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ARTICLE INFO ABSTRACT
Keywords: Background: Micrometer-resolution neuroimaging with gold-standard conventional histology requires tissue
Hard X-ray computed tomography fixation and embedding. The exchange of solvents for the creation of sectionable paraffin blocks modifies tissue

Synchrotron radiation-based microtomography
Virtual histology

Ethanol dehydration

Paraffin embedding

Volume shrinkage

density and generates non-uniform brain shrinkage.

New method: We employed synchrotron radiation-based X-ray microtomography for slicing- and label-free virtual
histology of the mouse brain at different stages of the standard preparation protocol from formalin fixation via
ascending ethanol solutions and xylene to paraffin embedding. Segmentation of anatomical regions allowed us to

quantify non-uniform tissue shrinkage. Global and local changes in X-ray absorption gave insight into contrast

enhancement for virtual histology.

Results: The volume of the entire mouse brain was 60%, 56%, and 40% of that in formalin for, respectively, 100%
ethanol, xylene, and paraffin. The volume changes of anatomical regions such as the hippocampus, anterior
commissure, and ventricles differ from the global volume change. X-ray absorption of the full brain decreased,
while local absorption differences increased, resulting in enhanced contrast for virtual histology. These trends

were also observed with laboratory microtomography measurements.

Comparison with existing methods: Microtomography provided sub-10 ym spatial resolution with sufficient density
resolution to resolve anatomical structures at each step of the embedding protocol. The spatial resolution of
conventional computed tomography and magnetic resonance microscopy is an order of magnitude lower and
both do not match the contrast of microtomography over the entire embedding protocol. Unlike feature-to-
feature or total volume measurements, our approach allows for calculation of volume change based on

segmentation.

Conclusion: We present isotropic micrometer-resolution imaging to quantify morphology and composition
changes in a mouse brain during the standard histological preparation. The proposed method can be employed to
identify the most appropriate embedding medium for anatomical feature visualization, to reveal the basis for the
dramatic X-ray contrast enhancement observed in numerous embedded tissues, and to quantify morphological

changes during tissue fixation and embedding.
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G. Rodgers et al.

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; Vagberg 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
et al., 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/6JR]j
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 ym (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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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 um), 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 p-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*/E°, 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 yu- 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, ie. brain tissue and liquid with a heat capacity of around
4,000J 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 pA, 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
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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

Hippocampus

120

o

n
=
3]
Volume [mm?]

Anterior
Commissure
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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.
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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 p 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 y 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 [mm3] 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 [mm3] 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 y 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 u € [0.3, 0.9] cm™! 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 u 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 [cm™]

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 ¢ 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 ¢ [em™']

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 yum 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 p-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, Hy0) has density
0.997 gmL™!, ethanol (CyHgO) has density 0.789 gmL™!, xylene
(CgHjp) has density 0.864 g mL’l, and paraffin (C,Ha2,42) 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 ym. 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 pum 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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