations of the intensities in the full
I:rain mask per embedding.

ethanol-immersed, and paraffin-embedded mouse brains (Topperwien
et al., 2019). Segmentation allowed for a statistical comparison of cell
size, indicating that of Purkinje cells had shrinkage of 7% from formalin
to ethanol and 7% from formalin to paraffin embedding, while cells in
the granular layer had shrinkage of 30% from formalin to ethanol and
37% from formalin to paraffin embedding (Topperwien et al., 2019). For
reference, our results showed that for the full brain the mean volumetric
strain from formalin to ethanol was 39% and to paraffin embedding was
56%. Thus, cell shrinkage is small compared to the shrinkage of larger
anatomical regions, likely because tissue shrinkage is dominated by
reduction of extracellular space during dehydration.

Preparation-induced changes in X-ray absorption coefficient of
anatomical structures can enhance or invert contrast within the brain
(see Figs. 4 to 6). We expect that the combination of datasets from
selected embedding steps will provide complementary information and
hence help to improve manual and automatic segmentation procedures
(Stalder et al., 2014). Analysis of tissue density changes can inform the
selection of a sample preparation protocol. We have emphasized the
examples of ethanol solutions to highlight fiber tracts (Fig. 6) and
paraffin embedding for visualizing the layers of the cerebellum
(Fig. 5D1). Compared with formalin, fiber tracts in the caudoputamen
showed 15-fold increase in contrast with surrounding tissue after im-
mersion in 100% ethanol. This suggests that ethanol fixation should be
used in studies of fiber orientation distribution, e.g. for validation of
diffusion MRI (Trinkle et al., 2021; Foxley et al., 2021).

We postulate that the changes in volume and relative absorption
coefficient of the fiber tracts can be explained by considering the dis-
tribution of water in the brain tissue. The space between the lipid bi-
layers that compose the myelin lamellae is filled with bound water,
commonly referred to as myelin water, which can be observed with MRI
systems and has significant clinical importance (Faizy et al., 2020; Birkl
etal., 2021). Water in the surrounding tissue is mainly free water, which
can be easily replaced by ethanol during immersion (Leist et al., 1986).
The composition of myelin lipid bilayers of the central nervous system is
about half cholesterol and one quarter phospholipids (Poitelon et al.,
2020), the former is more soluble in xylene than ethanol and the latter
more soluble in ethanol than xylene. Over the course of ascending
ethanol solutions, free water is replaced by lower-absorbing ethanol,
while bound water remains within myelin lipid multi-bilayer mem-
branes and with higher relative absorption. This may also explain the
increasing contrast between granular and molecular layers of the cere-
bellum, where the former is more cell-rich and thus contains more
bound than free water. During the transition from ethanol to xylene, a
greater amount of myelin lipids are dissolved, likely resulting in a
breakdown of the membranes and release of the myelin water, reducing
the absorption coefficient of fiber tracts relative to the surroundings.
Additionally, electrostatic forces on myelin in ethanol and dissolving of
lipids in xylene may lead to size changes of fibers, which could help to
further explain the observed fiber tract shrinkage and X-ray absorption
changes. Small angle X-ray scattering experiments could provide insight
into related changes of myelin nanostructure (Georgiadis et al., 2020,
2021; Schulz et al., 2020).

5. Conclusions

We non-rigidly registered hard X-ray microtomography datasets of
the same mouse brain from the formalin-fixed to paraffin-embedded
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Fig. 7. Comparison of an axial slice through the paraffin embedded brain (column 1), the volumetric strain field (column 3), and the distance transform (column 4).
Column 2 shows an overlay of the volumetric strain field on the tomography data. The three-dimensional distance transform was calculated from the segmentation of
the paraffin embedded full brain. The grayscale range for column 1 is given by mean + 1.5 standard deviations of the intensities in the full brain mask.

state. Volumetric strain fields revealed local shrinkage that depended on
the anatomical region and the distance to the external surface. Sur-
prisingly, the preparation step can be selected to highlight specific
anatomical features, e.g. fiber tract contrast is amplified by a factor of 15
in 100% ethanol with respect to the formalin-fixed state. The selection of
optimized tissue preparation and quantification of morphology changes
allows virtual histology to complement mouse brain atlases based on
magnetic resonance imaging and serial histology.
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4.1 Abstract

The most common form of epilepsy among adults is mesial temporal lobe epilepsy
(mTLE), with seizures originating in the hippocampus due to abnormal electri-
cal activity. The gold standard for post mortem pathological analysis of mTLE is
histology. Correlation with in vivo magnetic resonance imaging for the identifica-
tion of biomarkers is an ongoing challenge. Unfortunately, conventional histology
does not provide a three-dimensional visualization of the pathology with cellular
resolution. To fill this gap, we propose complementary X-ray virtual histology.
Here, synchrotron radiation-based phase contrast micro computed tomography with
1.6 pm-wide voxels was used for post mortem visualization of kainate injection in-
duced mTLE in a mouse model. We demonstrate that virtual histology of unstained,
unsectioned paraffin-embedded brain hemispheres can identify hippocampal sclero-
sis through loss of pyramidal neurons in the first and third regions of the Cornu
ammonis as well as granule cell dispersion within the dentate gyrus. Segmentation
of the virtual histology data allowed for three-dimensional quantification of mor-
phology and density changes during epileptogenesis. Compared to control mice,
the total dentate gyrus volume doubled and granular layer volume nearly quadru-
pled in mice sacrificed 21 days after kainate injection. Subsequent sectioning of
the same mouse brains allowed for benchmarking of virtual histology with well-
established histochemical and immunofluorescence stains. Thus, virtual histology is
a complementary post mortem neuroimaging tool to unlock the third dimension for
cellular-resolution pathological analysis of mTLE.
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4.2 Introduction

Epilepsy is among the most common neurological disorders with a prevalence of
about 1% worldwide. The most frequent form of human epilepsy is mesial temporal
lobe epilepsy (mTLE) [81], with seizures often originating in the hippocampus as a
result of abnormal electrical activity [82]. mTLE is caused by brain injury, which
can lead to aberrant wiring of neuronal circuits, though it is still unclear in which
cases brain injury produces mTLE and when it will develop [81,83]. mTLE is
commonly associated with hippocampal sclerosis, characterized by glial scarring, the
loss of pyramidal neurons in the first and third regions of the Cornu ammonis (CA1
and CA3), and granule cell dispersion (GCD) within the dentate gyrus (DG) [84)
85]. Unfortunately, mTLE can be resistant to pharmacological treatment, requiring
surgery to remove epileptic lesions [81] that does not prevent seizures in all cases [86].

Neuroimaging plays an important role in diagnosis and understanding of epilepsy.
For example, determining epilepsy biomarkers for in vivo magnetic resonance imag-
ing (MRI) is an active area of research [87], where validation with post mortem
cellular-resolution imaging is critical [88]. Conventional histology with well-established
immunohistochemistry is the gold standard for histopathological investigation of
mTLE. Histology, however, has limited out-of-plane resolution and suffers from arte-
facts during staining and sectioning. As a result, correlation with MRI can involve
complex slice-to-volume registration [89]. Visualizing the three-dimensional arrange-
ment of hippocampal cells is critical for understanding the progression of mTLE;,
see e.g. Refs. 90H92, however MRI is not ideal for this task due to its relatively low
spatial resolution. Therefore, a label- and slicing-free volumetric imaging approach
is highly desirable, where compatibility with both MRI and conventional histology
workflows would allow for correlation and validation.

Hard X-ray micro- and nanotomography are attractive for this role, as X-ray imag-
ing can bypass sectioning or clearing and provide spatial resolution below the lim-
its of optical microscopy [73,/74]. While X-ray absorption of soft tissues is weak,
highly brilliant X-ray sources and phase contrast imaging can reach the requisite
spatial and density resolution for visualization of unstained brain tissue with mi-
crometer [66-68] or even nanometer resolution [74]. X-ray microtomography at an
intermediary step of the standard histopathological preparation has allowed for ex-
tension of conventional histology to the third dimension [71] and provides enhanced
X-ray contrast [72,93,/94]. This emerging field is often referred to as X-ray virtual
histology.

This work evaluates virtual histology with synchrotron radiation-based X-ray micro-
tomography to track the histopathological progression of mTLE in a mouse model.
The kainate (KA) model of mTLE is used, where stereotactic KA injection into
the hippocampus induces a pathogenesis resembling that in humans [95]. Label-free
X-ray virtual histology with 1.6 pm-wide voxels visualized paraffin-embedded brain
hemispheres from mice sacrificed 1, 7, 14, and 21 days after KA injection. Vir-
tual histology could identify the onset of hippocampal sclerosis, namely GCD and
pyramidal neuron loss. The volumetric virtual histology data were benchmarked
with corresponding sections in conventional histology. Finally, segmentation of the
molecular, granular, and polymorph layers of the DG enabled three-dimensional
quantification of electron density and morphology changes during epileptogenesis.
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4.3 Materials and methods
4.3.1 Animals and kainate injection

Fifteen 9-12 weeks-old male C57BL/6N wildtype mice (Charles River, Sulzfeld, Ger-
many) were used for this experiment. The mice were housed at room temperature in
a 12 hour light/dark cycle and were provided with food and water ad libitum. The
animal procedures were in accordance with the guidelines of the European Commu-
nity’s Council Directive of 22 September 2010 (2010/63/EU) and were approved by
the regional council (Regierungsprésidium Freiburg).

The fifteen mice formed five groups of three replicates. On day 0, Group 1 were
injected with saline and Groups 2-5 were injected with kainate. On day 1, Group 2
were sacrificed. On day 7, Groups 1 and 3 were sacrificed. On day 14, Group 4 were
sacrificed. On day 21, Group 5 were sacrificed. The injection procedure is described
in references|92,96,/97. In short, anaesthetized mice were sterotactically injected with
50 nL of either 0.9% saline solution (Group 1) or 20 mM kainate solution (Tocris,
Bristol, UK) in 0.9% saline (Groups 2-4) into the right dorsal hippocampus. One of
the mice from Group 3 died before reaching the sacrifice time point.

4.3.2 Tissue preparation

The mice were anaesthetized and transcardially perfused with 0.9% saline followed
by 4% paraformaldehyde in 0.1 M phosphate buffer for 5 minutes, then sacrificed.
Brains were extracted and post-fixed in 4% paraformaldehyde with 0.1 M phosphate
buffer overnight at 4 °C. After fixation, a scalpel was used to separate the brain
hemispheres and remove the cerebellum and olfactory bulbs. Brain hemispheres
were embedded in paraffin following the standard procedure in histopathology [13]:
the tissue was dehydrated in ascending ethanol solutions, cleared in xylene, and
embedded in liquid paraffin wax (Surgipath Paraplast®, Leica Biosystems, Wetzlar,
Germany) before cooling to form a solid block. The paraffin-embedded samples
were imaged with a nanotom m® (GE Sensing and Inspection Technologies GmbH,
Hirth, Germany) laboratory microtomography system to identify defects such as
cracks, highly absorbing debris, or trapped air. Samples with defects were melted
and re-embedded in paraffin. A tissue punch with inner diameter of 6 mm was used
to extract cylindrical samples containing an entire brain hemisphere and minimal
excess paraffin.

4.3.3 Synchrotron radiation-based microtomography

X-ray microtomography of the mouse brain hemispheres was performed at the ID19
Beamline of the European Synchrotron Radiation Facility (Grenoble, France). Here,
a “pink beam” |98] with mean photon energy of 19keV was used. A detector based
on a 100 pm-thick Ce:LuAG scintillator coupled via a 4x magnifying objective to
a scientific CMOS camera (pco.edge 5.5, 2560 x 2160 pixel array, 6.5 pm physical
pixel size) was used to achieve an effective pixel size of 1.6251um. The resulting
detector field-of-view was 4.16 mm x 3.51 mm. A propagation distance of 280 mm
was selected to allow for propagation-based phase contrast. Each brain was scanned
with 4000 projections around 360° with an exposure time of 100 ms per projection.
Three or four height steps were acquired to cover the entire brain hemispheres.
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Prior to reconstruction, projections were phase retrieved using Paganin’s filter [64]
with §/8 = 1500. Ring artefacts were reduced using the method described in [99].
Tomographic reconstruction was performed in MATLAB (release 2016a, The Math-
Works, Inc., Natick, USA) using a filtered backprojection algorithm with the stan-
dard Ram-Lak filter [32]. Overlap between height steps was determined using the
open source registration toolbox elastix (version 4.9) [100,|{101]. A translation
transform was used with normalized correlation coefficient as a similarity metric.
Height steps were combined with linear blending within the overlapping regions.

4.3.4 Immunohistochemistry and histology

Subsequent to tomographic imaging, 50 pm thick coronal sections of the paraffin-
embedded brain hemispheres were produced on a vibratome (VT1000S, Leica, Ben-
sheim, Germany). Sections were alternatingly stained with Hematoxylin and eosin
(H&E), Nissl, NeuN-Ibal, and GFAP. For immunofluorescence staining, sections
were treated with 0.25% TritonX-100 in 1% bovine serum albumin for 1 hour, then
incubated 4°C for 24 hours with Guinea pig anti-NeuN (1:500, Synaptic Systems,
Gottingen, Germany ), rabbit anti-Iba-1 (1:1000, Wako Chemicals, Neuss, Germany),
or rabbit anti-GFAP (1:500, Dako, Hamburg, Germany). For detection, Cy2-, Cy3-
or Cyb-conjugated secondary donkey anti-guinea pig or goat anti-rabbit antibodies
(1:200, Jackson ImmunoResearch Laboratories Inc., West Grove, USA) were applied
for 3 hours at room temperature followed by rinsing in 0.1 M PB for 6 x 15 min-
utes. Sections were then counterstained with DAPT (4’,6-diamidino-2-phenylindole;
1:10000, Roche Diagnostics GmbH, Mannheim, Germany). The free-floating sec-
tions were mounted on glass slides and cover-slipped with ProLong Gold (Molecular
Probes, Invitrogen, Carlsbad, USA).

Histological slides were scanned using an Axiolmager2 microscope (Zeiss, Gottingen,
Germany). A 10x objective (Plan-APOCHROMAT, Zeiss, Gottingen, Germany)
and digital camera (MR605, Zeiss, Gottingen, Germany) were used to acquire com-
posites immunofluorescent-stained sections. The composites were processed with
the Zen (Zeiss, Gottingen, Germany) software package.

Several histology slices suffered from artefacts including thickness variations, folds,
tears, and cracks. The most artefact-free sections were selected for comparison with
virtual histology.

4.3.5 Segmentation and rendering of the volumetric data

The tomography data were manually registered with a rigid transform to the refer-
ence coordinate system of the Allen Mouse Brain Atlas [102] using the open-source
tools ITK-SNAP (version 3.8.0) [103] and transformix (version 4.9) [100,/101].

The molecular, granular, and polymorph layers of the DG were semi-automatically
segmented from the tomography data. Manual segmentations were guided by the
Allen Mouse Brain Atlas [102]. Segmentation was performed in Amira 6.2.0 (Thermo
Fisher Scientific Inc., Waltham, USA). The 4 x 4 x 4 binned tomography data were
used. The blow tool (tolerance 15, gauss width 3) was used to manually segment
every 10" virtual coronal slice. Three-dimensional segmentations were created using
the wrap tool on the stack of two-dimensional segmentations. Volume renderings
were made in VGStudio MAX 2.1 (Volume Graphics, Heidelberg, Germany) and
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Amira 6.2.0 (Thermo Fisher Scientific Inc., Waltham, USA) for Figures and
4.6| respectively.

4.4 Results

4.4.1 Visualizing pathological changes associated with epilepsy

The volumetric datasets from X-ray virtual histology allowed for navigation of the
mouse brain’s microanatomy in three dimensions. Virtual sectioning identified the
site of saline or KA injection as well as the relevant features of the hippocampal
formation, namely the Cornu ammonis and DG, see Figure 4.1l For a detailed com-
parison of the healthy and epileptic brains, all measured hemispheres were coarsely
aligned with the coordinate system of the Allen Mouse Brain Reference Atlas [102].

Virtual coronal slices through the KA-injected brains revealed pathological changes
associated with the progression of mTLE, see Figure [1.2] Despite the label-free
approach, hippocampal sclerosis was observed by GCD as well as a loss of neurons
in the pyramidal layers of the CA1 and CA3 regions. The extent of hippocampal
sclerosis increased with time from injection to sacrifice. In contralateral hemispheres,
the pyramidal layers of the CA1 and CA3 regions were identifiable by a continuous
cell layer of increased density. The loss of pyramidal neurons in these regions was
characterized by an initial increase in density of individual cells (see 1 day post
injection), followed by a widening of pyramidal layer and a decrease in density and
a loss of the layers’ contrast relative to the surrounding strata. Pyramidal neuron
loss in the CA1 field was identified 7 days after KA injection, while neuron loss in
the CA3 field was first observed 14 days after KA injection. The GCL appeared as

Figure 4.1: Virtual histology of a saline-injected mouse brain hemisphere. Volume renderings show
the right hemisphere (top left) of a mouse from group 1 sacrificed seven days after
saline injection. Virtual sectioning of the brain allows for identification of the injection
site in the right dorsal hippocampus (bottom left). The pyramidal layers of the first
and third fields of the Cornu ammonis (CAl and CA3) as well as the layers of the
dentate gyrus (DG) are visible in the zoom-in (right).
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Figure 4.2: Virtual histology reveals pathological changes in mTLE. Indications of hippocampal
sclerosis are observed with increasing time from KA injection (top to bottom) in virtual
coronal slices. The loss of neurons in the pyramidal layer of the CAl region (arrow:
intact, star: neuronal loss) is observed 7 days after KA injection. Neuronal loss in the
CA3 field is observed 14 days post-injection. Granular cell dispersion, characterized by
an increased thickness of the granular cell layer (GCL, dashed line), is more prominent
14 and 21 days post injection. Hippocampal sclerosis is not observed in the contralateral
brain hemispheres.

a cell-rich band of relatively high density. GCD was identified through an increasing
thickness and decreasing mean density of the GCL. The increase in GCL thickness
was observable in mice sacrificed 7 days after injection. Degree of GCD, i.e. thickness
of GCL, increased with time from injection. It should be noted that compared with
other time points, an increased contrast between the polymorph and molecular layers
of the DG was observed for both hemispheres of the mice sacrificed 1 day after KA

injection (Figure top row).
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Figure 4.3: Comparing KA and saline injection. Virtual coronal slices through contralateral and
ipsilateral hemispheres of a mouse sacrificed 7 days KA injection (left and center,
respectively) are compared with the ipsilateral hemisphere of a mouse sacrificed 7 days
after saline injection (right). Hippocampal sclerosis is not found in the contralateral
or saline injected ipsilateral virtual slices, however signs of pyramidal neuron loss in
the CA1 region as well as early signs of granular cell dispersion are observed for the
ipsilateral hemisphere of the KA injected mouse.

Control mice sacrificed 7 days after saline injection were also imaged, see Figure [4.3]
No pathology was identified in the control mice, with the ipsilateral hemisphere of
the saline-injected mouse resembled the contralateral hemisphere of the KA-injected
mice. For example, CA1 and CA3 regions remained intact and no signs of GCD were
detected, cf. the 7 day post-KA-injection mouse in Figure 4.3 The injection site
was identified in the three-dimensional datasets, see Figure There, increased
tissue density was observed but no further pathological signs were identified.

4.4.2 Comparing virtual histology with histology and immunohistochemistry

This work represents the first observation of mTLE pathology with X-ray virtual
histology, therefore validation with gold standard conventional histology is essential.
Immunofluorescent staining subsequent to virtual histology allowed for confirmation
of hippocampal sclerosis, see Figure [£.4l NeuN-Ibal double immunostained sections
confirmed pyramidal neuron loss in the Cornu ammonis through diminished green
NeuN signal and microglia proliferation through increasing red Ibal signal. Note
that the specificity of the immunostaining allowed for identification of pyramidal
neuron loss in the CA3 at 7 days post injection, while the label-free virtual histology
is more ambiguous, see Figure [£.4] middle. GCD was confirmed through increasing
thickness and decreasing green NeuN signal of the GCL. The density of the GCL in
the virtual histology was observed to correlate well with the intensity of the NeuN
signal.

The electron-density-based contrast of label-free virtual histology was benchmarked
with common histological and immunofluorescent stains. Figure compares Vir-
tual histology of a KA-injected mouse 14 days post injection with photomicrographs
of the same brain hemisphere after subsequent sectioning and staining with Hema-
toxylin and eosin (H&E), Nissl, NeuN-Ibal-DAPI, or GFAP-DAPI. For the his-
tochemical stains, hematoxylin (purple/blue) stains cell nuclei, eosin (pink) stains
extracellular matrix and cytoplasm, and Nissl (purple) stains cell bodies. For the
immunofluorescent stains, NeuN (green) labels neurons, Ibal (red) labels microglia,
GFAP (green) labels astrocytes, and DAPI (blue) labels DNA. The density-related
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Figure 4.4: Comparison of histopathological findings with histology and immunohistochemistry.
Virtual slices through the microtomography data (top row) and photomicrographs of
subsequent NeuN-Ibal-DAPI (green-red-blue) immunostained sections (bottom row)
from a similar position within the same mouse brains are shown. The fluorescent-
labelled sections confirm neuronal loss (diminished green NeuN signal) and indicate
microglia proliferation (increased red Ibal signal) in the CA1 region. GCD is confirmed
based on increased thickness and reduced fluorescence signal (diminished green NeuN
signal) of the granule cell layer (GCL, dashed lines). The grayscale for the virtual
histology images corresponds to [15¢, 99*%] percentile.

contrast of virtual histology shows correlation with some of the stains. For exam-
ple, the virtual histology with inverted look-up table resembles the Nissl staining.
The increased intensity of GCL and CA3 layers within the virtual histology also
correlates with NeuN intensity. As histological sections had a thickness of 50 um,
an average of 30 slices from the 1.625 pm-wide voxel virtual histology data is also
given. This increases the contrast-to-noise ratio of the virtual histology and makes
the appearance more comparable with histology. It should also be noted that strain
during sectioning and preparation of histological slides introduces artefacts, for ex-
ample a gap opens between between the granular and polymorph layers of the DG
as well as between the DG and thalamus.

4.4.3 Volume and density changes associated with the progression of mTLE

X-ray microtomography generates inherently three-dimensional datasets, providing
a unique opportunity to study morphology changes associated with mTLE. Though
the anatomy is identifiable in the virtual histology, fully automatic segmentation
of the hippocampal formation based on the density-related contrast is challenging.
Two-dimensional manual segmentation can be performed relatively fast, requiring
about 1 minute per virtual slice. The isotropic, high-resolution nature of virtual
histology presents a challenge, as segmenting ~ 2000 of the 1.625 pm-thick virtual
sections per brain hemisphere is prohibitively time-consuming. We used an approach
based on three-dimensional interpolation of equally-spaced manually-segmented two-
dimensional virtual coronal sections, see Figure [1.6] Here, 4 x 4 x 4 binned datasets
were used, as identification of individual cells was not needed and binning-related
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Figure 4.5: Benchmarking label-free virtual histology with histological and immunofluorescent
staining. Following X-ray imaging, brain hemispheres were sectioned and sequentially
stained with Hematoxylin and eosin (H&E), Nissl, NeuN-Ibal-DAPI (green-red-blue),
and GFAP-DAPI (green-blue). Photomicrographs of stained sections are compared
with virtual coronal sections in a similar position from the virtual histology volume
from a mouse sacrificed 14 days after KA injection. The z—average of a 50 pm-thick
virtual section (30 x 1.625 pm slices) and intensity-inverted images are also given for
the microtomography dataset. Note that histological sections were 50 pm thick.

contrast gains [104,|105] further accelerated manual segmentation.

For evaluation purposes, every 20" virtual sagittal slice from the right hemisphere
of a mouse sacrificed 7 days after saline injection was also manually segmented.
This resulted in 20 two-dimensional sagittal segmentations. We assessed the re-
quired interval of two-dimensional segmentations by determining the accuracy after
interpolation (i.e. wrapping) of two-dimensional segmentation stacks with differ-
ent spacings. The accuracy was measured by the Dice similarity coefficient (DSC)
between the gold standard sagittal segmentations and interpolated coronal segmen-
tations. We tested performance when interpolating every 5%, 10" 20", or 40
coronal slice. These corresponded to spacing of 8, 16, 32, and 64 pm respectively.
The distribution of DSCs are shown in Figure [4.7] as box plots with mean values
added as circles. DSC was assessed individually on the three regions of the seg-
mentation, namely the polymorph, granular, and molecular layers of the DG. The
accuracy of three-dimensional interpolation decreased with increasing coronal slice
interval. However, the drop-off in segmentation quality between intervals of 5 and
10 slices was minor. Every 20*" slice segmentation showed somewhat reduced qual-
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Figure 4.6: Segmentation of the dentate gyrus (DG) from the volumetric virtual histology data.
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Images illustrate segmentation of the right hemisphere of a mouse sacrificed 7 days
after saline injection. (left) For every N'*! virtual coronal slice (N = 10 shown), the
molecular (green), granular (red), and polymorph layers (blue) of the DG were manually
segmented. Three orthogonal slices and a volume rendering of the segmentations are
shown. (right) The stack of slice-wise annotations were automatically wrapped to
form a three-dimensional segmentation. Virtual slices are displayed with grayscale
corresponding to [0.25, 99.75] percentiles of the values in the DG.
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Figure 4.7: Validation of the dentate gyrus segmentation approach. Every 5 virtual coronal slice

was segmented from a mouse sacrificed 7 days after saline injection. Three-dimensional
segmentations were created by interpolation of two-dimensional segmentations of every
5t 10", 20t and 40" coronal slice, which correspond to a spacing of 8, 16, 32, and
64 nm, respectively. Accuracy was assessed on independent two-dimensional segmen-
tations of every 20" sagittal slice (20 total). Box plots show the distribution of Dice
similarity coefficients for the sagittal slices with mean values added as circles.

ity, particularly in the granular layer. Therefore, an interval of every 10" slice
was selected for segmentation of all datasets. For the 7 days post-saline-injection
dataset used for validation, this provided median DSC of 0.82, 0.87, and 0.93 for
the polymorph, granular, and molecular layers, respectively.
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Figure 4.8: Volume changes within dentate gyrus (DG) after KA injection. Volumes of the seg-
mented polymorph, granular, and molecular layers as well as the full DG are plotted
for the mice 1, 7, 14, and 21 days after KA injection (left to right). For reference, the
volumes for the 7 days post-saline-injection mouse are also shown (yellow dashed line).
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Figure 4.9: Density changes within the dentate gyrus (DG) after KA injection. Mean (left) and
standard deviation (right) of the gray values within the segmented polymorph, granular,
and molecular layers as well as the full DG are plotted for the mice 1, 7, 14, and 21
days after KA injection. For reference, the values for the 7 days post-saline-injection
mouse are also shown (first point).

Volume changes within the three layers of the DG after KA injection were assessed
based on the semi-automatic three-dimensional segmentations. Figure[4.8/shows the
volume of the polymorph, granular, and molecular layers of the DG as well as the
total of all three. Note that in accordance with Janz et al. , positions from z = 0
to 1820 pm along the rostro-caudal hippocampal axis were considered for volume
calculations. This represents the extent of the region where GCD was observed
after KA injection and was consistent in all datasets. All three regions showed
increased volumes with increased time from injection to sacrifice. As expected from
the observed GCD (see Figure , the volume of the granular layer substantially
increased as mTLE progressed. The volume of the granular layer in the 21 days post-
KA-injection mice was larger than the 1 day post-KA-injection mice (7 days post-
saline-injection) by a factor of 3.6 (3.9). Additionally, the volumes of the polymorph
and molecular layers increased. The result was a near doubling of volume of the
entire DG for the 21 days post-KA-injection mice compared to both the 1 day post-
KA-injection mouse and the 7 day post-saline-injection mouse.

The density within the three segmented regions of the DG were also assessed by
the image intensity values as surrogate measures. Note that all measurements were
taken with the same system and measurement parameters, i.e. same photon statis-
tics. Figure [4.9 plots mean and standard deviation of the gray values found in the
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polymorph, granular, and molecular layers of the DG. Mean intensity within the
granular layer decreased with time from injection of KA to sacrifice. This is consis-
tent with GCD and correlates with decreased intensity of NeulN fluorescent signal
observed in the GCL, cf. Figure 4.4, Generally, KA injected mice showed increased
standard deviation of intensity values for all three layers of the DG. The increased
standard deviation is in accordance with visual observations of increased contrast
between cells and surrounding media with progression of mTLE.

4.5 Discussion

This study presents virtual histology for investigation of mTLE. Here, post mortem
label-free volumetric imaging with isotropic (1.6 pm)? voxels was based on phase
contrast synchrotron radiation-based microtomography. A total of 14 mice brains
were imaged, including 3 controls sacrificed 7 days after saline injection as well as 3,
2, 3, and 3 mice sacrificed 1, 7, 14, and 21 days after KA injection, respectively. Vir-
tual histology identified pathological developments during epileptogenesis including
hippocampal sclerosis. Virtual histology was compatible with subsequent conven-
tional histology with a variety of histochemical and immunofluorescent stains. This
allowed for comparison of virtual histology findings with well-established techniques.
Virtual histology is also an inherently three-dimensional imaging modality, allowing
for complete quantification of morphological changes in the DG as a result of mTLE.
In this pilot study, segmentation was limited to one mouse per group. Given the
promising results, all mice will be analyzed in future work.

Slice-to-volume registration, which is the process of finding the spatial correspon-
dence between two-dimensional histological sections and volumetric imaging data,
is a challenging task due to the large search space, small amount of two-dimensional
data, multi-modality, and topology changes (e.g. cracks) [89]. Here, histology to vir-
tual histology matching may prove simpler than histology to MRI matching, thanks
to the comparable resolution and more similar appearance between label-free vir-
tual histology and common stains, cf. Figure [£.5] In this study, correspondence was
only approximately found with manual rotation and translation of the virtual his-
tology datasets. Even after alignment of virtual histology with the atlas coordinate
frame, several rotations were necessary for correspondence with coronally sectioned
histology slices. The development of automatic or semi-automatic slice-to-volume
registration is therefore desirable.

The present study employed single-distance propagation-based phase contrast based
on Paganin’s filter [64]. The resulting contrast is related to the electron density
through the real part of the index of refraction, as opposed to highly specific histo-
chemical or immunofluorescent stains that target proteins. Nevertheless, the electron
density-based contrast identified pathological changes such as hippocampal sclerosis,
see Figure [4.2] This is likely because the electron density correlates with presence
of cells, which is supported by the comparison of the virtual histology with common
stains, see Figure [4.5l For example, the decrease in mean intensity of the GCL,
see Figure [4.9] can serve as an indication of GCD, analogous to decrease in fluo-
rescence signal of NeulN. Still, unstained virtual histology alone was insufficient to
identify astrocytes (labeled with GFAP) or differentiate between neurons (NeuN)
and microglia (Ibal). While development of X-ray contrast agents may help these
shortcomings, label-free imaging of paraffin-embedded tissue offers consistent and
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easily repeatable results. This is an advantage over sectioning and staining, where
variations in section thickness or stain intensity lead to challenges for automated
analysis [14,/15]. As shown in this study, more specific conventional histology can
be added subsequent to virtual histology for confirmation with a wide range of
well-established stains.

Morphological analysis with sparse and artefact-prone two-dimensional histology
slices only allows for approximations of volumes and surface areas of cell layers.
These approximations can be refined with virtual histology, cf. Figure[4.8/and Figure
1(c) of Reference 88. Additionally, measured areas in histological sections, e.g. GCL
area for quantification of GCD, depend on the angle of sectioning. Volume measure-
ments may therefore prove more robust, though a detailed comparison is needed with
precise correspondence of histological slice and virtual histology volume as well as a
quantification of segmentation errors for both modalities. The three-dimensional na-
ture of virtual histology should also allow for the introduction of novel morphological
metrics for the quantification of mTLE.

In this study, we quantified the volume of the three layers of the DG based on
segmentation. This segmentation was time-consuming, though it was accelerated
by interpolation of segmentations of only every 10" virtual slice, see Figures
and [4.7] Standard automated approaches to segment unstained virtual histology
data are suboptimal because of the lack of specificity. Anatomical borders are often
based on connectivity or type of cells in a given region, which are unaccessible in
the present virtual histology data. Improving contrast and spatial resolution will
simplify segmentation, whether manual or automatic. For example, anatomical re-
gions could be differentiated by microanatomical composition if cells, vessels, fibers,
etc. can be resolved [106-108]. Atlas-based segmentation provides an alternative
approach, where a segmentation problem is traded for a registration problem, with
the potential advantage of transferring anatomical knowledge captured in the atlas
to the image. Still, this may prove more difficult for the diseased states because
atlases generally only provide labels for the healthy state. Morphology and den-
sity changes associated with mTLE pathology, see Figures and respectively,
make registration of diseased to healthy states challenging.

A drawback of the present synchrotron radiation-based approach is the lack of acces-
sibility. Laboratory-based microtomography may bridge this gap, with impressive
results using conventional absorption contrast [71] and more recently phase con-
trast [67,/68]. As more of these systems enter the market [77], virtual histology can
be integrated into the existing workflow of histopathology.

4.6 Conclusion

We have presented a post mortem virtual histology study of KA-induced mTLE in
a mouse model. Label-free microtomography identified pathological changes asso-
ciated with mTLE, namely pyramidal neuron loss in the CA1 and CA3 regions as
well as GCD. Segmentation of the three-dimensional data allowed for quantification
of volume and density changes within the DG during epileptogenesis. The findings
were compared with conventional histology for confirmation of pathological obser-
vations and benchmarking of the electron-density based contrast with well-known
histochemical and immunofluorescence stains. Thus, virtual histology can com-
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plement conventional histology by providing three-dimensional, cellular-resolution
histopathological analysis for the investigation of mTLE.
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5 Microtomography of the entire mouse
brain with sub-micrometer voxels

This chapter presents developments in mosaic-style microtomography acquisition
and reconstruction for the visualization of entire organs with cellular resolution.
The reconstruction pipeline introduced here has been applied for imaging paraffin-
embedded nerve bundles [77], human teeth from Natural History Museum of Basel
[78], and mouse brains [79]. This chapter focuses on the mouse brain, demonstrating
the successful reconstruction of the entire mouse brain with (0.65 pm)? voxels.

5.1 Introduction

Neuroimaging is critical for decoding the brain’s structure-function relationship [1].
However, even for smaller mammals such as mice, comprehensive brain mapping
requires imaging over multiple orders of magnitude. For example, the width of the
entire mouse brain is on the order of 10 mm, the size of cells is typically on the
order of pm, synaptic connections can be thinner than 100 nm, and morphological
changes on the order of a few nm can effect brain circuit function [1]. Therefore,
a combination of imaging techniques are used to visualize the three-dimensional
cytoarchitecture the brain. Among these, virtual histology based on X-ray micro-
tomography holds promise as a post mortem modality that can provide volumetric
brain imaging with isotropic pm resolution [65-68,71]. However, current results
mostly explore brain volumes on the order of tens of mm?, while the volume of even
the mouse brain is around 450 mm?® [109]. Thus, the extension of microtomography
for full-brain mapping has generated considerable interest in recent years [110-114].

While hard X-ray penetration of soft tissues theoretically allows for microtomog-
raphy of entire centimeter-sized brains, the field-of-view (FOV) is typically limited
by detector array size. Standard detector arrays consist of a few thousand pixels in
each direction, e.g. the Hamamatsu Orca Flash 4.0 V2 employed at the ANATOMIX
Beamline of Synchrotron SOLEIL [115] consists of a 2048 x 2048 array of 6.5 pm-wide
pixels. Using 10x magnification and a single detector FOV, 0.65 pm pixel size and
about 2 pm resolution can be achieved but with FOV of only 1.3 x 1.3 x 1.3 mm?.
Such a local tomography scan already holds rich microanatomical information, see
Figure[5.1] Still, the volume of the mouse brain is about 200 larger than the imaged
volume, therefore the FOV must be significantly extended for brain mapping.

Translation of the sample along the axis of rotation allows for extension of FOV wia
helical scans or, more commonly, stitching reconstructions from several height steps.
Extending the FOV orthogonal to the rotation axis can be accomplished by either
stitching reconstructions of local tomography scans [116,/117] or building mosaic pro-
jections with a common center-of-rotation (COR) prior to reconstruction [1104118].
The former allows for standard reconstruction provided by the beamline, though
corrections are needed for well-known local tomography artefacts from truncated
sinograms [119-121] and dedicated software for non-rigid stitching is required if the
sample is deformed during acquisition [117]. The latter is considered to be more
dose- and time-efficient [111], though it requires a dedicated pipeline for mosaic
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stitching of projections and reconstruction of large datasets [110,[113,[118].

This chapter presents the development of a custom reconstruction pipeline for mosaic-
style tomographic reconstruction of entire organs with cellular resolution. Here,
we discuss acquisition, data treatment, and implementation of this reconstruction
pipeline. Finally, we demonstrate the reconstruction of the entire mouse brain with
0.65 pm-wide voxels.

Figure 5.1: Volume rendering of a local tomography scan with 0.65 pm-wide voxels within the
cerebellum of a formalin-fixed mouse brain. The Purkinje cell layer (gray, cells are
about 10 pm in width) as well as the vasculature (red) are clearly visible. The rendering
represents a cropped field-of-view of approximately 1mm3, while the volume of the
entire mouse brain is around 450 mm?®. Measurements performed at the ANATOMIX
Beamline of Synchrotron SOLEIL (Gif-sur-Yvette, France). The volume rendering
was made with Amira 6.2.0 (Thermo Fisher Scientific Inc., Waltham, USA).

5.2 Materials and methods

5.2.1 Animals and tissue preparation

The brain of a one-year-old female C57BL/6JRj mouse (Janvier Labs, Le Genest-
Saint-Isle, France) was extracted and transcardially perfused with 4% formaldehyde
/ phosphate buffered saline after sacrifice, then immersed in 4% formaldehyde /
phosphate buffered saline. The mouse brain collected for this study was excess from
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an experiment approved by the veterinary office of the Canton of Zurich (license
number ZH067/17). For ethanol dehydration, the brain was immersed for two hours
in 20mL of each of 50%, 70%, 80%, 90%, and 100% ethanol (Carl Roth GmbH,
Karlsruhe, Germany).

5.2.2 Extended-field microtomography acquisition

Imaging was performed on the ANATOMIX beamline at Synchrotron SOLEIL (Gif-
sur-Yvette, France) [115]. A filtered white beam with effective mean photon energy
of around 27keV was used by setting the undulator gap to 5.5mm and inserting
20pm Au and 100 pm Cu filters into the beam path. The detector consisted of a
20 pm-thick LuAG scintillator coupled to a scientific CMOS camera (Hamamatsu
Orca Flash 4.0 V2, 2048 x 2048 pixels, 6.5 um physical pixel size) via a lens system
made of two photo objectives in tandem geometry resulting in a magnification factor
of 10 and an effective pixel size of 0.651um [122]. The detector was placed 50 mm
downstream of the sample for single-distance phase retrieval. This distance was
selected based on z. = (2A)%/\ with pixel size A and wavelength A to ensure that
blurring from propagation-based phase contrast does not exceed two pixels [123].
The exposure time was set to 100ms to fill half of the detector’s dynamic range,
which reduces severity of ring artefacts.

To cover the full width of the mouse brain, the detector’s FOV had to be linearly
extended by a factor of 8, which corresponds to a 64x larger reconstructed area.
This was achieved with the acquisition of 4 rings, each consisting of a 360° scan with
offset COR, see Figure [5.2l The COR was offset by 0.6, 1.8, 3.0, and 4.2mm for
rings 1, 2, 3, and 4, respectively. Note that in this convention, 0 mm corresponds
to the COR at the center of the detector FOV. Each ring scan consisted of 9000
projections. The acquisition of each ring took around 15 minutes, as a fly scan mode
was used.

A total of 8 height steps were needed to cover the mouse brain from cerebellum to
olfactory bulbs. Height steps were acquired with offset of 1.2 mm, corresponding to
an overlap of about 200 pixels. The total scan time was slightly over 8 hours. Note
that precise stage alignment is critical, as a reconstructed slice is 0.65 pm thick x
10 mm wide.

5.2.3 Reconstruction of mosaic-style tomography data

The reconstruction pipeline has four main steps: (i) finding the COR and ring over-
lap positions; (ii) projection blending, ring artefact correction, and filtering for phase
retrieval and /or noise reduction; (iii) tomographic reconstruction; and (iv) blending
of height steps. These steps are laid out in greater detail in the following sections.
The pipeline is built around a parameter file that contains information on the sam-
ple name, filtering, ring correction, output grayscale, and cropping options. This
parameter file is accompanied by a table containing file paths to the raw data of the
component ring scans. Each step of the pipeline is launched with only the parameter
file as an input and is designed to run as batch jobs on either standard workstations
or scientific computing infrastructure, e.g. with sciCORE at the University of Basel.
Note that this reconstruction pipeline is not the one in use at ANATOMIX, which
provides options for standard and off-axis reconstructions.
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Figure 5.2: Lateral extension of the detector field-of-view (FOV) for microtomography. Standard
tomographic acquisition involves 180° scans with the detector positioned such that the
center-of-rotation (COR) of the object is projected onto the center of the detector
FOV (top). The FOV is typically doubled by setting the detector position such that
the COR to lies edge of the detector, often referred to as off-axis acquisition (middle).
Acquiring subsequent “rings” with a common COR to create mosaic projections allows
further extension of the FOV (bottom). For the measurements discussed in this chapter,
FOV was increased by a factor of 8 linearly, corresponding to a factor of 64 in the
reconstruction domain.

Center-of-rotation and overlap positions

The COR was found by maximizing cross-correlation in overlapping regions of pro-
jection pairs from the inner ring with rotation angles 180° apart. The mouse brain
sample had relatively low contrast in projections, therefore 10 flat-field corrected pro-
jection pairs were used to increase robustness. Peaks in the cross-correlation curves
were automatically identified and their prominence determined with the Matlab
function findpeaks. The COR was selected from the prominence-weighted average
positions of these peaks. Overlap positions between rings were also found by max-
imizing cross-correlation in overlapping regions of adjacent acquisitions. Again,
prominence-weighted average peak positions from 10 flat-field corrected projection
pairs were used to increase robustness. While the Eppendorf container holding the
mouse brain was cylindrical, image content should be automatically detected when
selecting projection pairs in the case of non-cylindrical samples where projections at
certain rotation angles may have no sample in the FOV. The recorded motor posi-
tion of the translation stage was used as an initial estimate to limit the search range
for both COR and overlap positions between rings. The output of this step of the
pipeline is a list of overlap positions that can be used to build mosaic projections.

Projection blending, ring artefact correction, and filtering of radiographic projections

The next step generates large FOV mosaic projections. Single FOV projections
were flat-field corrected and phase retrieved with Paganin’s filter [64]. Projections
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Figure 5.3: Ring correction employed for reconstruction of the mouse brain dataset. Here, recon-
structions within the cerebellum after Paganin filtering with §/8 = 128 are used for
illustration. Ring artefacts were present in the reconstructions if no correction was
applied (top). To reduce ring artefacts, the mean image of all flat-field corrected pro-
jections, offset by the mean value of that mean projection, was subtracted from each
projection. This approach effectively removed ring artefacts (bottom). It is effective
for homogenous samples, where weakly absorbing or phase shifting sample features
“smear out” and only stationary structures responsible for rings remain in the mean
projection.

were then combined with linear blending, i.e. Iyena = ol + (1 — a)l;; with a €
[0, 1] linearly increasing through the overlap region, to create 8x extended mosaic
projections around 180° of rotation.

Ring artefacts were severe if no additional correction was applied, see Figure [5.3|
The correction used for the mouse brain dataset was based on the mean of flat-
field corrected projections over all rotation angles. This mean projection contained
spot-like features that were the result of inhomogeneities that remained in fixed
positions on the detector during acquisition. These inhomogeneities were the source
of ring artefacts because they could not be fully removed by flat-field correction due
to e.g. detector non-linearity. The mean projection was simply subtracted from all
projections prior to reconstruction to remove ring artefacts. As the projections of
the mouse brain dataset had relatively low contrast, sample features “smeared out”
and were minimally effected by this subtraction. The mean projection subtraction
introduced an offset that was added back as a scalar value corresponding to the
mean of all pixels in the mean projection. Reconstructions of uncorrected and ring-
artefact-corrected projections are compared in Figure [5.3]

The selection of both ring correction approach and filtering parameters before re-
construction of teravoxel-sized datasets are critical. Relatively fast previews were
achieved by processing projections covering the full sample width but cropped in
height to a stripe of e.g. 32 pixels. For the mouse brain, this was used to select
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Figure 5.4: Selection of 6/ ratio for single distance phase retrieval. Cropped projections covering
the cerebellum were ring corrected and phase retrieved with increasing §/5 (left to
right) prior to reconstruction. The 4 x 4 binned full slice (top) as well as magnified
views of unbinned regions-of-interest are shown (middle, bottom). Note that cupping
and projection blending artefacts, indicated in the far right column with orange arrows,
become more prominent at higher §/3. All images were converted from [15¢, 99th]
percentiles to gray values in the range of [0, 255].

from a series of 0/ ratios for phase retrieval, see Figure While the original
intention of Paganin’s phase retrieval was for selection of §/5 based on a priori
knowledge, this parameter is perhaps more often utilized to improve image quality
or appearance of structures of interest . This is thanks to the noise reduction
properties of the filter, which comes at the expense of spatial resolution due to the
Lorentzian shape of the Paganin filter in Fourier space . In this experiment, a
priori sample composition was not precisely known and model assumptions such as
homogenous sample and monochromatic incident wave were not held. Thus, only
semi-quantitative reconstructed values could be expected and an image processing
view of the Paganin filter was considered, where /3 was selected to improve image
quality with minimal loss of spatial resolution. Increasing d// resulted in improved
contrast-to-noise, with all tested values providing sufficient spatial resolution to vi-
sualize individual cells, e.g. within the granular and molecular layers (Figure
bottom row, left and right side of the images, respectively). With large 6/, projec-
tion blending and cupping artefacts became more prominent (orange arrows).

The flat-field corrected, filtered, and blended projections as well as the mean of
all projections were written to image files to be accessed for reconstruction. Each
height step consisted of 4495 projections 14982 x 2048 in size, resulting in a data
size of 4495 x 117 MB = 526 GB at 32-bit precision. The projections were saved as
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TIFFs with tiling such that 14982 x 32 strips could be quickly read for block-wise
reconstruction.

Software  Algorithm Time to reconstruct [s]
local off-axis 2 rings 3 rings 4 rings
2048 x 2048 4096 x 4096 8192 x 8192 12288 x 12288 16384 x 16384
Matlab tradon 3.7 30.0 238.6 833.8 1953.5
tomopy gridrec 0.4 1.7 7.4 23.5 32.3
Speed-up factor 9.3 17.6 32.2 35.5 60.5

Table 5.1: Comparison of reconstruction speed with Matlab’s iradon (release R2020a), which is
an implementation of a filtered backprojection, and tomopy’s gridrec (version 1.4.2).
The speed-up factor represents the ratio of the former over the latter. The selected
sizes represent acquisitions with increasing number of rings, ignoring overlap. A single
sinogram was used with the number of projections equal to the grid width divided
by 1.5, which is commonly used to avoid aliasing [32]. Sinograms were generated by
replicating or cropping the mouse brain dataset and were composed of 32 bit floating
point numbers. Tabulated values are the mean of five reconstructions of the same
sinogram. Note that only the reconstruction was timed and file read/write were not
considered. Reconstructions were performed on a workstation with an Intel® Xeon® 16
core CPU (E5-2637 v2, 3.50GHz) and 144 GB memory.

Tomographic reconstruction

Reconstruction was performed on blocks of 32 sinograms to avoid excessive mem-
ory consumption. While the first and second steps of the pipeline were written
in Matlab (release R2020a, The MathWorks, Inc., Natick, USA), reconstruction
based on Matlab’s built-in filtered backprojection algorithm (iradon.m) was limited
for practical usage due to long reconstruction times. As a result, the open-source
Python library tomopy (version 1.4.2) [124] was selected for its implementation of the
gridrec reconstruction algorithm |125]. A comparison of reconstruction speeds for a
range of dataset sizes was made and the results are presented in Table For re-
construction of 8 x extended field of view, represented in the table by 16384 x 16384,
tomopy’s gridrec was 60.5 times faster than Matlab’s filtered backprojection. For 2048
sinograms in one height step, this corresponds in a reduction of reconstruction time
from 1111 hours (47 days) to 18.4 hours, although it should be noted that paral-
lelization accelerates reconstruction times in both cases. Note that visual inspection
showed no major differences in reconstruction quality between the two algorithms,

see Figure [5.5]

The reconstruction section of the pipeline was thus written in Python (version 3.7.4).
It read a block of sinograms, subtracted the mean image for ring correction, took the
negative logarithm, performed tomographic reconstruction with tomopy’s gridrec,
then cropped, re-scaled, and saved the reconstructed slices as a stack of TIFF images.

Height step blending

Overlap between height steps was determined using the open source registration
toolbox elastix (version 4.9) [100,/101]. A translation transform was used with
normalized correlation coefficient as a similarity metric. Height steps were combined
using linear blending in the vertical direction within overlapping regions.
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Figure 5.5: Comparison of reconstruction algorithms. The same 14982 x 4495 sinogram was recon-
structed with tomopy’s gridrec (version 1.4.2) (left) and Matlab’s filtered backprojection
(éradon, release R2020a) (right). The full brain coronal cross-section (top, binned 4 x 4)
and unbinned magnified views within the caudate putamen (middle, bottom) are shown.
All images are displayed with intensities from [1%*, 99*%] percentiles mapped to gray
values in the range of [0, 255]. Visual inspection reveals no discernible differences in
image quality.

The full mouse brain, defined here from the top of the olfactory bulbs to the bottom
of the cerebellum, was scanned with 8 height steps. The resulting stitched datasets
contained 14982 x 14982 x 14784 voxels, or 3.3 teravoxels. At 16-bit precision, the
resulting datasets were 6.6 TB in size. It should be noted that this reflects the entire
reconstructed FOV of 911 mm?®. Cropping to more closely cover the approximately
450 mm? volume of the mouse brain will reduce data size, see e.g. Figure .
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Figure 5.6: Illustration of microtomography of a full mouse brain with 0.65 pm-wide voxels via mo-
saic tiling in the projection and reconstruction domains. The full coronal cross-sectional
area of the mouse brain can be imaged by acquiring 4 offset center-of-rotation “rings”
and stitching together the projections before reconstruction (left). Alternatively, local
tomography scans can be stitched together after reconstruction, in this case approx-
imately 50 local scans are needed (right). Note that the grid illustrating the local
tomography approach (right) was not used for acquisition of the underlying image.

5.3 Results and discussion

Mosaic acquisition approaches

Mosaic tiling of both projections (hereafter referred to as projection blending) and
local tomography reconstructions (hereafter reconstruction blending) have been sug-
gested for large-volume microtomography [110H113]. The two approaches are illus-
trated in Figure [5.6] where 4 ring acquisitions are needed for projection blending
and around 50 local tomography acquisitions are needed for reconstruction blending.
The latter allows for direct reconstruction with the PyHST2-based software
provided by the ANATOMIX beamline . The former requires a dedicated pipeline,
as described above or in Ref. 110l

Angular sampling requirements for local tomography indicate that fewer projections
are needed for aliasing artefact-free reconstructions , compared with projection
blending. However, additional projections improve photon statistics, see Figure [5.7}
Therefore, to achieve a similar signal-to-noise ratio, the number of projections for
each local tomography scan must be the same as that used in each ring scan for
projection blending. With this in mind, the reconstruction blending approach is
significantly less time- and dose-efficient.

Another disadvantage of local tomography reconstruction is that the truncated sino-
grams must be padded to avoid cupping artefacts [119-121]. Here, local tomography
scans were simulated by cropping the ring acquisition of the mouse brain around
the center of rotation to produce a 2048 x 4495 truncated sinogram. Note that
these sinograms reflect rotation about 360°. Sinograms were then padded on both
sides and reconstructed, see Figure[5.8] To achieve artefact-free reconstructions, the
truncated sinogram required padding of around 1000 pixels on both sides. More
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# projections:
Same as ring scan 1/2 1/3 1/4

Figure 5.7: Angular sampling for local tomography scans. Local tomography acquisition was sim-
ulated by cropping projection-blended sinograms (14982 x 4495) about the center-of-
rotation to produce truncated sinograms (2048 x 4495). Reconstructions with all 4495
projections as well as 1/2, 1/3, and 1/4 of the projections were reconstructed (left to
right). While reconstructions with fewer projections did not have aliasing artefacts,
the noise level increased. Magnified views are given to illustrate image quality (bottom
row). Thus, local tomography acquisitions should have the same projection sampling
as projection-blending ring acquisitions to obtain equal signal-to-noise ratio. Note that
truncated sinograms were padded prior to reconstruction, see Figure All images
were converted from [1%¢, 99*"] percentiles to gray values in the range of [0, 255].

no padding 500 pixels 1000 pixels 3000 pixels

500 pm

Figure 5.8: Padding to remove local tomography artefacts. Local tomography acquisition was
simulated by cropping projection-blended sinograms (14982 x 4495) about the center-
of-rotation to produce truncated sinograms (2048 x 4495). Increasing padding (left to
right) removed the well-known cupping artefacts. Padding of 1000 pixels on both sides
of the 2048-pixel-wide sinograms was sufficient to fully remove cupping. All images
were converted from [1%¢, 99*"] percentiles to gray values in the range of [0, 255].

padding is likely not necessary because the sample is relatively homogenous and low
absorbing at the selected photon energy of about 27keV. With this in mind, recon-
struction blending requires reconstruction of 50 sinograms of size 4048 x 4495, while
projection blending requires reconstruction of a single sinogram of size 14982 x 4495
(i.e. 3.7 x 1 times larger than a single padded local sinogram).
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Considerations for other samples

For the present imaging, the ethanol-dehydrated mouse brain was placed in an
ethanol-filled Eppendorf container. This resulted in a relatively homogenous sample
with cylindrical shape. For inhomogenous samples, an alternative ring artefact
correction method may be needed. For the measured archaelogical teeth , when
the major axis of the approximately elliptical teeth was aligned with the beam
direction, there was significant reflection of the beam which was captured in the
mean projection. This resulted in generation of counter-rings. A similar case was
seen in a slice of the mouse brain containing highly absorbing debris possibly from
the skull, see Figure 5.9 In these cases, application of one or more ring artefact
correction algorithms povided by the tomopy package could be beneficial, for

example those in Refs. [127][128].

T mm 500 ym

Figure 5.9: Counter-ring artefacts as a result of a piece of highly absorbing debris. A clear counter-
ring (left side, red arrow) is created with radius equal to the distance of the debris
from the center-of-rotation. A magnified view of the highly absorbing object, which is
possibly part of the skull, is shown (yellow box, right). This highly absorbing debris
contributes strongly to the mean projection, therefore generating a “shadow” of the
object when the mean projection is subtracted from all projections. Only two instances
of debris were found in the brain dataset, however an alternative ring correction would
be necessary if highly absorbing materials were more common. Both images were
converted from [1%¢, 991 percentiles to gray values in the range of [0, 255].

It should also be noted overlap positions between ring acquisitions are found through
cross-correlation. For non-cylindrical specimens, some projections do not have the
sample in the field of view, particularly for outer rings. For example, see Figure
(.6l where the brain is not in the field of view for parts of the outermost ring. In
this case, automatic selection of projections with image content will allow for more
robust calculation of overlap positions.

Registration and segmentation of mosaic tomography data

Registration is an important tool for analysis of neuroimaging data and generation
of brain atlases. Three-dimiensional registration, particularly non-rigid registration,
requires significant computational resources. In Chapter |3, the full mouse brain
could only be non-rigidly registered after downsampling to 9.3 pm-wide voxels. Even
then, B-spline grid spacing below 12 were not possible on a workstation with 144 GB
RAM . These challenges could potentially be addressed with a hierarchical
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approach with sub-volume registration for the full resolution steps.

Segmentation of anatomical regions can be challenging in label-free virtual histol-
ogy. Terabyte-sized datasets require automated segmentation approaches. In cer-
tain cases, selection of an embedding material, see Chapter |3| (Refs. [79,93,94)), can
allow for simple semi-automatic segmentation. For example, fiber tracts can be
segmented with region growing from a handful of manually defined seed points in
an ethanol-dehydrated mouse brain. This is illustrated in Figure based on the
3.1um pixel size data found in Chapter [3| and Refs. [79,93,94. Automatic detec-
tion of cells [66,67] could also allow for determination of anatomical regions based
on cell distributions [106-108]. Additionally, machine-learning based approaches
have shown success for terabyte-scale microtomography segmentation, for example
to segment 33729 glomeruli in a mouse kidney [129].

5.4 Conclusion

Extending the FOV of virtual histology is critical for brain mapping with true mi-
crometer resolution. This chapter presents proof-of-concept imaging of an entire
mouse brain with 0.65pm pixel size. This represents a 200X increase in imaged
volume compared with a single local tomography. Mosaic imaging methods were
compared and a projection-blending approach was selected because of its time- and
dose-efficiency. A dedicated data processing pipeline has been established for the
reconstruction of these terabyte-sized datasets. This will enable novel quantification
of brain microanatomy in health and disease. Going forward, the registration and
segmentation of these large datasets will generate new challenges.
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Formalin Ethanol Paraffin

Figure 5.10: Ethanol dehydration allows for semi-automatic segmentation of fiber tracts illus-
trated with data from Chapter [3] (Refs. [79,03/[94). Virtual sagittal slices through
the 3.1 pm-voxel datasets illustrate selection of embedding medium for contrast en-
hancement. The caudoputamen and fiber tracts are shown for registered datasets
of the same formalin-fixed, ethanol-dehydrated, and paraffin-embedded brain (top).
Semi-automatic segmentation based on region growing from a handful of manually
defined seedpoints extracts the fiber tracts (bottom, volume rendering of segmenta-
tion). The grayscale range is given by the mean +2.5 standard deviations of the pixel
intensities throughout the entire brain. Segmentation and volume rendering were done
with VGStudio MAX 2.1 (Volume Graphics, Heidelberg, Germany).
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6 Conclusions and Outlook

Single distance phase retrieval has allowed for X-ray virtual histology to routinely
provide high soft tissue contrast with both synchrotron radiation and laboratory
sources. Nevertheless, the underlying model assumptions such as monochromaticity
or sample homogeneity are restrictive. Thus, in common usage, quantitative gray
values are rarely achieved. Therefore, the primary goal should be the optimization
of image quality considering the trade-off between contrast and spatial resolution.
Future studies should explore performance of a larger group of filters across several
samples with varying coherence, photon flux, and photon energy.

For high-resolution post mortem imaging, whether with histology, tissue clearing,
electron microscopy, or virtual histology, tissue deformation is unavoidable. It was
shown that microtomography can be used to quantify and correct these morphol-
ogy changes. A similar methodology should be extended to microtomography of
the mouse brain with sub-pm voxels to quantify changes in morphology and density
at the sub-cellular level. An important next step is also the registration of high
resolution virtual histology to in vivo or in situ magnetic resonance imaging. This
will bring microanatomical information towards the living state and establish virtual
histology as a valuable tool for atlas generation. It was also shown that tissue prepa-
ration can substantially improve X-ray contrast for neuroimaging. Standardization
of tissue preparation within the virtual histology community could thus provide
consistent, high image quality and more generalizable findings.

Despite virtual histology being well-established, it has not been widely applied in
the field of neurological disorders. The presented study is among the first virtual
histology investigations of mesial temporal lobe epilepsy and demonstrates its value
for pathological investigation. The inherently three-dimensional information allows
for unique quantification of morphological changes during epileptogenesis. Improved
slice-to-volume registration will allow for direct validation with gold standard con-
ventional histology. Additionally, streamlined segmentation will allow for extensive
labelling to identify further morphological changes. Virtual histology is expected
to provide more accurate morphological quantification than sparse two-dimensional
sectioning or lower resolution magnetic resonance imaging, however this must be
confirmed with a detailed quantification of segmentation accuracy and larger sam-
ple sizes.

Imaging of the entire mouse brain with 0.65 pm pixel size was demonstrated with
mosaic-style acquisition and a dedicated reconstruction pipeline. This offers vast
amounts of microanatomical data, however processing the terabyte-sized data re-
mains a major challenge. Both segmentation and registration of these huge datasets
will present obstacles for more widespread adoption. Looking forward, the volume
of the human brain is 3000 times larger than the mouse brain. Suitable preparation
of the entire human brain for virtual histology has not been explored. Fixation and
embedding will require months compared to several hours for the mouse. Contrast
will again be an issue due to the higher photon energy required to penetrate the
decimeter-sized human brain. Acquisition times, which were manageable at around
ten hours for the mouse brain, will substantially increase. Finally, data size on the
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petabyte scale will push the limits of currently available computing infrastructure.

In conclusion, this thesis has presented several developments in methodology and
applications for neuroimaging with hard X-ray microtomography-based virtual his-
tology. Virtual histology has fulfilled much of its promise for large-scale volumetric
brain imaging with cellular resolution, though the limits must still be explored. An
important continuing goal is the identification of interdisciplinary collaborations to
fully exploit its value for neuroscience.
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