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ABSTRACT

Biological matter may change shape via water absorption or loss. For example, brain tissue shows non-uniform
shrinkage during formalin fixation and paraffin embedding, which is the most common tissue preparation for con-
ventional histological analysis. Local deformations can be analyzed with non-rigid registration of non-destructive
three-dimensional imaging datasets. We utilized synchrotron radiation microtomography at the ANATOMIX
beamline of Synchrotron SOLEIL to image a mouse brain with 3 micron voxel length after formalin fixation,
immersion in ascending alcohol series and xylene, and after paraffin embedding. We created a pipeline for non-
rigid registration to align the volumes and extract volumetric strain fields. In this way, we could visualize the
swelling/shrinkage of anatomical features. This method avoids time-consuming segmentation of brain regions,
however it is sensitive to the registration parameters. In this proceedings paper, we discuss the selection of
registration parameters in order to generate plausible volumetric strain fields. This protocol can be deployed to
any type of shape change of biological matter and allows for the quantification of the related processes.

Keywords: mouse brain, hard X-ray computed tomography, microtomography, synchrotron radiation, image
registration, strain field, embedding-induced local deformation

1. INTRODUCTION

Biological matter may change shape via water absorption or loss. A prominent example is the pine cone.! In
humid weather, pine cones fold their scales to prevent seeds from spreading. On a dry day, the scales gape open
to release the seeds. Another fascinating example is the water-induced color change of male Hoplia coerulea
beetles, whose color can change from green to blue during the day.?

In the context of high resolution neuroimaging, shape change is observed as an unwanted byproduct of
fixation, water loss, and solvent exchange during tissue preparation.>* First, fixation of post mortem tissue
with e.g. formalin induces unavoidable morphological changes.” Further deformations are induced by additional
preparation steps common for histological analysis,® namely immersion in ethanol, xylene, and embedding into
a solid paraffin block (see Figure 1). Therefore, evaluating the accuracy of post mortem neuroimaging data with
respect to the in wvivo situation is challenging.

The goal of this study was to combine three-dimensional imaging with non-rigid registration to quantify and
correct morphological changes in a mouse brain from the formalin fixed state via immersion in ascending ethanol
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Figure 1. Experiment design. Formalin fixation and embedding is the standard procedure in conventional histology and
is combined with subsequent slicing, staining, and optical microscopy (blue arrows). Virtual histology based on non-
destructive X-ray imaging is complementary to conventional histology and can be applied at any preparation step. Here,
synchrotron-radiation based microtomography was utilized to measure an entire mouse brain after two hours of immersion
in each embedding medium (red arrows). Imaging of the full mouse brain with 3.1 pm voxel length was performed at the
ANATOMIX beamline, Synchrotron SOLEIL (Gif-sur-Yvette, France).

Formalin Fixation and
Paraffin Embedding

Conventional
Histology

solutions and xylene to embedding in a paraffin block. Therefore, we utilized synchrotron radiation-based X-ray
micro computed tomography to image the entire mouse brain with 3.1 um voxel length (Figure 1). The choice of
registration parameters, in particular the regularization, had a strong effect on the calculated volumetric strain
fields. As the ground truth deformations are unknown, validation of the non-rigid registration is challenging.”
In this proceedings paper, we discuss a method for the selection of registration parameters in order to generate
plausible volumetric strain fields.
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2. MATERIALS AND METHODS
2.1 Mouse brain fixation and embedding

The brain used in this experiment was excess material from an experiment with approval of the veterinary office
of the Canton of Zurich (license number ZH067/17). After death, the brain was extracted from a seven-month-old
male C57BL/6J mouse (Janvier Labs, Le Genest-Saint-Isle, France) and fixed by immersion in 4% formaldehyde
solution (Sigma Aldrich, Darmstadt, Germany) and subsequently immersed in 50%, 70%, 80%, 90%, and 100%
ethanol solutions and xylene for two hours each (Carl Roth GmbH, Karlsruhe, Germany). Between each step,
the entire brain and some surrounding solution was placed in a 1.5 mL Eppendorf tube for microtomography
measurements. Finally, the brain was transferred to liquid paraffin wax (ROTI® Plast, Carl Roth GmbH,
Karlsruhe, Germany) at a temperature of 60°C for 2 hours then cooled to create a solid paraffin block. This
block was trimmed to remove excess paraffin before measurement.

2.2 Synchrotron radiation-based virtual histology

Hard X-ray microtomography was performed at the ANATOMIX Beamline (Synchrotron SOLEIL, Gif-sur-
Yvette, France).!’ An undulator gap of 10.3 mm and a 20 pm Au filter created a polychromatic beam with mean
energy around 22keV. Images were recorded on a detector consisting of a 300 pm LuAG scintillator coupled to a
scientific CMOS camera (Hamamatsu Orca Flash 4.0 V2, 2048 x 2048 pixels, 6.5 pm physical pixel size) by two
photo objectives in tandem geometry (Hasselblad HC 4/210 and HC 2.2/100, 0.22 numerical aperture).!! The
resulting magnification factor was 2.1, yielding an effective pixel size of 3.1 um. Spatial resolution was measured
to be just below 10 pm based on radiographs of a Siemens star test pattern.

For tomographic imaging, 5,900 projections were acquired around 360° with the rotation axis off-center to
double the detector field-of-view. The scans were done “on the fly” with continuous rotation to reduce overhead.
The exposure time was 50 ms and a single scan took seven minutes. The field-of-view was extended vertically to
image the entire brain by stitching together three to four height steps.

Tomographic reconstruction was done in Matlab (The MathWorks, Inc., Natick, USA) using the filtered back-
projection algorithm with the standard Ram-Lak filter. To reduce noise at the expense of spatial resolution, a
Gaussian filter with ¢ = 1.25 pixels was applied to the unbinned data.!? Additional reconstructions were made
with 3x and 9x binning to reduce noise and data size.'

2.3 Non-rigid registration

Non-rigid registration was based on elastix,'®'® an open-source software toolbox. The non-rigid registration

pipeline consisted of three steps: (1) coarse manual affine pre-alignment, (2) automatic multi-resolution affine

Table 1. Parameters for registration steps 1, 2, and 3: manual pre-alignment, automatic affine, and automatic non-rigid
registration. The registration pipeline was designed for texture-enhanced 3 x 3 x 3 binned datasets, each approximately
1,305 x 1,305 x 2,144 voxels in size (= 7 GB in size at 16-bit depth). The approximate time for each step is given for a
workstation with a Intel® Xeon® 16 core CPU (E5-2637 v2, 3.50GHz) and 144 GB memory.

Step 1 Step 2 Step 3
manual/automatic manual automatic automatic
transformation model  similarity affine B-spline
degrees of freedom 7 12 ~ 7 million
optimizer Adaptive Stochastic Adaptive Stochastic

) Gradient Descent Gradient Descent
# spatial samples - 65,536 131,072
# iterations - 1,000 2,000
# resolutions - 4 )
similarity metric Mattes mutual Mattes mutual
) information information
approx. time 1.5 minutes 30 minutes 450 minuutes
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registration, and (3) automatic multi-resolution B-spline registration. A final rigid transformation (4) was used
for displaying the data in anatomical planes. The open-source program transformix'# '® was used to calculate
volumetric strain fields from the determinant of the spatial Jacobian of the composition of transformations
(1)-(4).

Section 3.1 discusses the selection of the basic parameters. Section 3.2 presents the criteria for selection of
the regularization term for step (3). Section 3.3 presents the resulting registration and volumetric strain fields.
Details of the registration pipeline are given in Table 1. The registration pipeline was designed for 3 x 3 x 3
binned datasets, each approximately 1,305 x 1,305 x 2,144 voxels in size (= 7 GB in size at 16-bit depth). A
workstation with an Intel® Xeon® 16 core CPU (E5-2637 v2, 3.50 GHz) and 144 GB memory was used for the
registrations.

3. RESULTS AND DISCUSSION
3.1 Selection of basic registration parameters

The formalin dataset was selected as the reference volume for all registrations as it was the closest to the
physiological state. Preliminary registration of the 9x binned datasets showed that a manual pre-alignment step
was necessary. Therefore, a rough alignment of all datasets (three translations, three rotations, and a scaling
factor) was performed in the open-source three-dimensional visualization software ITKSNAP.'® These parameters
were given as an initial transformation for the subsequent automatic registration steps.

Initial tests based on the 9x binned datasets also showed that the sample holder and surrounding medium
presented strong features that affected registration. A semi-automatic segmentation of the brain generated binary
masks for exclusion of these features from the registration optimization.

At 16-bit depth, the unbinned datasets were all over 100 GB in size. The standard workflow for elastix
and transformix involves storing the entire reference and moving volumes in addition to other parameters such
as masks and B-spline control point positions in memory. Therefore, the 3x binned datasets were selected for
registration as the unbinned volumes could not be processed with our workstation with 144 GB of memory. The
downsampled data offered the benefit of reduced noise.'3

Affine registration was performed with both Mattes mutual information and normalized cross correlation as
similarity metrics. In addition, both the standard volumes and texture enhanced volumes with standard deviation
filtering of a 3 x 3 x 3 voxel neighborhood were tested. Based on visual inspection of these registrations, Mattes
mutual information and texture enhancement were chosen. The same tests for the non-rigid registration were
inconclusive, therefore Mattes mutual information and texture enhancement were used for non-rigid registration
to maintain consistency with the affine registration step.

For optimization, adaptive stochastic gradient descent was selected, as it is faster and more robust than
the standard gradient descent.'” A multi-resolution approach was used to improve registration quality and
avoid local minima traps.'® The affine step used 4 resolutions and the non-rigid step used 5 resolutions, both
relying on smoothing and downsampling. Thanks to the downsampling, these lower resolution steps did not add
significantly to the registration time.

By analyzing the image similarity as a function of the iteration number (examples of these curves can be
seen in Figure 2), the number of spatial samples and iterations could be selected. A larger number of iterations
led to a less noisy optimization curve and greater final image similarity at the expense of time. The number of
iterations is linearly related to the registration time and could be chosen to ensure that the optimization curves
were saturated. The final image similarity typically showed a plateau at a certain number of spatial samples,
and the parameter was set to around that value.

Table 1 summarizes the parameters used for registration steps (1)-(3).
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Figure 2. Selection of registration parameters. A series of registrations were run with formalin as reference and xylene
as the moving image (top, volume renderings) in order to determine the registration parameters. Here, four resolutions
with 1,500 iterations each were chosen to speed up the test registrations. A series of B-spline grid spacings [voxels]
(left, with zero bending energy penalty) and bending energy penalties (right, with 12 voxel B-spline grid spacing) were
tested to investigate the effect of regularization. The image similarity metric, here Mattes mutual information (top row),
and bending energy (bottom row) were tracked. Decreasing regularization (finer grid spacing or smaller bending energy
penalty) led to higher image similarity but also sharper local changes in the deformation field as measured by bending
energy.
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3.2 Regularization of the non-rigid registration

Visual inspection of the affine registration indicated that more degrees of freedom were needed to precisely align
structures of the brain. A non-rigid registration based on B-splines was selected for this reason.'® The B-spline
transformation is defined by a grid of control points, where each has an associated displacement vector. These
displacement vectors are interpolated by cubic B-splines and thereby influence the displacement field within
its neighbourhood of £2 grid spacings. The grid spacing of these control points therefore defines the degrees of
freedom and controls the possible deformations: A finer grid spacing allows for sharply varying local deformations
and a larger grid spacing only allows for smooth deformations.

Increasing the number of degrees of freedom typically brings greater image similarity, but gains are dimin-
ishing and come at the expense of potentially unrealistic deformations. In fact, visual inspection of sub-volume
registrations with very small grid spacing (down to 4 voxels) showed no significant improvement or even poorer
performance with the appearence of “wavy” edges. To counter this, regularization can be added by means of
restricting the grid spacing or by adding a bending energy penalty to the cost function.
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Figure 3. L-curve and Pareto fronts for registration regularization. The degree of regularization controls the trade-off
between image dissimilarity and bending energy (orange: B-spline grid spacing [voxels]; blue: bending energy penalty).
The curves have a characteristic L-shape. A fine grid spacing with bending energy penalty provides a more Pareto-
efficient solution than increasing grid spacing without any bending energy penalty—as seen by the blue curve lying closer
to [0, —1]. The related volumetric strain fields are shown for a region of interest containing the hippocampus and ventricles
(upper right, gray scale corresponding to p £ 20 of gray values in the volume). Unsurprisingly, increasing regularization
(larger grid spacing or larger bending energy penalty) leads to more uniform volumetric strain fields, while decreasing
regularization generates unrealistic strain variations in homogenous regions.
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To determine the type and degree of regularization, two series of registrations were performed with the xylene-
immersed brain as the moving volume (Figure 2): the first with no bending energy penalty and grid spacing
from 48 to 12 voxels (this was the finest that could be run in the memory of our workstation), the second with
the 12 voxel grid spacing and bending energy penalty ranging from 0 to 5,000. The image similarity and bending
energy were tracked and were plotted as a function of the iteration in Figure 2. Unsurprisingly, the same trend
was observed for both series: Increasing regularization led to lower bending energy and lower image similarity.
In both cases, however, it appeared that increases in image similarity were diminishing for low regularization,
while bending energy was greatly increasing.

Given the trade-off between bending energy and image similarity, no optimal solution can be found to simulta-
neously minimize bending energy and maximize image similarity. Therefore, we considered the Pareto efficiency
of the two regularization approaches by plotting the final image similarity versus the final bending energy of each
registration in the two series (Figure 4). These plots have the characteristic L-curve shape.? Regularization
by means of a bending energy penalty was more Pareto efficient than by means of grid spacing. Therefore, we
selected bending energy penalty as the method of regularization. We note that reduced grid spacing provides
faster registrations, therefore it may still be a good choice for large datasets.

An additional consideration for the selection of the regularization parameter was that the resulting registra-
tion should generate plausible volumetric strain fields. As there is no ground truth and no metric to quantify
this “plausibility”, we relied on a combination of visual inspection and the L-curve criterion.?? Virtual slices
through the volumetric strain fields are shown as a function of the regularization in Figure 3. With decreasing
regularization, strain fields are less homogenous and considered unrealistic when variations occur within homoge-
nous regions. On the other hand, the registration appears unrealistically over-regularized when clear borders of
anatomical regions can not be distinguished (e.g. ventricles, isocortex, etc.). This visual inspection favored a
level of regularization that corresponded to the bend in the L-curve, i.e. bending energy between 22 and 100.
This agrees with the L-curve criterion, which amounts to selecting the corner of the L.2°

3.3 Final registration and volumetric strain fields

The regularization parameters for the final registrations were bending energy penalty of 30 and a grid spacing of
12 voxels. This grid spacing corresponded to ~ 7 million degrees of freedom. The final registration and resulting
volumetric strain fields are visualized for the xylene-immersed brain in Figure 4. The distribution of volumetric
strain within the brain is also given.

The registration shows accurate alignment of most internal structures of the brain, e.g. within the hippocam-
pus (Figure 4, color overlays). Even cellular resolution features such as the pyramidal layer of the hippocampus
are precisely aligned. The poorest performance is observed in areas of extreme deformations, e.g. the third
ventricle (right column).

The resulting volumetric strain fields show clear anatomical borders, but are relatively homogenous within
anatomical regions. This is seen within the thalamus or isocortex in the coronal virtual slice through the
volumetric strain field (Figure 4, upper right strain field).

4. CONCLUSION

Synchrotron radiation-based X-ray microtomography was used to visualize an entire mouse brain with 3.1 pm
voxel length after each step of the conventional procedure for formalin fixation and paraffin embedding. In this
report, we described the important considerations for building a pipeline for non-rigid registration of the datasets.
We selected the type and degree of regularization based on Pareto efficiency, the L-curve criterion, and visual
inspection of volumetric strain fields. The resulting registrations show accurate alignment of anatomical features
down to the cellular level as well as plausible volumetric strain fields. This combination of three-dimensional
imaging and non-rigid registration can be deployed to any type of shape change of biological matter and allows
for the quantification of the related processes.
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Figure 4. Registration results and volumetric strain field for the xylene immersed brain. The final registration used a
grid spacing of 12 vx and bending energy penalty of 30. Results are visualized with a virtual coronal slice and zoom-ins
(top). The volumetric strain fields are displayed for three orthogonal virtual slices (bottom). The result still shows clear
borders between anatomical regions, but the regularization has reduced the variations within homogenous regions. The
histogram of volumetric strain is also shown.
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