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ABSTRACT

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

New method: To quantify these changes, we employed synchrotron radiation-based hard X-ray tomography with
3 um 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.

1. Introduction

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

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

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 S, the floating segmentation
Sfl0, 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[Set N T(Sto)] /(|Sret] + [T(Sto)])-

The median surface-to-surface distance was defined as

dmed = medla.n{ f@(sref, T(Sﬂo)) U g(T(Sﬂo)y Sref)}1

where Z(S:er, T(Sno)) is the set of the shortest distances from all surface
points of Syer to the surface of T(Sg,). The volume change error was
calculated by

Ey = rvreg/rvseg -1

Here rVyeg = V(Sf10)/V(T(Sf10)) is the volume change ratio using the
transformed floating segmentation and rVseg = V(Spo)/V(Srer) 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 (S2) 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(Ifo(x))/VIzef(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 [pm] 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 u 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 3.1ym. 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 A1) (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
lA)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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