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ABSTRACT

Brain tissues have been an attractive subject for investigations in neuropathology, neuroscience, and neurobiol-
ogy. Nevertheless, existing imaging methodologies have intrinsic limitations in three-dimensional (3D) label-free
visualisation of extended tissue samples down to (sub)cellular level. For a long time, these morphological features
were visualised by electron or light microscopies. In addition to being time-consuming, microscopic investigation
includes specimen fixation, embedding, sectioning, staining, and imaging with the associated artefacts. More-
over, optical microscopy remains hampered by a fundamental limit in the spatial resolution that is imposed by
the diffraction of visible light wavefront. In contrast, various tomography approaches do not require a complex
specimen preparation and can now reach a true (sub)cellular resolution. Even laboratory-based micro computed
tomography in the absorption-contrast mode of formalin-fixed paraffin-embedded (FFPE) human cerebellum
yields an image contrast comparable to conventional histological sections. Data of a superior image quality was
obtained by means of synchrotron radiation-based single-distance X-ray phase-contrast tomography enabling
the visualisation of non-stained Purkinje cells down to the subcellular level and automated cell counting. The
question arises, whether the data quality of the hard X-ray tomography can be superior to optical microscopy.
Herein, we discuss the label-free investigation of the human brain ultramorphology be means of synchrotron
radiation-based hard X-ray magnified phase-contrast in-line tomography at the nano-imaging beamline ID16A
(ESRF, Grenoble, France). As an example, we present images of FFPE human cerebellum block. Hard X-ray
tomography can provide detailed information on human tissues in health and disease, improving understanding
of the neuro-degenerative diseases.

Keywords: Micro computed tomography, phase contrast, brain tissue, cerebellum, Purkinje cell, holotomogra-
phy, single-distance tomography, in-line tomography, propagation-based imaging, virtual histology.

1. INTRODUCTION

The brain, having a multi-scale organisation, is one of the most complex organs within the body.! The human
brain is much more complex than brains of rodents or invertebrates.? The mechanisms involved in brain function-
ing and de-/re-generation are not entirely understood. The rate of brain disorders is continuously increasing.?
In the medical field, morphology — structure is strongly correlated with physiology — functioning. Thus, to un-
derstand brain’s properties and functionality at the most fundamental level, data about the three-dimensional
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(3D) architecture and organisation is essential, in particular with a higher precision level than provided, e.g.,
by magnetic resonance imaging (MRI). Thus, the brain remains an attractive subject for investigating the neu-
ropathology*® in the framework of correlating brain ultrastructure to its (dys)function.

The basic structural and functional unit of humans is the cell, highlighting the importance of investigations
down to this level. In general, the visualisation and related analysis of neural tissue remains challenging.b
Comprehensive understanding of the brain’s functions and thereby diagnosis and treatment of its disorders, is
hindered by the inability of currently available imaging techniques to provide with an isotropic (sub)cellular
resolution in a label-free and non-destructive manner for tissue specimens large enough to represent sufficient
volumes for investigation, see Figure 1.
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Figure 1. Spatial resolution versus penetration depth for some of the most widespread imaging modalities. Hard X-ray
tomography (nano computed tomography: nano-CT and micro computed tomography: pCT) is uniquely well suited for
investigating soft tissues down to cellular level due to superior penetration power and spatial resolution. AFM: atomic force
microscopy (SFM: scanning force microscopy); EM: electron microscopy; LM: light microscopy; OCT: optical coherence
tomography; PAT: photoacoustic imaging (optoacoustic imaging); MRI: magnetic resonance imaging; PET: positron-
emission tomography.

Currently, in vivo clinical imaging modalities, such as computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET), electroencephalography (EEG), magnetoencephalography
(MEG), single-photon emission computed tomography (SPECT) with their functional sub-modalities, such as
functional magnetic resonance imaging (fMRI), can only reach a spatial resolution of a fraction of a millimeter,
with the exception of specific investigatory sub-modalities, such as microscopic magnetic resonance imaging
(lMRI), microscopic positron emission tomography (nPET) and microscopic single photon emission computed
tomography (W$SPECT), which can reach a micrometer resolution. These techniques are successfully applied for
identification of structural and functional changes at the macroscale.”® Moreover, the multi-modal imaging, e.g.
PET/CT, SPECT/CT or PET/MRI, combining functional and morphological imaging modalities, has witnessed
tremendous progress.

In general, in vivo imaging of cells within tissue layers remains a challenge. Many high-resolution mi-
croscopy and tomography approaches (photoactivated localisation microscopy (PALM), structured illumination
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microscopy (SIM), two-photon fluorescence microscopy (2PFM), optical coherence tomography and microscopy
(OCT and OCM), diffuse optical tomography (DOT), photoacoustic tomography (PAT)) offer high sensitivity
and resolution for thin and transparent samples, but have a fundamental limit in penetration depth, e.g. due to
scattering or attenuation. For example, optical, acoustic or photo-acoustic imaging modalities have a penetra-
tion depth of a few millimeters, scanning electron microscopy (SEM) is limited to the surface, and transmission
electron microscopy (TEM) to very thin samples. Nevertheless, recent non-invasive, in vivo, high-resolution
optical methods, such as frequency-domain optical coherence tomography (FDCT) or micro-optical coherence
tomography (nOCT),! demonstrate the promising results for 3D in vivo microscopy!! with a spatial resolution
down to 1 pm. It is believed, that new optical approaches will have a potential to reach depths well beyond what
is currently possible.'? The other powerful in vivo imaging modality providing a cellular resolution is stimulated
emission depletion (STED) microscopy,'® one of super-resolution microscopy techniques with can go beyond the
diffraction barrier (= 240 nm). The modality, however, is limited in penetration depth to micrometer range too.

Until recently, visualising the ultramorphology of human brain tissue has required microscopic examination of
stained tissue sections — labour-intensive and time-consuming process as individual sections are mainly handled
manually. Light microscopy (LM) remains a gold standard tool in neuroscience for the investigation of brain
tissues.'* However, LM’s resolution is limited by a diffraction barrier, thus, subcellular structures are only
partially visible. For example, thickness of the cell membrane (plasma membrane, bilayer) is ~ 2 - 10 nm?!> 16
— below the resolution limit of light microscopy. Electron microscopy (EM), being the standard technique for
the ultrastructural visualisation, has a higher resolving power, i.e. on the nanometer scale and below. The
main drawback of the microscopy techniques is the requirement for contrast enhancement. For example, sample
preparation for EM includes chemical fixation of the tissue, electron-dense staining and resin embedding, and
often specific labelling to identify the structures of interest. In addition to the small sample size, incomplete
sampling in microscopy limits tissue context at the organ level.

X-rays are uniquely well suited for investigating ultrastructure of soft tissues, as they are almost unlimited by
the penetration depth or wavelength. The wavelengths in the hard X-ray range offer the potential to image at the
spatial resolution below a nanometre and the penetration of the hard X-rays through the soft tissues is virtually
infinite. Thus, relatively big clinical specimens can be visualised down (sub)cellular level and most of the sample
size limitations are related to the technical issues, for example size of the imaging detector, and not to the funda-
mental limitations. As recently shown, laboratory-based micro computed tomography in the absorption-contrast
mode of formalin-fixed paraffin-embedded (FFPE) human cerebellum yields an image contrast comparable to the
conventional histological sections.!” For the 3D visualisation of soft tissues consisting of a low atomic number
elements, phase contrast yields a superior data quality compared to the conventional absorption-contrast mode.
For example, phase-contrast synchrotron radiation-based double-grating interferometry enabled the identifica-
tion of non-stained Purkinje cells,'®!? the synchrotron radiation-based in-line single-distance phase-contrast
tomography allowed the automatic quantification of cellular structures with subcellular details.2°

In this communication, we discuss the preliminary study of brain tissue ultrastructure using synchrotron
radiation-based magnified phase-contrast in-line (propagation-based imaging) tomography at the nano-imaging
beamline ID16A (European Synchrotron Radiation Facility (ESRF), Grenoble, France) in the single-distance and
holotomography (four distances) configurations. As an example, we present images of FFPE human cerebellum
block in which structures at the (sub)cellular level are resolved, and labelling was neither used nor required. The
results are discussed qualitatively and compared to optical microscopy of haematoxylin and eosin (H&E) stained
tissue sections obtained after X-ray based imaging.

Hard X-ray in-line tomography can lead the way in the investigation of the brain ultrastructure in a time-
efficient manner. We expect that phase-contrast tomography can provide a valuable information on human
tissues in health and disease for many medical applications and basic research, in complementary manner to
currently available imaging techniques.

2. MATERIALS AND METHODS
2.1 Specimen preparation

The human cerebellum block was visualised post mortem. The brain tissue was extracted from a donated cadav-
eric body. Written consent for scientific use was documented and all procedures were conducted in accordance
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with the Declaration of Helsinki and approved by the Ethikkommission Nordwestschweiz. The cerebellum block
was fixed in 4% formalin for a minimum duration of two weeks prior to dissection. Routine sample preparation
and paraffin-embedding (plastic polymer mixture Surgipath Paraplast, Leica Biosystems, Switzerland) protocols
were applied and have been carried out in a diagnostic neuropathology laboratory without modification.'”20 A
cylinder 1.6 mm in height was extracted from the standard histological paraffin block using a metal punch with
an inner diameter of 510 pm.

2.2 Laboratory-based absorption-contrast micro computed tomography

The cylindrical specimen was preliminary evaluated by means of laboratory-based absorption-contrast micro
computed tomography by the commercially available system nanotom® m (GE Sensing & Inspection Tech-
nologies GmbH, Wunstorf, Germany) equipped with a 180 kV/15 W nanofocus® transmission tube with an
adjustable focal spot diameter and operated with a tungsten target.?! The focal spot diameter was adjusted to
w = 1 pm. The laboratory-based tomography was performed in the fast scan® mode with a total scan time
of 12 minutes, an effective pixel size 1 pm, a tube voltage of 60 kVp, and a beam current of 350 pA. Data
processing and reconstruction were done automated, using the datos|x 2.0 software (phoenix|x-ray, GE Sensing
& Inspection Technologies GmbH, Wunstorf, Germany).

2.3 Nano-holotomography

Figure 2 shows the schema (Fig. 2A) and photographs (Fig. 2B, B1, B2) of the experimental set-up used for
synchrotron radiation-based hard X-ray magnified phase-contrast in-line tomography. The tomography imaging
experiments were performed at the nano-imaging beamline ID16A (ESRF, Grenoble, France)?? in the single-
distance (one focus-sample distance dp) and holotomography (four focus-sample distances d; - dy) configurations.
The synchrotron radiation is monochromatised and focused by X-ray reflective optics (multilayer-coated mirrors
- Kirkpatrick-Baez?® crossed mirror geometry). The sample is moved down from the pre-vacuum chamber
(Fig. 2B1), positioned on a translation-rotation stage in the vacuum chamber (Fig. 2B2) with the pressure
between 10~7 and 10~® mbar, and imaged onto a stationary detector. Due to the cone-beam geometry, four pre-
selected focus-sample distances (dy, da, ds, ds) used for the holotomography and one (dy) for the single-distance
tomography imply related magnification factors on the detector, resulting in the effective pixel sizes.

As the sample was larger (dg = 510 pm) than the field of view (FOV), local tomography measurements
were performed. An X-ray energy of 17 keV was selected. The experimental parameters are summarised in
Table 1. The retrieved phase maps?*2° were input to a tomographic reconstruction algorithm based on filtered
back-projection algorithm?® using PyHST2. The technical details of the imaging set-up have been described
previously.??

Table 1. Scanning parameters. All scans were performed at a photon energy of 17 keV. [: effective pixel size; N: number
of projections; ¢: exposure time; d: the focus to sample distances.

Scan Tissue l N t d
number [nm] [s] [mm]
1 FFPE Cerebellum 200 1200 0.3 80.533
2 FFPE Cerebellum 100 1900 0.3 40.266, 41.994, 48.904, 63.251

2.4 Histology

Subsequent to the tomography, the paraffin cylinder containing the tissue was re-embedded in a standard histo-
logical paraffin block, sectioned, stained and visualised by optical microscopy. Sections of 4 pm thickness were
cut using a microtome, mounted on glass slides, and stained with H&E following the standard protocols without
modification.'”20 Images of the resulting slides were taken on a light microscope and resulted in the pixel sizes
of 6.99 pm and 4.38 pum (optical magnifications 10x and 40x), respectively.'”
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Figure 2. Schema (A) and photographs (B, B1, B2) of the experimental setup for single-distance tomography and holoto-
mography. The synchrotron radiation is monochromatised and focused by X-ray reflective optics. The sample is moved
down from the pre-vacuum chamber (B1), positioned on a translation-rotation stage in the vacuum chamber (B2) and
imaged onto a stationary detector. Due to the cone-beam geometry, four pre-selected focus-sample distances (di1, d2, ds,
d4) used for the holotomography and one (do) for the single-distance tomography imply different magnification factors on
the detector.
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2.5 Data registration

To locate the counterpart of histology in the tomography volume, expert-based registration was performed in
MATLAB® (2016a, The MathWorks, Inc., Natick, Massachusetts, USA).17-27

Datasets acquired in the single-distance and holotomography configurations were registered using an auto-
mated 3D /3D registration tool?® 30 with rigid transformation constraints. The dataset acquired in the single-
distance configuration was used as reference.

3. RESULTS AND DISCUSSION
3.1 Imaging workflow

The conventional approach for visualising soft tissues with a (sub)cellular resolution within a clinical environment
remains optical microscopy of stained tissue sections.?':32 The specimen preparation for the optical microscopy
is a multi-step process which includes extraction of the tissues from a patient or donated body, chemical fixation
to preserve from decay, serial dehydration, paraffin embedding, sectioning, and staining, as represented by the
scheme in Figure 3. Apart from possible slicing or staining artifacts, this methodology is time-consuming, making
it almost impossible to cover the complete 3D microarchitecture?? 3334 of a relatively large tissue specimen. In
addition, this methodology is destructive®? and the spatial resolution in one direction is limited by the section
thickness to the micrometer range. Moreover, the cut direction can only partially be controlled and has a
fundamental limitations, for example due to the maximal possible tilting angle. Nevertheless, Purkinje cells,
a population of large cerbellar neurons, have been successfully resolved down to subcellular structures using
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wide range of techniques: light microscopy, transmission electron microscopy, scanning electron microscopy,
freeze etching techniques, field emission scanning electron microscopy, cryofracture methods, and confocal laser
scanning microscopy.>?

X-ray tomography
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Figure 3. Imaging workflow: Schematic representation of the specimen preparation procedures for the optical microscopy
examination and X-ray tomography, including dehydration and paraffin embedding according to surgical pathology pro-
cedures.

At the same time, X-ray imaging modalities can offer a (sub)cellular resolution for the large tissue volumes in
a non-destructive and time-efficient manner?%:36-39 where the same FFPE sample prepared for the histological
examination can be used (Figure 3). In the case of tomography, specimen preparation is less expensive. This
tomographic approach is, therefore, complementary and may help to select the cutting plane for histological
sectioning.?”

X-ray tomography with the nanoscale resolution is of a great interest for many applications in the life
sciences.?® Most of the synchrotron radiation facilities worldwide, based on the parallel-beam geometry, have
intrinsic limitations in the spatial resolution to a few hundreds of nanometers, for example, due to detector
specifications.*! To overcome these limitations, and reach a sub-100-nm resolution, cone-beam geometry can
be used.*! Synchrotron radiation-based phase-contrast X-ray in-line tomography?® 4243 is a powerful imaging
modality that do not require the use of optical elements between the sample and detector (in contrast to, e.g.,
grating interferometry'®1?) and has the advantage of simplicity and increased resolution. In case of in-line
tomography, the spatial resolution is not limited by the reflective optics, so the improvement of the spatial
resolution from a fraction of a micrometre to a few nanometers is foreseen.*

3.2 Comparison of tomography and light microscopy-based imaging

To demonstrate the performance of the in-line phase-contrast tomography for brain imaging with nanoscale
spatial resolution, we scanned FFPE human cerebellum specimen with an effective pixel size of 200 nm in the
single-distance configuration by means of synchrotron radiation-based magnified phase-contrast in-line tomog-
raphy at the nano-imaging beamline ID16A. Optical microscopy of H&E-stained histological sections was the
method we chose to validate the tomography imaging results. Figure 4 shows a comparison between H&E-stained
histological sections (optical magnification 10x) (Fig. 4 A, C) and single-distance tomography slices (Fig. 4
B, D). Magnifications into the registered data (Fig. 4 E-H) show that tomography and histology (optical mag-
nification 40x) can provide similar information. Both modalities can resolve individual Purkinje, granule and
stellate cells within the human cerebellum specimen. In general, 2D /3D registration of individual histological
sections with a large 3D tomography data is a challenge.*> Nevertheless, it is essential correlating tomography
observations with the gold standard histology.

Figure 4 T shows combined image of the individual Purkinje cell visualised by means of optical microscopy
(left) and single-distance tomography (right). Both modalities can resolve the cell soma, some inner content
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Figure 4. Qualitative comparison of the H&E-stained histological sections (A, C) and single-distance tomography slices (B,
D) on the example of FFPE human cerebellum block. Magnifications (E, F) into the manually pre-registered histological
sections highlight similarity to the tomography data (G, H). Combined image (I) showcase the complementarity of the
data. Blue dashed line: Purkinje cells. White scale bars correspond to 100 pm. Black scale bar corresponds to 50 pm.
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Figure 5. Based on the single-distance prescan (A - D) the region of interest can be selected and hierarchically imaged
with an increasing magnification in the holotomography configuration, for example with an effective pixel size of 100 nm
(E - G). Virtual cross-sections through the FFPE cerebellum block: transverse (B, E), frontal (C, F) and sagittal (D, G)
view. Blue: Purkinje cells.Scale bars correspond to 100 pm.
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of the plasma membrane, nucleus, nucleolus, nuclear envelope, dendritic and axonal processes. The advan-
tage of tomography is that (sub)cellular structures can be analyses in a three-dimensional view, in contrast to
microscopy.>®

Already in the single-distance configuration, in-line tomography provides information well comparable to
histology. The further effective pixel decrease can enhance the in-line tomography in ultrastructural imaging,
potentially, useful for understanding brain disorders. Purkinje, granule and stellate cells identified by single-
distance tomography can be further characterised by the use of a higher magnification imaging data acquired
in the holotomography configuration. As a proof-of-concept demonstrated, imaging data was recorded with
effective pixel sizes of 200 nm (Fig. 5 A-D) in the single-distance configuration and 100 nm (Fig. 5 E-G) in the
holotomography configuration. After 3D/3D registration, the higher resolution data can be precisely localised
within the lower resolution ones.

4. CONCLUSION AND OUTLOOK

Nowadays, nanoimaging of human tissues is extremely popular topic of research. Due to the nanometer resolution,
reasonable specimen preparation, and large penetration depth, tomography is a promising tool for imaging the
ultrastructure of selected brain tissues post mortem. Moreover, this effective imaging technique can be extended
to other soft tissues.

Holotomographic imaging offers excellent spatial resolution, but requires a relatively long acquisition times
— 4x the time required for the single-distance imaging. Thus, single-distance phase-contrast tomography can
become a method of choice for time-efficient investigations.

For the investigations of brain tissues down to the subcellular level microscopy techniques, such as EM
or LM, have already proven their applicability, and relevant computational approaches have been developed
and successfully applied, for example, approaches for correlating LM and EM*6 or data segmentation.*”*®
Nevertheless, the approaches to extract the neural network automatically are still a subject to research and
belong to an unsolved problems. Similar computational approaches can be developed or adapted for in-line
tomography in future.

Synchrotron radiation-based magnified phase-contrast in-line tomography of FFPE brain tissues is currently
in the early stage of development, offering both a challenge and an opportunity. First, we have noted that FFPE
tissue blocks can crack after the vacuum environment making it complex to perform further histopathological
investigations, although it does not influence nanoscopic observations of the tomography itself. Other potential
tissue artifacts are minimal. It also remains to be determined how accessible different classes of biological
information from FFPE tissue may be.

The authors expect that in-line tomography will become a complementary method to enhance histology.
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