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ABSTRACT

Our body is hierarchically organized down to individual cells. Cutting-edge clinical imaging facilities reach a
spatial resolution of a fraction of a millimeter, living cells invisible. A decade ago, post-mortem X-ray imaging
by means of synchrotron radiation enabled the identification of Os-stained ganglion and unstained Purkinje cells.
Very recently, even sub-cellular structures, such as nucleolus and the dendritic tree of Purkinje cells, were ex-
tracted by means of phase-contrast single-distance synchrotron radiation-based hard X-ray tomography. At the
same time, conventional absorption-contrast, laboratory-based micro computed tomography was successfully ap-
plied to visualize brain components including individual Purkinje cells within a cerebellum specimen. Thus, the
goal of isotropic-cellular-resolution visualization of soft tissues within a laboratory environment without applica-
tion of any dedicated contrast agent was achieved. In this communication, we are discussing (1) to which extend
the quality gain of the laboratory-based absorption-contrast tomography can be driven with respect to optical
microscopy of stained tissue sections and (2) what value such a technique would add. As a proof of principle,
four histological sections were affine-registered to corresponding three-dimensional (3D) tomography dataset. We
are discussing a semi-automatic landmark-based 2D-3D registration framework and compare registration results
based on mean square difference (MSD) metrics.

Keywords: X-ray micro computed tomography, absorption-contrast, brain tissue, cerebellum, laboratory-based
tomography, Purkinje cell, 2D-3D registration.

1. INTRODUCTION

Biologically inspired designs and principles can be found in a broad range of technical applications. The complex-
ity of biological structures makes it highly challenging to engineer and manufacture bio-inspired components, as
they frequently have a hierarchical multi-scale structural organization which contains randomly organized parts.
These are, nevertheless, essential for proper function. There is a direct correlation between performed func-
tions and structural organization. Visualization is highly relevant to bio-replication, as can help in uncovering
structural organization down to the a microscopic level.

The brain is one of the most complex! and important organs of the human body.2 It contains billions of
neurons which significantly vary in shape and size, see Figure 1. Similarly diverse are diseases affecting this vital
organ. Thus, studying brain micro-morphology is of high interest. The most common method to study soft tissue
morphology on a cellular level within a laboratory environment, optical microscopy of stained tissue sections,
typically remains limited to two-dimensional (2D) investigation. Histological serial sectioning is time-consuming
and prone to artifacts, such as deformation or rupture, making it laborious to reconstruct a three-dimensional
(3D) volume from individual sections.?
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Visualization of volumes has considerable advantages over visualization of individual sections.* In wivo

modalities established in daily clinical practice, such as magnetic resonance imaging (MRI), do not provide cellular
resolution. Serial sectioning imaging®” can reach cellular resolution in 3D; however, requires a complex volume
reconstruction,® are destructive and does not provide isotropic resolution. Sectioning-free methods combined
with clearing or tissue-transformation®? to increase penetration depth have successfully been developed, however,
they remain limited in terms of maximum sample sizes in the millimetre-range.* Thus, the possibility to perform
high-sensitivity and -resolution imaging of relatively large tissue volumes in a non-destructive and time-efficient
manner within the laboratory environment is of high interest.

A B

Dendrites

w
Cell |

nucleus Cell body

—
~ 140 mm ~ 60 mm ~30 um

Figure 1. Schematic representation of the hierarchical multi-scale organization of human brain. A: complete brain, B:
cerebellum, C: individual neuron with sub-cellular anatomical structures.

A decade ago, post-mortem X-ray imaging by means of synchrotron radiation enabled the identification
of Os-stained ganglion'® and non-stained Purkinje cells.!! Very recently, even sub-cellular structures, which
comprise the nucleolus and the dendritic tree of the Purkinje cells, were extracted and automatically quantified
by means of single-distance phase-contrast synchrotron radiation-based hard X-ray tomography.'? Also recently,
conventional absorption-contrast laboratory-based micro computed tomography (nCT) was successfully applied
to visualize brain components including individual Purkinje cells.'3

Micro computed tomography is a 3D imaging modality that yields true micrometer resolution in a non-
destructive and time-efficient manner. Thus, nCT enables the 3D visualization and quantification of tissues
prior to histological sectioning'™* providing a valuable complement and enabling the possibility of virtual
histology. In this communication, the tomography data derived from a formalin-fixed paraffin-embedded (FFPE)
human cerebellum block are compared to hematoxylin and eosin (H&E) stained histological sections. For this
purpose, four histological sections were elastically registered in the three-dimensional tomography dataset. We are
discussing some of the possible semi-automatic landmark-based frameworks for registration of tomography and
histology, and compare registration results based on the mean square difference (MSD) metrics. We demonstrate
potential benefits of hard X-ray micro computed tomography for the investigation of soft tissues. In addition, we
are discussing how far the quality gain of the laboratory-based absorption-contrast can be driven with respect
to the optical microscopy of stained tissue sections and its benefits compared to microscopy alone.

Our society is ageing and neurodegenerative diseases have become a severe problem that will worsen with time
as their incidences increase with age. These diseases dramatically affect the daily life of the respective subject
and their families. Although neurodegenerative deceases frequently present with diverse clinical symptoms, the
majority of them are characterized on the basis of intracellular changes. The possibility to visualize relatively
large tissue volumes down to cellular level is highly beneficial to study tissues in health and disease.
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2. MATERIALS AND METHODS
2.1 Specimen preparation

The human cerebellum block was extracted from a donated cadaveric body of a 73-year-old male and visualized
post mortem. Written consent for scientific use was documented and all procedures were conducted in accordance
with the Declaration of Helsinki. Routine sample preparation and paraffin-embedding protocols were applied
and carried out in a diagnostic neuropathology laboratory without any modifications, for more details see.!? 13
After paraffin embedding a cylinder 6 mm in diameter was extracted using a metal punch.

2.2 Laboratory-based absorption-contrast pCT

Laboratory-based pCT experiment was carried out using the pnCT system nanotom® m (phoenix|x-ray, GE
Sensing & Inspection Technologies GmbH, Wunstorf, Germany), see Figure 2. The system is equipped with a
180 kV - 15 W nano-focus® tube with tungsten (W) transmission target'® ¢ and a temperature stabilized digital
GE DXR 500L detector. The nCT was performed with an effective pixel size of 3.5 pm, acceleration voltage
60 kVp, tube current 350 pA and exposure time 3 s per projection. For the acquisition, 1900 angular projections
were recorded. The measurement was taken in the tube operation mode “0” with an estimated source size of
2.7 nm, as specified by the supplier. Data acquisition and reconstruction were performed automatically with the
datos|x 2.0 software (phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The
total acquisition time is less then 2 hours and reconstruction was performed within minutes.
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Figure 2. (A) Scheme and (B) photograph of the laboratory-based absorption-contrast micro computed tomography set-
up. For measurement, the sample was mounted on a precision rotation stage and positioned between the X-ray source
and detector. di: focus object distance (FOD), d2: object detector distance (ODD).

2.3 Histology

Subsequent to the laboratory-based pnCT measurement, the specimen was investigated by means of histology
after re-embedded. Sections of 4 pm thickness were cut using a microtome, mounted on glass slides, and stained
with hematoxylin and eosin (H&E) based on standard histological protocols. Images of the resulting slides were
taken on a light microscope and resulted in isotropic pixel sizes of 6.99 pm, for more details see.1? 13

2.4 Data registration

A semi-automatic landmark-based 2D-3D registration of four histological sections within the tomographic dataset
was performed.!” The first step is the manual identification of feature points between histological sections and
nCT volume.'® For this purpose, characteristic vessels, cell groups and cracks seen in both datasets were
matched. The 3D coordinates of the matching points in the pCT data were stored. A surface was fitted to
the landmarks based on several models using the Curve Fitting Toolbox™ implemented in Matlab R2014a. In
total, eight surface fitting models were used: quadratic polynomial surface (poly22), polynomial surface with
degree two in one axis and three in other (poly23), cubic polynomial surface (poly33), polynomial surface with
degree four (poly44), polynomial surface with degree five (poly55), polynomial surface based on piecewise cubic
interpolation (spline), polynomial surface based on local linear regression (linear), polynomial surface based on
thin plate model (plate). These surfaces were considered to correspond to the location of the histological sections
in the volume. The corresponding registered tomography slices were interpolated from the pCT volume using
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the obtained coordinates of the surfaces. After mapping the histological section in the tomography volume, we
registered the histology sections and tomography slices in 2D, using the Demon registration tool'® with affine
transformation constraints to account for deformations induced by histological sectioning. For the registration,
the four histological sections were grey-scaled. The tomography data was colour inverted in order to have a
positive correlation to the histological data.

3. RESULTS AND DISCUSSION

3.1 Registration of tomography data and light microscopy-based imaging of histological
sections

Figure 3 presents results of the 2D-3D registration of grey-scaled histological section (Fig. 3A) to the tomography
data based on polynomials with varying model type fitting. From the qualitative perspective all registered
tomography slices look comparable to the histological section.
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Figure 3. 2D-3D registration of histological section (A) to the tomography data based on polynomial with varying model
type fitting to the manually selected landmarks: (B) quadratic polynomial surface, (C) polynomial surface with degree
two in one axis and three in other, (D) cubic polynomial surface, (E) polynomial surface with degree four, (F) polynomial
surface with degree five, (G) polynomial surface based on piecewise cubic interpolation of landmarks, (H) polynomial
surface based on local linear regression of landmarks, (I) polynomial surface based on thin plate model. J: histogram
of mean square difference (MSD) between four histological sections and registered to them tomography slices based on
selected fitting models.

For the quantitative comparison of selected fitting models, the mean square difference (MSD) between four
histological sections and the corresponding tomography slices was calculated, see Figure 3J. MSD is a common
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similarity measure that denotes the sum of squared differences between normalised intensity pairs.?° It can be
seen that all fitting models provide comparable results within an equivalent times. The highest deviation between
tomography slice and histological section is for histological section 2 and the lowest for histological section 4.

Figure 4 presents the four histological sections (Fig. 4A - D) that were grey-scaled (Fig. 4E - H) and registered
to the tomography volume based on “poly22” tomography slices are shown in Figure 41 - L. The polynomial
surface fit provides reasonable correlation in regions of high landmark density;'? but, also significantly diverges
outside these regions. Regions presenting a limited number of landmarks are comparatively small, nevertheless
these regions are not homogeneously distributed and are predominant in some histological sections. These
differences, however, are not pronounced, and the visual quality of the registration is preserved for all slices.

Manual 2D-3D registration of a single histological section to the pCT volume is a time-consuming process.?!

Thus, the expert-based registration should be performed mainly for the validation of an automatic approach,?
as at the current stage registration results of semi-automatic approach are superior then of the automatic one.

1 mm

Figure 4. Four histological sections (A - D) were grey-scaled (E - H) and registered to the tomography data set. I - J:
Registered tomography slices (poly23).

3.2 Comparison of tomography data and light microscopy-based imaging of histological
sections

Figure 5 displays zoomins of the registered human cerebellum slices (E - H) and histological sections (A - D). Both
pCT and histology clearly differentiate blood vessels, Stratum moleculare, Stratum granulosum, white matter,
and individual Purkinje cells. In both modalities similar amount of anatomical features can be discriminated.

Fig. 51 shows an image of the selected tomography volume converted into RGB colour space. Colour inverted
tomographic slices were transformed into a RGB colour space of histology based on quadratic interpolation,
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Figure 5. Virtual histology by colourised pCT. A - D: magnifications into histological sections. E - H: registered tomography
slices. I: registered tomography volume converted into an RGB colour space to resemble the H&E-stained histological
sections (A - D).

respectively, through component-wise histogram equalisation.’® Pseudo-coloured pCT enhances the display of
the images for medical review purposes, for example.

4. CONCLUSION AND OUTLOOK

Histological examination reaches sub-micrometer resolution laterally and enables application of a variety of bio-
chemical tests to the tissue, such as histochemical stains, antibodies, in situ nucleic acids hybridization etc. In
the third dimension, however, the resolution is limited to the slice thickness. In addition, histological processing
introduces tissue-dependent stress and strain into slices which create more or less severe defects.

In contrast, state-of-the-art hard X-ray micro computed tomography (nCT) systems provide isotropic sub-
micrometer resolution, avoid sectioning artefacts and do not require staining. In this communication, we demon-
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strated that paraffin-embedded human cerebellum yields appropriate absorption-contrast in laboratory-based
pCT data, which is comparable to staining intensity of conventional histological sections.

At the current stage, the spatial resolution and contrast of histological data is superior to that of pCT.
Nevertheless, correction of histological data by less detailed tomography can be performed.?* Registration
of histological sections into the tomography volume enables extension of histology into the third dimension,
extrapolating findings from histochemistry of a single section over a complete tissue volume. The results indicate
that laboratory-based nCT is the modality to fill the current performance gap between synchrotron radiation-
based pCT and histological examination for a variety of soft tissue specimens.
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