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Abstract

In this thesis, we present an automatic framework that maps a histological image sequence to the
Allen Mouse Brain Atlas which is in use at multiple neuroscience labs. The method is stable and
continues to work on noisy sectional brain data. We also describe applications of our framework on
multiple biological studies consisting different kind of datasets advancing research in understanding
neurobiological organization. Code and sample dataset are available at our project website: sites|
google.com/view/brain-mapping.

Histological brain slices imaged by high-resolution optical microscopy are widely used in neuro-
science to study the anatomical organization of neural circuits. Systematic and accurate comparisons
of anatomical data from multiple brains and from different studies can benefit tremendously from
registering histological slices onto a common reference. To this end, the Allen Mouse and Human
Brain Atlases have been created. However this registration task is extremely challenging due to
heterogeneity of biological structures, image distortions and imaging artifacts introduced during the
brain sectioning, staining, mounting, and imaging processes. Existing methods rely on an initial
full or partial reconstruction of the experimental brain volume before registering a histological slice
sequence to the reference, or extensive manual inspection is needed. Because these slices are often
sectioned with non-standard angles, and without an external reference, curved structures end up
straightened. Reconstruction is often inaccurate. Due to the low signal to noise ratio, traditional
nonrigid image registration methods are not always reliable either.

In this thesis, we describe a framework that completely solves the z-shift problem and produces
stable and accurate registration between histological image sequences and the Allen Mouse Brain
Atlas. This work first determines the cutting angle and finds the best matching slice of each
histological brain image in the reference volume directly by leveraging brain structural characteristics
and symmetry. After finding the plane-wise mapping, we then register every image pair — each
experimental slice and its corresponding cutting planes in the Allen Mouse Brain Atlas — nonrigidly
to build a pixel-wise mapping. We modify the standard Markov random field framework on medical
image registration to model accumulated tension when deforming tissue to more naturally deal
with the easily-deformed cavities throughout the brain. We directly place control points on the

automatically extracted salient points avoiding excessive deformation. Both steps novelly use L2
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norm of histogram of oriented gradients difference as the similarity metric.

We have experimented our method on both simulated and experimental brains and on both
sectional and full brains. Since our method is mostly automatic, and the accuracy is similar to or
better than expert neuroscientists even for datasets where many slices are corrupted, our method is
under use in different neuroscience labs of different institutions, making multi-brain histological data
analysis possible and accurate, therefore advancing the research in understanding neurobiological

organization.
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Chapter 1

Introduction

The brain is the most fascinating organ in our body. In neuroanatomy, neuroscientists try to solve
the magic of how we perceive things. Our brain is a very complicated system. There are about 10!
neurons in our brain [43]. In the world of neuroanatomy, neuroscientists are interested in where the
neurons are, how are they connected to each other, and what do they do. Mouse brains are the
most commonly used animal model in neuroscience, because of a mouse’s fast reproduction, and
its high-percentage similarity to the human genome sequence. We can start to understand human
brain through understanding mouse brain. It is also a very complicated system consisting of about
108 neurons [43]. To see inside an experimental mouse brain and perform neuroanatomical studies,
neuroscientists conventionally section an experimental mouse brain into histological sections. With
the help with different staining agents and a fluorescent microscope, neuroscientists can see the
internal structures of a brain section as shown in Figure as well as the neurons of interest. This
is usually done by staining the same brain slice with different staining agents and image the same
slice with different fluorescent channels. For example, the NISSL stain [23] stains every neuron’s cell
body and shows the structure of different brain regions; neurons expressing green fluorescent protein
can be visualized with another fluorescent channel revealing individual neurons of interest.

It is crucial to standardize and digitize anatomical information to allow data from multiple brains
to be compared in the same reference brain. To this end, detailed anatomical brain reference atlases
have been established for both human and animal model studies [, 28] 38, [59]. Given these references,
imaging and digitization are usually followed by annotating data based on histological stains in
comparison with a brain reference, for example, the Allen Mouse Brain Atlas [2], 38].

Ideally, all experimental brain images would be automatically registered to an anatomical reference
volume, creating a platform for the comparison and integration of results from different experiments.
Existing programs mapping a 2D histological sequence to a reference volume often require an initial
reconstruction from these partially corrupted slices and therefore only work well with datasets of very

good quality. Problems with automatic methods increase when an experimental brain is sectioned
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Figure 1.1: Example experimental slice with imaged with two different fluorescent channels. Left:
Nissl-stained image stains every cell body of neurons and the structure of brain regions. Right: Same
slice imaged with green spectrum shows neurons expressing green fluorescent protein; bright spots
are individual neurons of interest. Scale, 1 mm.

with a non-standard angle or when brain histological data-sets suffer from common slicing artifacts.
However, histological datasets often require months of experiments to generate, so all the data is
precious. As a result, most labs still rely on manual brain region identification to fully utilize all of
the experimental slices even if they are partially corrupted. This often requires a neuroscientist to go
through a sequence of slices in the reference until they can confidently locate a neuron’s region back
into reference and often requires some 3D transformation in mind if the sectioning angle is different
than the standard reference brain.

In order to understand the neural connection, neuroscientists have developed different neural
tracing techniques. In recent years, there have been breakthroughs in viral genetic mediated tracing.
Figure shows a horizontal view of a mouse brain in which you can see presynaptic partners of
the dorsal raphe neurons at a whole brain level. These new techniques can help neuroscientists
understand the brain at a whole brain level, but also present severe challenges for them to analyze
their results. If a mouse brain is sectioned into 50um-thick coronal slices, one will get more than 200
slices. In addition, multiple animals are needed to gather enough results for a robust result, which
creates a large amount of data to be compared to the reference and localized. If this comparison is
done manually, each result requires a very time consuming analysis for the neuroscientist. In fact,
in Weissbourd et al. ’s study [64] where Figure was generated, the authors reported manually
localizing all the neurons of interest. Manual localization is labor intensive, time consuming, variable,
and sometimes subjective. In addition, it is also irreproducible — even the same person at different
time may place a neuron at a different location than the last time, let alone other labs trying to

reproduce the results.
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Figure 1.2: Presynaptic partners of dorsal raphe serotonin neurons. Long-range input from frontal
cortex and lateral habenula to dorsal raphe serotonin neurons revealed by rabies-mediated
trans-synaptic tracing in this horizontal section of the mouse brain. [3]
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1.1 Problem Formulation

The lack of a program that can robustly map experimental slices to a brain reference has become
a bottleneck in processing data from multiple brains. In this thesis, I will describe our method to
remove this bottleneck: a program that automatically maps a sequence of coronal experimental
images of mouse brain to the Allen Mouse Brain Atlas. Our approach handles imperfections common

in histological slice data.

Experimental Dataset The experimental datasets that we work with are generated with the
conventional sectioning method. An experimental mouse brain is first extracted from the mouse
skull after some perfusion and dehydration processes which, depending on the processing time, may
enlarge (shown in Figure or shrink empty spaces in the brain. The brain is then mounted into
a plastic box with mounting solution. After freezing, the frozen brain is taken out from the mounting
box and fixed on the cutting platform and cut coronally into sequential sections with a uniform
thickness which is typically between 50 ptm to 60 pm. Depending on how the brain is mounted and
placed on the cutting platform, there is usually a discrepancy between the real cutting angle and
the standard coronal section cutting angle. The sections are then placed into a washing liquid so
that the mounting liquid dissolves. The real tissues are then transferred onto a slide holder with a
brush. These cutting, dissolving, and transfer processes often introduce artifacts — tears (Figure
, misplaced tissue and folds (Figure , and tissue distortion — into our experimental
images. Nissl stain is then applied. Depending on the staining time and how evenly the stain is
applied, tissues may be unevenly stained (Figure . Finally a coverslip is laid on top of the
slide holder, which sometimes results in air bubbles as shown in Figure . The tissues are then
imaged with a light microscope at a resolution of around 5 pm per pixel. Given the mouse brain size
and the thickness of our coronal slices, sectioning a full brain usually results in around 200 images
with dimensions around 1000 by 1000 to 2000 by 2000 pixels.

Allen Mouse Brain Atlas Similar to our experimental datasets, the Allen Reference Atlas [2] [38]
(referred as the Allen Brain Atlas or ABA in this thesis) was created with standard procedures
of isolating, cutting, fixing, and pretreating. The orientation of the brain was adjusted using a
dissecting scope, and sectioned at 25 pm. Slices that passed quality control are kept for use [1]. The
Allen Atlas consists of three volumetric data files: the atlas volume — a grayscale Nissl volume of
reconstructed brain at 25 pm resolution, the annotation volume — a structural annotation volume at
25 um resolution, and the grid annotation volume — a structural annotation volume at grid 200 pm
resolution for gene expression analysis (not used for our thesis). The atlas volume or the Nissl volume
was reconstructed by aligning high-resolution coronal Nissl images to each other and aligning the
reconstructed volume to a lower-resolution MRI scan of a mouse brain. This first-stage reconstructed

volume was then aligned with a sagittally sectioned specimen. After a straight mid-sagittal plane
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(d) Misplaced tissue and fold.  (e) Uneven staining. (f) Air bubble.

Figure 1.3: Artifacts introduced during the image generation processes. Scale, 1 mm.

was achieved, a synthetic symmetric space was created by reflecting one hemisphere to the other
side of the volume. The annotation volume is generated by extracting structures from 2D coronal
reference atlas plates and interpolating to create symmetric 3D annotations. This Allen Atlas was
further improved or smoothed after the introduction of a common coordinate framework in 2015,
which is a population average that supports the integration of new mouse brain datasets in the Allen
Brain Atlas Portal by deformably aligning the Nissl volume and the annotation of the existing Allen
Reference Atlas to the new common coordinate framework. [2] This thesis uses the 2015 version
of the Allen Atlas. The data is downloadable at help.brain-map.org/display/mousebrain/API
which also includes processing instructions. Despite the detailed models that Allen Institute provides,
they do not provide a computational tool to help neuroscientists map their experimental data to the
Allen Atlas automatically.

Now we have described the generation process of the experimental dataset, we can be more
precise about our goal — to build an automatic program that maps a sequence of distorted coronal
histological sections of mouse brain which has high-resolution in the sectioning plane (determined by
the resolution of the imaging system) and comparatively low-resolution along the sectioning axis
(limited by the minimum slice thickness) to the grayscale Nissl volume of the Allen Mouse Brain
Atlas. The thesis describes both our method and applications of our method to real experimental

datasets.
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1.2 Thesis Outline

In Chapter 2, we first give an overview of the existing methods in biomedical image registration, then
specifically mouse brain histological image registration. The drawbacks of these methods then lead
to our goal definition. Chapter 3 describes our method in detail. In Chapter 3, we first discuss image
characteristics of the histological mouse brain image, then describe our method’s basic building blocks
— 2D to 3D plane-wise mapping, then the 2D nonrigid pixel-wise mapping, and finally the improved
2D nonrigid registration. This chapter also includes performance of our method on simulated datasets.
In Chapter 4, we discuss how we can apply our method to different kind of datasets from different
labs of different institutions and covering different brain regions. We also describe how our methods
can be extended to specific properties of some real datasets. This chapter also includes evaluation of
our methods on real experimental data. Both chapters are partially based on our published work
[66]. In Chapter 5, we discuss some of the issues we have found during our experiments on different
datasets, as well as other directions that we have tried that were not as successful. The last chapter
concludes our work. In the appendix, we include some links to the Allen Brain Atlas resources and

how we used them in our work.



Chapter 2

Existing Image Registration

Approaches

2.1 Biomedical Image Registration

Registration is a process that establishes a spatial correspondence between two images so that both
can be viewed in the same spatial frame. Usually one image is designated as the reference image or
the fixed image. A transformation is applied on the other image — called the moving image — so
that it is aligned with the reference image. In biomedical applications, it is necessary before you can
make a quantitative comparison between two scans or images. Such mappings are essential within
diagnostic settings, treatment procedures [44], functional studies, and in biomedical research [63].
Traditional registration framework usually involves iteratively comparing the fixed image with the
original or warped moving image with a similarity metric, evaluating the cost function and derivatives,
optimizing to update the transform parameters, applying the new transform, and interpolating new
intensity values, as shown in Figure

Commonly used similarity metrics can be divided into two groups — intensity-based and feature-
based. Intensity-based methods compare images based on their intensity information. Based on if
the fixed and moving images are of the same modality, or equivalently acquired by the same scanner
or sensor type, the choice of an image similarity metric would be different. Commonly used similarity
metrics for same modality images are sum of squared intensity difference and cross correlation. For
multimodal image registration, the most common metric is mutual information or normalized mutual
information. Intensity-based methods register images as a whole. In contrast, feature-based methods
first find corresponding image features, such as points, lines, curves, and patches, and then transform
the moving image to bring the corresponding features together. These corresponding features are

often computed with well-established feature descriptors, such as scale-invariant feature transform
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Figure 2.1: Registration flowchart. [30]

(SIFT) and maximally stable extremal regions [46].

Based on the deformations possible, different levels of transformation are computed, starting from
the simplest rigid transformation, where images are only rotated and translated, to the non-linear
transformation — elastic or nonrigid, where the transformation can distort an image locally to match
with another. When a deformable registration is needed, a linear transformation — usually affine
transformation which includes rotation, scaling, sheer, and translation — is computed to align the
images globally, and then the nonrigid registration is computed to align the images locally.

As machine learning has become more popular, biomedical fields have seen more and more use
mostly in the segmentation and detection tasks [41]. The registration applications are split into
finding a similarity measure [65] [57] or transformation parameters [49] 67]. There have also been
research on using deep learning to compute nonrigid registration [39] [12] [40], but none of this work
has been a breakthrough in applying deep learning to biomedical image registration. These modest

results might be the result of the vast variety of imaging modalities and the limited available data.

2.2 Histological Image Registration

Different from the regular image registration problem, what makes this problem a unique and a
challenging research topic is that the moving image is not readily prepared to directly register to the
fixed image. The moving images are a sequence of physically sectioned 2-dimensional images from the
mouse brain, and the fixed image is an isotropic volume of a reference mouse brain. Therefore this
registration problem is between a sequence of distorted 2-dimensional images and a 3-dimensional
volume.

The problem of mapping a sequence of histological slices to a reference brain has been well

studied [52]. This prior work first reconstructs an initial volume estimate from the slices and then
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registers this reconstructed volume to the reference, because this is the most straightforward approach
[19, [48] [58]. Other work discusses the reconstruction problem directly in the absence of reference
volumes [7, [16] [32] [50]. The challenging problem now is to create this initial volume estimate because
registration between a reconstructed volume and a reference is relatively standard. Initial work
reconstructed the experimental volume by pairwise registration of adjacent slices [16] [50, [58]. Due to
tissue distortions, rigid registration is not sufficient. But pairwise nonrigid registration propagates
any registration errors throughout the whole brain. This is especially problematic if any slice has a
large deformation such as missing tissue.

To improve overall reconstruction results and reduce error propagation, some methods align
each slice with multiple neighboring images. For example, Ju et al. [32] reduced error propagation
by warping each slice with a weighted linear and nonlinear combination of warp fields to multiple
adjacent slices. Others used blockface images [19] or selected internal reference slices to reconstruct
small chunks and then put together the entire volume [7] [48]. However, with almost every slice at
least slightly distorted, internal nonrigid registration will likely change the original shape of biological
structures. Because this process tries to maximize the similarity between adjacent thin, e.g.40 pm to
60 nm, histological slices, curved 3D structures along the sectioning direction may end up straightened.
This 3D structure-straightening problem is known as the banana problem or z-shift [6, [45]. Once
this error is introduced, it is hard to reverse completely even when this volume is registered to the
reference. To avoid these volume distortion errors, one needs to use the reference volume earlier
in the process by registering each experimental slice to its corresponding sectioning plane in the
reference volume.

Now the main challenge is finding the corresponding plane for each slice [68]. This task is made
more difficult because the experimental volumes have a non-standard sectioning angle, the brains are
tilted in the sectioning machine and have an anisotropic resolution. The reconstructed volume has a
very high resolution in the sectioning plane (determined by the resolution of the imaging system)
and comparatively low resolution along the sectioning axis (limited by the minimum slice thickness).
The slice-to-slice approaches usually assume that cutting planes are parallel to the acquisition planes
of the 3D medical image [52] or at least the cutting angle of the microtome are constant through the
cutting process [22 25 [68]. Abdelmoula et al. [4] used one of the most prominent features — the
hippocampus — to determine the best match plane for each experimental tissue section, however, the
search space is limited, and the cutting angle difference is not considered. Papp et al. [51] developed
an interactive tool with which neuroscientist can reslice a reference volume with adjustable angle
and position. Five to ten slices are mapped, then the remaining slices are interpolated. Other recent
work used an iterative approach by first reconstructing a small volume and registering these slices to
their corresponding planes in the reference brain [25] [68]. Yang et al. [68] selected a reference slice
that maximizes the normalized mutual information after a 2D rigid registration is performed between

a histological slice and each MRI slice. Goubran et al. [25] registered each histological slice of a
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human brain to its corresponding MRI slice after blocks of the human brain were registered. Possum
[45] developed an open source software framework that reconstructs a volume with or without using
an external reference. While these methods work well when the sectioning angle difference is small,
they introduce errors at larger sectioning angles.

No matter if the first step is to reconstruct the volume or is to find corresponding plane for each
histological image, the next step is registration. Free Form Deformation (FFD) [54] [55] has been
the most common deformation or transformation model in neuroscience studies to map histological
brain images [4, [5 [17] 20 21} B1] 62]. Mutual information is often used as the similarity metric to
register histological slices because of image appearance difference caused by acquisition procedure
variability. This method is highly dependent on the initial condition because the choice of using
mutual information as a similarity metric often leads to a highly non-convex optimization problem
with many local minima [26]. Because of staining variability within a slice, using mutual information

does not always work.



Chapter 3

Mapping Histological Images

without 3D Reconstruction

To avoid the issues described in Section we concurrently estimate the sectioning angle difference
and the best matching planes in the atlas volume for each slice. This approach requires us to find
the best matching slice in the reference before applying nonrigid deformations. Since the resulting
slice comparisons are noisy, we aggregate information from all slices and use information about the
brain’s structure to find the best match. Our method does not have a reconstruction step, therefore
completely eliminating the z-shift problem.

After each matching reference slice has been determined, we need to perform a 2D registration
between it and its matching histological slice. Instead of using mutual information, we find that the
L2 norm of histogram of oriented gradients (HOG) [18] difference suits histological slice properties
better. Because HOG is non-differentiable, we base our work on the elegant discrete Markov random
field (MRF) approach in [24]. Building on the tissue labeling information of the annotation volume
of Allen Brain Atlas, we build a MRF model based on tissue coherency. To make the warp field even
more realistic, we place control points only on significant features that are consistent in both our
histological images and the reference atlas image.

Our strategy makes the maximum use of the reference volume, successfully deals with the non-
standard sectioning angle problem, preserves the curvature of the object — eliminating the z-shift
problem [6], and is more tolerant to data corruption. This method takes into account some of the
brain’s structural properties to minimize error, including the compressibility of different brain regions.
The algorithm is tested both on the full brain and sectional brain data, yielding faster and better
correspondence than possible before.

This chapter describes in more detail how we choose the similarity metric, find the sectioning

angle difference and the best matching plane in the reference volume for each histological slice, and

11
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nonrigidly register each slice to the corresponding sectioning plane in the atlas. First we describe the

similarity metric that we use.

3.1 Histological Slice Similarity

Both in the 2D to 3D localization and the 2D nonrigid registration steps, a similarity measure is
needed. We first take a look at different commonly used metrics in biomedical image registration.
The first is sum of squared differences. It is used to register images acquired by with the same
modality. Even though our images are Nissl-stained, the staining time and imaging settings are
different, therefore the intensity of a same biological feature does not correspond. Since when finding
the best corresponding slice, we compare an experimental slice to a sequence of potential matching
atlas slices, even if the images are not exact of the same modality, we may still be able to find the
best slice as long as the slice generates a smaller difference value than other candidates. Another
commonly used intensity-based metric is the correlation coefficient. The correlation coefficient of real

intensity image A and image B is given as:

N

Y 1)

where A; and B; are intensity values at the same pixel i, u4 and pp are mean intensities of image
A and B, and 04 and op are standard deviations. Since brighter and darker features tend to be
consistent in the Nissl slices from the two volumes, correlation coefficient which measures the linear
dependency of intensity values from two images may also work. Since our experimental images
and atlas images are not acquired from single modality, we also looked at the most commonly used
metric for multi-modal images — mutual information or normalized mutual information. Mutual
information measures the mutual dependence between two random variables. The state of art to
register histological images is to use normalized mutual information |20} 31]. Unlike the correlation
coefficient, instead only looking at the mean and standard deviation, intensity values are first binned
into a user-defined number of bins to estimate their probability distribution for calculation of the
marginal and joint distribution and further the mutual information.

We evaluated these metrics’ potential on real experimental images. To estimate the “ground truth”
for this dataset, we rotated the atlas with different rotation angles around both the superior-interior
axis and the horizontal axis, resectioned the rotated atlas into 25pm slices, and reindexed them.
Taking a full experimental brain with 220 50 pm-thickness slices, we selected more than 10 slices
covering the full brain while avoiding the slices with significant artifacts and asked a neuroscientist
to identify first the rotation angles that match the cutting angles of the experimental volume. Once
the selected the cutting angle, they gave a range of reindexed slices that may potentially be the

corresponding slices of the selected experimental slices. A range of roughly 5 to 10 slices were selected
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for each experimental slice because adjacent atlas slices are very similar, and even a neuroscientist
cannot choose one slice to be the best corresponding slice for a given experimental slice.

With this estimate of the matching slices,to check a metric’s potential, we enlarged the range to
60 slices and computed difference between each experimental slice to its potential matching slices
with each metric. The results were not encouraging. With sum of squared differences and correlation
coefficient, the slice that gives minimum difference or maximum coefficient tends to be the one that
matches the overall shape of the experimental slice; internal structure matching was not a significant
factor. That is lower score slices often looked qualitatively better. Therefore the two metrics are not
trustworthy, since distortions greatly affects the results. Despite mutual information’s wide use in
registering histological brain slices, it does not work well in our experimental images because this
metric fails when intra-slice uneven staining creates intensity variability within a structure, which
breaks the statistical correlation between a slice and its target image.

From these experiments with intensity-based metrics, we learned that we need to deal with the
distortions and also the uneven illumination. If we continued using intensity-based methods, we
would need to first correct the distortions; otherwise distortions would likely dominate the difference
score but not the real structural variation. But correcting distortions brings two other problems.
First, correcting distortions involves nonrigid registration whose computation time is huge. Second,
without a reference slice we would not know if we are correcting distortions only or making two
slices more similar than they should be. Therefore we decided to see if there is a metric that can
measure similarity even with the existence of distortion. This new approach also needs to deal with
the uneven illumination which we find hard to remove because of its coexistence with biological
structures of different intrinsic illumination.

To address these issues, we stopped looking at more intensity-based metrics and started to try
feature-based metrics. Many descriptors are designed to be somewhat distortion-tolerant, not as
sensitive to uneven illumination. The first one we tried is the scale-invariant feature transform (SIFT)
descriptor [42]. While this approach works for many natural images, it did not work on our images.
Many matching points the metric detected are not visually correspondent at all. One reason is
because SIFT is scale-invariant and rotation-invariant. We do not need these properties, because
with the global affine registration, we can resize a image and rotate the image upright. This extra
flexibility, combined with the higher noise levels in our images worked against SIFT features. Making
the problem worse was the fact that the atlas volume was created by putting together coronal sections
sectioned with a similar manner. Even though the volume is postprocessed to be much smoother.
After rotation, imperfectly aligned slices result in jaggedness which further degrades results. SIFT is
too good for our images.

From these experiments, we discovered characteristics of our images that were visually insignificant,

and need to be tolerated by our feature metric:

1. Staining reagent and microscopic setting difference can cause direct comparison of intensities
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to be not useful. Even worse, due to the non-uniformly applied staining reagent, some slices

are unevenly illuminated.

2. Nissl-stained [23] images only highlight the cell body of neurons. Two matching images will show

corresponding anatomical structures but do not have pixel-wise cell body level correspondence.

3. Sparsely scattered or densely populated cell bodies make images low-contrast and noisy. Many

descriptors that work with man-made scenes do not perform well.

4. Distortions caused by brain’s elasticity require metrics that work even when the two images
are slightly distorted from each other. This distortion tolerance also allows it to compare a

distorted histological slice to a reference slice.

5. Even though the newest Nissl volume of the Allen Mouse Brain Atlas (2015) is smoother
than the Allen Mouse Brain Atlas (2011), it is still Nissl-stained volume constructed from
physically-sectioned mouse brain slices and is not perfectly aligned. So an ideal metric should

be somewhat tolerant to this imperfect alignment.

To conclude, we need a feature-based metric that is somewhat tolerant to distortion, not scale-
invariant, and not rotation-invariant. This metric does not measure directly absolute intensity values,
but needs to generally describe the relative contrast and gradient orientation information to be robust
to the uneven illumination and noise. Therefore we continued looking at feature-based descriptors
that were invented before SIFT, and Histogram of Oriented Gradients (HOG) [18] came to our
attention. This descriptor is widely used in human detection and has capability to deal with pose,
illumination, and background variations which mimic many of the issues in our images. The image
patch to be described is divided into small cells. Each cell is described with a histogram. To form
this histogram, each pixel’s magnitude of gradient is then binned into different bins according to its
gradient direction. HOG describes image patches in blocks. The block size is defined by the number
of cells in the horizontal and vertical direction. To generate description of a block, each histogram
is normalized based on the magnitude of the histograms of its neighboring cells in the block and
then concatenated. HOG describes a small patch rather than individual pixels. Gradient binning
gives some flexibility to distortions but still captures the overall direction of edges. To make our
metric more distortion-tolerant, we use a relatively large cell size. Normalizing a cell’s magnitude by
the magnitude of its neighboring cells reduces the negative effect from uneven staining. It also well
accommodates the unsmoothness nature of the atlas volume. Because even if an unsmooth volume is

rotated, even though edges are not perfectly aligned, true gradients are still kept.

Affine Registration To use the HOG metric, the two images first are brought to the same
coordinates with an affine transformation. Smooth tissue contours are extracted by applying the

Fourier transform on the boundary curve and removing high-frequency components. We then find
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contour point correspondence with Shape Context [9]. Shape Context first extracts randomly a set of
boundary points with oriented tangents on both images. FEach point is then described by a histogram
of the relative position of this point in terms of all other sampled points in a log-polar space. Point
matches are found by minimizing the total cost between two sets of points where the cost between
two points are measured by the chi-squared test using the Hungarian method [36]. With the point
correspondence, we can estimate an affine transformation between two images. Since sheering is
not desired, our modeling of the affine transformation is different from that in the original Shape
Context paper. We first find a similarity transformation (including rotation, uniform scaling, and
translation). Scaling is estimated as the ratio of mean distances between points within each point
set. Rotation and translation are estimated with the Umeyama method [60]. Now the experimental
images are straight up. To accommodate the global deformation caused by the force in the direction
of sectioning, slices are further rescaled in horizontal and vertical directions so that the height and
width of the two slices are the same.

After globally aligning two slices, we use HOG to describe them with the same cell size and
same block size. The difference between the two slices are then measured by the Euclidean distance
between these two HOG representations. For 2D to 3D localization, we use a large cell size so that
the metric is less sensitive to local distortions. Our experiments show using HOG difference, the best
matching slices are within or close to the index range selected by the neuroscientist for most slices.

Of course optimizing the best matching slices as a whole is needed to further improve the results.

3.2 2D to 3D Localization

Since histological slices are often cut with near constant angles with a microtome [22] 25| [68], it
is fair to assume a constant cutting angle throughout the whole brain. This helps us reduce the
search space. Because the atlas is uniform in each dimension, to find the cutting angle difference, we
rotate the atlas with different angles, resection it into coronal slices, reindex the slices in order, and
compare the new resectioned atlas slices to the histological sequence. The following sections give our
dynamic programming formulation to solve the alignment problem to determine the slicing angle,

and a simple method to increase sensitivity to angular shifts.

3.2.1 Slice Mapping with Dynamic Programming

The best cutting angle is the angle that maximizes the similarity between all histological slices and
their corresponding best matching slices in the atlas. Because in-plane rotation are handled by our
slice alignment method, we only consider rotation angle o about the superior-interior (y) axis and
B about the left-right (x) axis. To solve the problem, we first find the best matching slice for each
experimental slice given a potential cutting angle.

The problem can be represented as follows: Let I; . n with spacing sg be the experimental slice
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sequence, and V4 be an isotropic atlas with voxel dimension sa, defined on the domain . After
rotating the atlas with potential best rotation R,g, we reslice the rotated atlas into coronal slices and
re-index them as an atlas slice sequence J; __ a. Using the L2 norm of HOG differences described in
Section [3.1] we aim to find a mapping that matches each slice in I to a slice in J which minimizes the
overall difference.

Taking into account potential compression along the longitudinal axis, slice quality variation, and
intersubject variation, we formulate the problem with a single subset A of all slices I, where A is
an ordered selection of 1... N, which may or may not be the whole sequence of experimental slices
(depending on the image sequence quality and the value of sy and sg). A is chosen to span the full
sequence while avoiding damaged slices. Because the experimental sequence is ordered, as is our
atlas sequence, and the experimental volume and the atlas volume represents both full mouse brain,
for each experimental image we can roughly estimate its best matching slice could be in the atlas
volume as long as the cutting angle is not way different. This defines our searching range in terms of
new indices in the rotated and resectioned atlas for the experimental images. Of course, these are
substantial searching ranges, and there may be some overlap of searching ranges between nearby
slices. We compute the HOG difference between each experimental slice in A and its all possible
best matching slices given by the searching ranges and get a matrix of HOG difference scores where
each row and each column represents experimental slice and atlas slice respectively. To find the best
corresponding positions of experimental slices is equivalent to finding the index of resectioned atlas
images for each experimental image index in A that minimizes the summation of HOG difference
scores.

Since the experimental image stack is ordered, the best corresponding slice of an experimental
slice can only be after the best corresponding slice of the experimental slice before it. We can compute
distance between two adjacent experimental slices selected in A with their indices and the slice
thickness. Since both volumes represents adult mouse brains, based on this known distance between
two experimental slices, we can define the minimum and maximum possible distances between the
corresponding slices of these two experimental slices in the atlas. Therefore we can further restrict
the searching range after the corresponding slice of the previous experimental slice is determined.
With these properties, we formulate this slice mapping and difference minimization problem as a
dynamic program.

Let Ip be the ordered selection of experimental slices, and let J be the resliced atlas sequence
ordered from the same direction along the longitudinal axis and spacing sx. The cost, C(i, j), is
defined as the minimum cost of mapping the first i slices in A to a sequence of j slices, where the i*"

slice has to be mapped to the j** slice:

Ia,J5), ifi=1
C(ig) = A o (3.2)
ming (C(¢ — 1, k) + p(1a,,J;)), else
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where i € A, 0 < j < card(J), p(a,b) denotes the difference score between Slice a and Slice b
measured with the HOG similarity metric. There is no spatial constraint on the first slice. Because
we are not interested in finding the slice that gives minimum difference, and we are interested in
finding the slices that satisfy the spatial constraint and gives the minimum difference sum, we directly
record the cost of matching the first experimental slice to every possible slice in its searching range.
We do not make any decision at this time. We continue to look at the next slice and solve the problem
of finding the best positions of the first two slices to minimize the HOG difference. Now when
calculating the cost of matching two slices where the second slice has to be the j** slice, it already
contains information of where the first slice has to be matched given by the distance constraint we

have previously discussed. Formally this constraint is given by:

| SA*(]ik)

-1l <0 .
SE * (Al — Ai—l) | < (3 3)

where A4; is the original index of the i*" slice in the selected sequence and 6 is a user-defined threshold
value. This spatial constraint constrains the ratio of the distance between slices in the atlas and the
experimental slices match to #. We repeat the process and fill in the cost for every possible pair of i
and j until the last slice in A.

We denote the best k that satisfies Eq. and is used to fill in the cost matrix (Eq. as k*.

The best intermediate steps are saved by updating the three-dimensional array M for each 1, j:

M, =1

Mgs(i, j) =
(Masli— 1) |, else

(3.4)

M5(3, j) lists the the indices in J that best match each of the first i slices in A, where Slice i in A
is mapped to Slice j in J and the atlas is rotated with angle o about the y axis and S about the x

axis. The optimal mapping is therefore given by:
M, sLa) = Mg g(card(A), j7) (3.5)

where

j* = argmin C(card(A4), j) (3.6)
J

The cost of mapping all slices in A to resectioned slices in J with atlas rotated by «f is given by
C(card(A),j%).

With this final formulation we could generate slice matches that were all within the matching range
picked by our neuroscientist. Prior to this final formulation, we also computed the best matching slice
without the additional constraint, but the result was far from satisfactory. This poor result proves

HOG difference, even though can handle distortion, alone is not very sensitive. The spatial constraint



CHAPTER 3. MAPPING HISTOLOGICAL IMAGES WITHOUT 3D RECONSTRUCTION 18

allows the tool to aggregate many comparisons, which increases the effective sensitivity. Interestingly,
when we tried to increase the spatial constraints, by adding a penalty proportional to the difference
in the distance between previous experimental slice and the current experimental slice and the ideal
distance between the previous best matching slice and the current best matching slice the results
were worse. Our guess is that some distance in the experimental volume does not represent the same
distance in the atlas. Because our HOG difference is not very significant, adding this penalty may
overwhelm the real signal. There may be stretch and compression along the anterior-posterior axis
as well. In addition, the slices are soaked in a resolving solution before being made into slides. When
the slices are extracted, the front and back orientation are not easily identifiable because the tissues
are transparent and nearly left-right symmetric which means that some of the slices can be flipped
relative to other slices. These flipped slices are not easily fixed in post processing and also make slice

matching harder.

3.2.2 Cutting Angle Difference Determination

After running this dynamic program with different sectioning angles we should be able to directly
choose the angle that gives minimum cost score to be the best cutting angle. However, since HOG is
relatively insensitive to local distortions, and each slice is slightly distorted, when summing up all
the costs we also sum up a lot of noise. Therefore when the angle is very close to the true sectioning
angle, the difference among neighboring angles is not substantial. To improve our robustness, we use
a different approach. This approach also predicts how we should adjust the rotation and prevents
exhaustive searching in the previous approach.

Biological structures change quickly along the posterior-anterior direction. It is not hard to tell if
an experimental brain is sectioned with a different angle than the atlas volume, even if the angle
deviation is only several degrees, because structures that appear in the same slice in the atlas will
be in different slices in the experimental slice sequence. For example, if the left side of the brain is
tilted to be more anterior, on average the right hand half coronal brain slice will appear to be more
posterior to the left half. Thus if we match the left and right half slices of an experimental brain
separately to the atlas, we will see that the slice number of the matching slices of the left half brain
will be on average higher than that of the right half. To experiment, we took an experiment brain
which is obviously not sectioned in the same angle as the atlas and tried to find their matching half
slices in the unrotated atlas. We observed that the experimental slices have near left-right symmetry.
Therefore we tried to find matching upper and lower half slices in the atlas.

In Figure[3.1] we show two column of slices. The left column shows (A) Slice 15 in the experimental
volume, (B) Slice 55 in the atlas with a similar upper half to (A), and (C) Slice 85 in the atlas with
a similar lower half to (A). The coronal atlas slices are ordered from posterior to anterior. The index
of (B) is smaller than that of (C), indicating the upper half of the experimental volume is tilted

more posterior than the atlas. Looking at (D) Slice 85 in the middle of the experimental volume
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showing in the right column, the upper half slice looks like the upper half slice of (E) Slice 224 in the
atlas, while the lower half looks like that in (F) Slice 257 in the atlas. The index numbers are bigger,
but the difference between the numbers is similar to that of the left column indicating there is a
consistent rotation in the brain. Based on this observation, we use matching slice index differences
of half brains to determine if a rotation angle best fixes the cutting angle difference between the
experimental brain and the atlas.

Because mouse brains have left-right symmetry, the rotation angle v about the superior-interior
(y) axis tends to be around zero. The rotation angle 5 about the left-right (x) axis tends to be larger
because the mouse brain is not flat at the bottom and can easily be set tilted on the microtome plate.
Here we use the determination of angle # as an example; the flowchart is shown in Figure 3.2

To find the best rotation angle § about the x axis, we solve the slice mapping problem with the
method described in Section [3.2.1] on the upper half slices and the lower half slices respectively. We

take the index difference between the optimal mapping given by:

D=

1

card () 2 M5 (Mupper (14)) = M3 (Miguer (1))

(3.7)

where Mypper and Migwer denote binary masks to apply to both experimental image and resliced atlas
image to include only half of a slice. Positive D means upper half experimental slices are matched to
slices more anterior than lower half slices. Therefore the atlas should be rotated more in the positive
direction about the left-right (x) axis, where the positive direction is defined by the right-hand rule
around the x axis. If D is negative, then the atlas should be rotated in the negative direction. We
reslice the atlas again after rotation and repeat the above steps until the index difference flips signs
meaning we need to rotate the atlas in another direction. The rotating angle changes in a step size
of one degree. When the flipping of sign occurs, we choose the angle between the current angle or
the previous angle which gives the smaller absolute index difference. The same steps are repeated to
determine a.

After finding the optimal rotation R} 5, we apply the mapping method on full slices in A to
find their corresponding full slices in the optimally rotated atlas. We then interpolate linearly on
the matching slice indices to find the best matching slice for every other experimental slice in the

experimental volume that is not selected in A.

3.3 2D to 2D Non-rigid Registration

After the 2D to 3D registration, we map all the experimental slices to their computed corresponding
slices in the optimally rotated atlas with the deformable registration and build a pixel-wise mapping

from the 2D slice sequence to the atlas volume. We now need to register each experimental slice
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(A) Slice 15 in the experimental volume (ordered (D) Slice 85 in the experimental volume near
from posterior to anterior) the middle of the brain

(B) Atlas (ordered from posterior to anterior) (E) Atlas slice indexed at 224
slice indexed at 55

(C) Atlas slice indexed at 85 (F) Atlas slice indexed at 257

Figure 3.1: Experimental slices and atlas slices with similar upper half and lower half to the
experimental slices. Scale, 1 mm.
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Rotate atlas
Matching half slices

Index difference
flipped sign?

Best angle = this angle
gives smaller absolute
difference? this angle :
previous angle

Rotate atlas

Figure 3.2: Flow chart for determining sectioning angle about the left-right (x) axis. In the matching
half slices step, atlas is stretched for better illustration.

to its resliced atlas slice to build pixel-wise mapping. Since our experimental images are distorted,
a deformable registration is needed. We first register the experimental slice to the reference slice
with an affine registration as described in Section After bringing the experimental slice to the
coordinates of the reference image, we nonrigidly register the images to correct local distortions and
potential structural difference. Let the globally transformed experimental image g be the target
image, and its best matching resectioned atlas slice f be the source image, where Q C Z? is the image

domain. In the task of 2D registration, we aim at finding a transformation 7 such that
g9(x) = f(T(x)),vVe C Q (3.8)

where g and f become equivalent in terms of anatomical structures.

The most common approach to deformably register histological mouse brain images has been
mutual information based free form deformation (FFD) [55]. Because of the properties of the
experimental images described in Section we continue to use the HOG difference as the similarity
metric but with a smaller HOG cell size to fix local distortions. Since HOG is not differentiable,
FFD is not directly applicable, and we need a method that does not require a derivative of the cost
function. Therefore we build our work as discrete Markov Random Field (MRF) objective function
[24].

Like in FFD, we superimpose a uniformly-spaced sparse grid G C 2 on top of both images (Figure

[3.3(a)| and [3.3(b)). This uniform grid forms a 4-connected Markov random field model where a

simple example is shown in Figure |3.3(c)l For each node represented by a gray square in [3.3(c), we
seek to assign a label that minimizes some overall cost function. In image registration applications,
each label represents a specific horizonatal and vertical displacement of that control node. The cost
function that is minimized is shown in Eq. and consists of two terms: a unary term V,, and a
pairwise term V4. V), describes difference between of the HOG features between the patch in the
experimental image centered at node p and the patch in the reference atlas image centered at the

same node. It represents how well the two regions match when the control point is moved by the
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(a) Uniform grid on an (b) Same uniform grid on the (c) Example 4-connected grid
experimental image. reference atlas image. model.

Figure 3.3: Uniform grid Markov random field model.

label’s displacement. The pairwise term V), is a smoothness term, and penalizes the label if its
deplacement is different from the surrounding control node displacements. Each label I, corresponds
to a displacement d, in a predefined displacement set D,. We define the bijective function b, between

L, and D), for each node p as b,: dp, — [,

EMRF(Z) = ZV )+ Z Z pq lp,l (39)

peEG pEG geN (p)

Direct implementation of the MRF-based image registration approach in [24] is simple. One only
needs to use HOG difference to compute the unary term cost and keep the L1-norm regularization as

described in the paper. However, since we are warping real brain tissues, we did more than that.

3.3.1 Model Elasticity with the Pairwise Term

The ventricular system spans throughout the brain, providing fluid pathways in the brain and creating
regions of “empty” space in almost every histological slice as shown in Figure Those cavities are
easily deformed during slice preparation procedures and have much inter-subject variation. Thus
when computing this MRF warp field, one needs to take into account the elasticity of different regions
in the brain. By warping images to match with each other, we are essentially warping tissues: the
more two adjacent control points are displaced, the more tension accumulates, if the two control
points are connected through coherent tissue. In contrast, if they are separated by any hollow
structure or empty space, the resulting tension is much smaller, which is why large deformations
often occur to these regions.

In addition, the traditional and most common interpolation method for biomedical image analysis
has been the B-spline model [55] 24], where each pixel is affected by 4 x 4 neighboring control points.
In the case where two control points are separated by an empty space, a B-spline interpolation

no longer makes sense because of discontinued tissue coherency. Therefore to better model tissue
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Figure 3.4: Ventricular system throughout the mouse brain. First row: sagittal view of the Nissl
volume of ABA. Second row: example experimental slices in different sections of mouse brain.



CHAPTER 3. MAPPING HISTOLOGICAL IMAGES WITHOUT 3D RECONSTRUCTION 24

/A

Figure 3.5: Hlustration of the coherency model and grid refinement from level t to level t41. Grids
are overlaid on an atlas image (contrast adjusted for better illustration) to show the coherency
model. Green nodes are free nodes which include nodes in the free regions — ventricle systems and
background — and affect real tissue. Red nodes are coherent nodes which cannot be seen since they
become part of the tension edges, represented by red line segments between coherent nodes. During
refinement, image resolution is 2x the resolution of last level. The grid spacing remains the same.
Therefore the grid quadruples in each direction, which is shown in the lower grid. The motion of
existing nodes are carried onto the next level. The motion of non-existing nodes in the lower grids
are interpolated from the motion of the existing nodes.

deformation, we use the simple bilinear model where a point is only affected by its direct 2 x 2
neighboring control points. Of course, now our warp generation needs to ensure some smoothness.

Our system does so with a very simplistic model. We divide each target slice into two regions: free
(ventricular system and background), and coherent (other areas) based on the annotation volume of
ABA. We then classify the nodes as coherent (red) or free (green in Figure based on if they are
inside a coherent or a free region. The idea is tension only accumulates when we compress or stretch
two nodes that are connected solely with a coherent region. If there is an empty space between two
nodes, intuitively compressing them or stretching them should not build tension in between. Based
on this property, we use the pairwise term — the traditional regularization term — to model tension
accumulated between nodes with which we stretch or compress brain tissues. There is an edge (red
line segment in Figure only if the connecting line segment between the two nodes only crosses
coherent regions which indicates both nodes must be coherent as well.

We first extract mask images r. and 7. representing coherent region — tissue — and empty space
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region — ventricles and background — respectively from the reference annotation and project them
to the source image. We further group control points as coherent or free. Coherent control points are
inside coherent regions. Free control points are the control points inside an empty space, and moving

the control point will affect pixels inside coherent regions. Formly the classification of the control
nodes are given in Eq.

gcoherenh if T’C(p) =1
P& Gfree if 3 ealn™ (lz—pl) -1 >0 (3.10)

and 7(p) =1

where the inverse influence function, n(.)~!, adopted in [24], masks pixels influenced by a control
point p. We include the influence function in control points classification, because we only care about
control points that affect image appearance.

We further define a tension edge set, E, where tension accumulates when moving the two control
points connected by an edge in this set. Basically an edge e, is in E if the line segment connecting
Node p and Node q only crosses coherent region r.. Because the spring potential energy is proportional
to the square of displacement, we use squared difference as the pairwise term:

Voa(lp, lg) = Aldi, — dlq)2>epq cE (3.11)

p

where A is a regulation parameter.

3.3.2 Multi-level Estimation

We need to be able to both correct large distortions and make small changes to achieve good results.
For both computation efficiency and quality of results, we use a multilevel approach. Since we are
trying to model the tension that the deformations create, we need the pairwise energy terms to
accumulate as we refine the grids. This requirement means that we cannot use the approach used
by Glocker et al. [24], but instead solve the problem using a method where each refinement level
maintains knowledge of the distortions created by previous levels.

The conventional multilevel approach [24] repeats the same procedure with progressively finer
grids: locations of the control grid points that minimize the unary and pairwise terms are computed,
and then the resulting image is warped to match these new grid locations. The next level grid is
added to the warped image, and the process is repeated. To maintain tension in a realistic way,
we do not reset the grids and tension after each iteration and use each iteration to simply update
the allowable possible positions (labels) for the next iteration. More formally, to carry the squared
form tension correctly to the next level, at every level ¢ for each node p we update the possible

discrete displacements DY to reflect the accumulated prior displacements of the node plus the current
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displacement to be evaluated at the current level.

To correctly carry on calculated displacements to the next level, we first need to compute the set
of possible locations for each grid point, which depends on the results from the prior level. To do
this, we denote the grid at level t as G* and the influence function as nt. Let dfp be displacement at
node p with label [ at level t. At each level t, we estimate best motion dfp at each node p € Gt and
bilinearly interpolate them to get the initial displacement for each node in G!*t at the next level. We
denote this preset displacement at node p as Ef:l, therefore the set of possible displacement at node

p level t+1 is given by the sum of this preset displacement and possible displacement in level t+1:
DL = {d:d =4, +0,0 € O} (3.12)

where O is the allowable additional displacements and is the same for every node.

Having created a set of possible locations for each grid point, we next need to create the image
that we will compare at this level to compute the similarity. In previous work, this warped image is
input to this level, but we need to compute the image from the displacements of the previous level’s
control points and the labels associated with the node we are evaluating. When estimating the local
patch around node p at level ¢ + 1, we use the positions of the grid points that are around p from
the prior level and the position of p for the given label at this level. This provides an estimate that
incorporates the warp from the prior level and an estimate of the additional warp created by moving
p to the position indicated by this label at the current level. For simplicity and computational
efficiency, this estimate ignores the warp that will be caused when other control points at this level
move.

We denote the patch that is affected by p in the first level function ny*(|z — p|) as Ro,p. The
control points in the patch at level t+1 is defined as:

N =qe g™ inollg—pl) >0 (3.13)

To create the image that we will compare, we set the nodes in N, at the values from level ¢, except for
node p which we evaluate with the displacements from the current level in the set D;'H. Therefore
the transformation applied to the affected region Ry, when we associate label [, with node p at level
t+1is:

T @) =2+ Y e —al)d,
a€N T a#p (3.14)

+n(lz —pl)di,

Thus the unary term is given by the similarity measure between the warped patch and target patch:

Vo () = plg(@), f(Ty (@, 1)), 17 € D (3.15)
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where € Ry, and p measures the difference score between two images. Since at every level, the only
region that changes when we are approximating the change for each possible label is centered around
the node being evaluated, we approximate this change by simply translating the patch centered
at the approximate new node coordinates p + d'» with possible additive displacements d» ' at the
current level and compare the HOG similarity with the patch that is centered at the node’s original
coordinates in the fixed image. Therefore the unary term is estimated as:

it

p (p) =p(g(Rip), f(R ) (3.16)

t t+1
t,p+d'p+d'p

++1 denotes the

where R; , denotes the patch centered at node p in the fixed image, and R T
P t,p+d P+d'P

patch centered at newly estimated coordinates of displaced node p.
Eventually we formulate the MRF energy function at level t as the normalized unary similarity

term to the corresponding atlas image and the pairwise term:

Et = Z Fo ‘/;,atlas(lp) + Z Z Fo szq(lZN lq) (317)

peG?t pEGt ge{qiepq €EL}

where F denotes the normalization operation. We obtain the HOG difference for all nodes and all
labels at each level and normalize the matrix so that the values are within range [0,1]. The pairwise
term is normalized in the same fashion.

Because sometimes some features in the atlas do not show up in the experimental volume, while
the features in the same experimental volume are consistent, we add an additional unary term to
the energy function in order to encourage consistency of warped experimental slices. This term
encourages features in the target experimental image to align with the warped experimental image

before it. Therefore energy function in Equation [3.17] now becomes:

Et = Z Fo ‘/;,atlas(lp) + Z Fo ‘/Z,prev(lp) + Z Z Fo Vjvtq(l]hlq) (318)

pEG? peG? pEG? ge{q:epq  €E}

where V} ey Tepresents the unary term between the current experimental image and the warped
experimental image before it. This term is zero when the current experimental image is the first slice
in Set A.

Because the free nodes are not constrained with any pairwise terms, they are essentially assigned

labels that minimize the unary terms:

I, = argminV}, 0. (1p) (3.19)
1€b(D})
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Figure 3.6: Example atlas slices with nonzero intensity regions circled by white contours. Scale,
1 mm.

where p € g}m. Coherent labels are solved by minimizing the energy function:

Eéoherent = Z Fo V;,atlas (lp) + Z Z Fo Wq(lpv lq) (320)

PEG L oherent PEGE herent 1€E{0 e EEL}

3.3.3 Contour Alignment with Symmetric Difference

While HOG matches internal features well, we find it hard to align the contour of images. The atlas
has very low-intensity pixels around real brain tissues as shown in Figure Because HOG's relative
insensitivity to intensity, this noise can cause errors in contour alignment. We added an intensity
threshold in the process of computing HOG — if a pixel’s intensity is lower than the threshold,
its gradient is not included in the histogram. However, this does not solve the problem: a single
threshold intensity cannot eliminate the background noise perfectly because of uneven illumination
and the presence of regions having few stained neurons. To remove the unwanted background, we
make use of the fact that the corresponding slice’s annotation in the annotation volume of brain
atlas is conservative: it is inside the actual imaged tissue. Thus all pixels inside the annotation are
foreground pixels. We further segment the pixels that are annotated as background in the annotation
to either the foreground or the real background using the intensity information of the image. We
build an energy function so that the unary terms try to minimize intensity difference among the
pixels that are in the same class, and the pairwise term encourages two neighboring pixels to be
grouped in different classes when the intensity difference is large and to be grouped in the same class

when the intensity difference is small:

E(f) = Z l(fp =0)-ip + Z 1(f, =1)- | ip = laverage |+ Z e_(ip_m2 (3.21)

peY peY p,qEE
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where V represents all the pixels to be classified - the pixels are annotated as background in the
annotation, £ denotes pixels that are in the 4-connected neighborhood, f denotes the assignment of
background — 0 or foreground — 1, 4, represents the intensity at pixel p, and Igyperqge is the average
intensity of all nonzero pixels in the image. Solving this energy function, we can obtain satisfactory
result except that some very dark tissue regions near a slice’s contour will be removed in some slices.
To fix it, we keep the otherwise removed regions if the area is well-connected with its surrounding
regions. This is accomplished by morphological eroding and dilating the to-be-removed regions with
a disk of 20 pixels. We keep a region if it survives the opening operation. Same numbers are used
across slices. We fill in holes in the computed mask so that the mask consists of a single piece.

After fixing the background noise, we find it still hard to use HOG difference to align image
contours because HOG difference reduces dramatically only when after transformation the contours
overlap or are separated by a distance smaller than the HOG cell size. Moreover, since the atlas is
not a smooth volume, after rotation, the contours may be jagged — creating unwanted gradients. A
more sensitive and more robust metric is needed.

When displacing nodes that affect image contours, we are essentially warping the contour to
maximize the overlapped region of the two images or equivalently to minimize the symmetric difference
of image foregrounds. Therefore, if a node p influences contour pixels, we modify the HOG difference
term to its corresponding atlas patch to be the symmetric difference of the two tissue masks. The
goal is to make the contour of the two tissues align. Because node p is essentially a free node, Eq[3.19]
is updated to:

l; = argmin Z (mf<$) - mg(m)) + ‘/pf,prev(lp) if Z 7]_1(|.’L' - p|) “Ce > 0 (322)
L€b(PL) p1(ja—pl)=1 =

where the contour of the experiment image’s real tissue is denoted by c., and the real tissue in
image f and g are my and m,. In Eq. We estimate the warped patch by translating the patch
center. This estimation improves computation speed while retaining performance when the similarity
measure is HOG difference or another metric that involves more internal information. The shape of
the experimental images is often deformed in the preparation process. However, simple translation
does not change the shape. It only reduces the disjoint area but cannot find a transformation that
reverts the deformation. Therefore instead of simply translating the patch, we warp the binary masks

to evaluate this symmetric difference term.

3.4 Pixel-wise Mapping Improved

Initially this non-rigid registration approach looked like it was working well. The resulting slice
and atlas data matched well. However when we mapped images with a stitching artifact in them,

we noticed a problem with our current approach. The stitching artifact came from the scanning
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microscope used to generate the images. For these images the scope had a problem and did not scan
with the same intensity when it created the experimental slice image. This difference generated two
scan lines in the resulting image, as shown in Figure What we see is that in a slice we thought
should be smoothly distorted has bumpy curves shown in Figure which seemed artificial. Our
guess is that the problem is some of these control nodes are in relatively uniform regions. Because
histological images are noisy, the noise signal may be stronger than the regularization signal that
moves the nodes according to its neighborhood motion. So to experiment and to confirm this was
the problem we manually removed the control points in places that did not have salient features.
When we did that, the results are much better, as shown in Figure The location the control
points was the cause of the problem.

In order to solve this problem automatically. We need to develop a more sophisticated control
point generation algorithm. The first question is where these control points should be. The goal
of aligning two biomedical images is to place the corresponding biological features at the same
coordinate. After aligning those corresponding features, the relatively uniform-intensity regions’ new
coordinates should be interpolated based on the coordinates of the more salient features. From this
experiment, we learned that aligning uniform regions is the cause of the bumpy curve problem. Of
course, there are relatively uniform-intensity regions with significant biological features, and these
pixels are hard to align. Therefore, the new control points should be placed on the boundary of the
significant biological features where there are visual contrast to surrounding regions. In this section,
we describe our approach to provide an improved pixel-wise mapping method based on generating

salient control points.

3.4.1 Salient Point Extraction

Our first task is to extract the contours of contrasted regions or biological features. Because the
ABA contains an annotation volume, we planned to use the contours of biological features in the
annotation volume directly. However after overlaying the same plane in the annotation volume to a
reference Nissl image, we find the annotation volume is inaccurate as shown in Figure 3.8} Displayed
in the figure is an unrotated atlas slice taken directly from the atlas and its corresponding annotation
label boundaries. One can easily see many inconsistent labeling especially at the contour of biological
features. We circled two visually significant ones. In rotated atlas, the labeling would appear worse
because the labels were completed manually, and no smoothness was enforced across slices. Therefore
we need to extract real contours.

We tried different edge extraction methods including Sobel, Prewitt, Roberts, Laplacian of
Gaussian, and Canny edge filters. Sobel, Prewitt, and Roberts filters generate very similar results
with main edges extracted but with a lot of noise points. Laplacian of Gaussian and Canny edge
filters are very sensitive to noise and interpret some noise signals as real edges. Extracted edges

consist of many fake edges where the edges are strong noisy points, or contours of small noisy blobs.
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(a) An experimental slice with stitching
artifact. Contrast adjusted because original
image is too dim. Affinely registered to the
corresponding atlas slice.

(b) Corresponding atlas slice of (a).

(c) Experimental slice nonrigidly registered to
the corresponding atlas slice. Figure shows an
overlay of the nonrigidly-warped experimental
image (green) and the reference atlas image
(magenta). Bumpy curve circled in yellow.

(d) Overlay after removing control points in
relatively uniform regions. Nonrigidly-warped
experimental image (green), reference atlas
image (magenta). Original bumpy curve
location circled in yellow.

Figure 3.7: Comparison of results with uniform grids and control points often around significant
features of a selected experimental image. Scale, 1 mm.
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Figure 3.8: Overlay of an unrotated atlas image (green) and its corresponding annotation contours
from the annotation volume (magenta). Two examples among all inconsistent labels are circled in
yellow. Scale, 1 mm

It is hard to eliminate those fake edges by tuning the parameters when using these two methods. We
show results with Sobel filter and the Canny edge method in Figure The former more traditional
filters, for example Sobel, generate closer to ground truth edges than the more advanced filters.

Because we have annotations that are close to ground truth, we make use of this information to
remove the fake edges in the extracted edges based on the observation that real edges are mostly
closer to the annotation boundary than fake edges. Because real edges are very likely to be stronger
than fake edges, we also make use of the gradient information. We did it by scoring all potential
edge points with a scoring function. The score function v consists of two terms: a distance term
that is based on a point’s distance to the closest annotation boundary and a magnitude term that is
based on the gradient magnitude at the point.

We model the distance term as a Gaussian function and denote it as v;. The term is greatest
when it is exactly on top of an annotation boundary. It attenuates as the distance from the point to
the closest annotation boundary gets larger. We first extract the annotation boundaries, a binary
image, and then compute the distance transform, [47], of this binary image that measures a pixel’s
Euclidean distance to its closest non-zero pixel. We denote this distance as d. Because 99.7% of
values drawn from a normal distribution are within three standard deviations, and we want the points
that are farthest to annotation boundaries to be close to zero, we make the standard deviation o to
be one third of the longest distance from all potential points to their closest annotation boundary.

The distance term is given by v; = e—d?/(20%)
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Figure 3.9: Left: original experimental image (contrast adjustment for better visualization). Middle:
Edges found with Sobel approximation to the derivation. Right: Edges found by looking for local
maxima of the gradient with the Canny method. Scale, 1 mm.

Therefore the score function is straightforward. We normalize the magnitude g so that the range
of the gradient term is [0, 1], the same as the distance term v;. The score function is given by

V= g*v1.

3.4.2 Sparse Selection

Now we are able to rank the potential edge points with the score function v. We cannot directly
choose the first 10, 20, or 50 points, because we want the control points to spread out, cover most of
the regions while keeping a minimum distance between each pair of control points to avoid repetitive
computation. We originally set the minimum spacing to be the spacing in our uniform grid approach
in Section However, because now all control points are inside real tissues, we have less effective
areas, setting the same spacing sometimes ends with very few control points in the coarsest iteration
level. As a result, we set the minimum spacing to be half of the original spacing.

We first rank the potential points from the highest score. We directly keep the most probable
point, compute the Euclidean distance from other potential points to this most probable point, and
delete all the points that are closer than the minimum spacing from the selected points. We keep this
process until no points can be selected. For most of the images, this scheme brings us satisfactory
control points that are only on the contours of contrasted regions (including the contour of the image)
and have a good distribution across the image. However there are still some images where control

points are generated in relatively uniform intensity regions where no significant features are around.

3.4.3 Cycle Consistency

The origin of these bad control points are from fake edges near some annotation contours, generally

near annotation boundaries in regions of low contrast. For example, the superior colliculus, a layered,
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multi-sensory structure, is further divided into many subregions that are in charge of processing
multiple signals, while there is no significant intensity difference between these regions. Since different
brain regions have different level of subregions which may or may not be divided based on intensity
difference, to avoid this issue requires manual reencoding to exclude the regions that present no
visual contrast to their neighboring regions.

We ended up taking a different approach, which required much less manual effort. We observe that
good control points have image patches that match corresponding image patches in the experimental
slice (that is what makes them a good control point), while the bad control points do not. Thus we
can see if we are consistent when we map from the control point to a point in the experimental slice,
and then map from the point in the experimental slice back to the atlas. If we end up at the same
control point, we keep the point and say it is cycle consistent. This idea is similar to the four-step
procedure check recommended in [11]: original — target — target check — original, as well as the
“cycle consistency” given in [70] for unpaired image-to-image translation.

We add this step in the sparse selection described in Section [3.4.2. While there are still candidate
points left, we choose the point with the highest score given in Section [3.4.1. Instead of choosing this
highest-score point directly, we go ahead and evaluate its cycle consistency. We take the patch with
height and width given by spacing constraint, center this patch at this candidate control point and
compute this patch’s HOG description. We denote the coordinate of this candidate control point
as T, Yn. Remember we do not warp the moving image until after the last iteration, during each
iteration, we take into account the previously computed best motion of this control node x,,, ¥, then
the corresponding coordinate of this control node in the moving image would be x,, + Tm, Yn + Ym-
We then adjust the center of this patch centered at the corresponding coordinate in the moving
image, and compute the best correspondence this this iteration level. Therefore, with additional
displacement, we check every same-size patch centered at x,, + Ty, + Za, Yn + Ym + Yo for different
additional motion x, and ¥y, at the current level. The additional motion are bounded by half of the
spacing we choose for this iteration. We describe the patches in moving image with HOG descriptor
as well. With a similar idea in [24], we only directly look at patches centered at different coordinates,
but do not actually warp them. The best matching patch is the one that gives the minimum HOG
difference from the original patch in the fixed image, we denote the coordinates where this best
matching patch is centered as z,, + T, + o™, Yn + T + Yo ™.

From this best corresponding point in the moving image, we repeat the process of finding the
best matching point back in the fixed image with a similar process. Now we view the patch centered
at the best matching point in the moving image as the fixed patch. In previous iterations, we have
computed the displacement of this control node and describe it with the HOG descriptor. Because the
control point in the fixed image has a previous computed displacements of ., ¥,, assuming this best
matching point in the moving image can successfully map back to the original coordinate in the fixed

image, we add the relative displacements which is now —,,, —¥m t0 T, + Ton + o™, Y + Tin + Yo *
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and start searching best matching patch in the fixed image from there. The searching space of
additional displacements is the same as before. Again we compute the additional displacements that
give the minimum HOG difference. If the additional displacements is exactly —z,*, —y,*. We say
the candidate control point is cycle-consistent and keep the point. We repeat the sparse selection
[3.4.2 with additional cycle consistency check for every highest-scoring candidate point until no point

is left. We do not check cycle consistency on the boundary points.

3.4.4 Pairwise Term with Salient Control Nodes

We previously described our pairwise term that models elasticity in Section [3.3.1 where we adopt the
uniform grid from the freeform deformation [55]. With salient control nodes, we cannot directly use

the previous approach, because:
1. The salient control nodes no longer form a uniform grid, finding neighbors is no longer trivial.

2. All salient control nodes are now inside a tissue or on the boundary of a tissue. Therefore there

are only coherent nodes.

3. Previously all neighboring control nodes were separated with a same distance — the spacing.
The edge energy could be generated using the same “sping” for all edges. Now nodes are

separated with different distances, and the tension term need to be modified accordingly.

We still want a regularization term that smoothes the displacements of two adjacent nodes. We can
achieve this by partition the image plane based on the salient control points. Specifically we use the
most commonly used meshing method — Delaunay Triangulation [37, [15]. As before, we still do
not want to penalize difference in motion between two adjacent nodes separated by an empty space.
Therefore after building the triangulation, we simply check every generated connection and remove
the edge if two nodes are separated by an empty space as given by the annotation image. This
empty space can also be obtained with a threshold in most images. For harder cases, a segmentation
network needs to be learned in order to detect empty spaces automatically. Previously we viewed
the edges as using the same spring, now because the length of edges are variable, we view them
as cascaded unit springs where the number of springs is different for each edge. When an edge is
compressed or stretched, the deviation from its original length is shared by each unit spring. Suppose
the number of unit springs that form a specific edge is given by n, and the deformation length is
given by d, the deformation of each unit spring would be d/n. Therefore the spring energy of each
unit spring is ((d, — dg)/n)?, and the tension built on the edge is (d, — dy)?/n, where d,, and d, are

displacements of two nodes connected through an edge. We modify Equation [3.11] accordingly.
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3.5 Mapping Neurons with the Deformation Field

The end goal of the this mapping is usually locating neurons of interest in the atlas, and from
the information gained from this mapping learn about neural connections in the brain. This task
requires one to first identify these neurons in the experimental volume, which can be done manually
or automatically. After obtaining these locations of neurons in each experimental slice, with the
transformation fields obtained from our program — atlas rotation, best matching corresponding
slices, affine transformation field, and nonrigid deformation field, we compute the location of these
neurons in the atlas and can aggregate data from many experimental brains.
Given a neuron coordinate C in an experimental slice, the original location in the atlas C’ is
given by:
C'=S'DTC (3.23)

where 7 is the affine transformation matrix that aligns the experimental image globally to the
corresponding resectioned atlas, D is the deformation field obtained with our nonrigid registration.
These two transformation map the experimental points to the coordinate system of the corresponding
resliced atlas image. S includes the rotation and the slicing that defines the corresponding plane,

and S~! maps the points in the corresponding plane back to the atlas coordinate system.

3.6 Implementation

HOG Cell Size

We use a cell size of 15 pixels to measure the image similarity. This relatively large cell size allows us
to capture structural similarities even with uncorrected small distortions. For nonrigid registration
in Section we decrease the cell size to 4 pixels, because the purpose of this step is to correct
distortions. In both steps, the block size is 2 x 2. HOG is computed with the Vlfeat toolbox [61].

Set A

We select a subset, A, from all the slices I to find the best cutting angle and the best corresponding
slices. Creating a subset provides more freedom for the slice matching algorithm and provides
better results. It also allows us to remove bad slices from this part of the process to improve the
quality of results. The extra freedom can be understood by looking at Equation which gives
the spatial constraint. The neighborhood in terms of number of slices we would search is given by
2% 6% Sg/Sa(A; — A;_1). Because 6 is usually selected to be 20%, the thickness of experimental
slices Sg is usually twice the resolution of the atlas S4, if we select adjacent slices A;_1 and A;, the
neighborhood of slices we would search for slice k& would only be 0.8 slices. A slice index can only

be integer, even if we round the slice numbers, we would end up only restraining the range to one
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slice. There would be no optimization at all. For our simulated full brain data, which contains about
250 slices, we use every sixth slice. For our sectional simulated data, which contains about 50 slices,
we used every third slice. For good-quality experimental brains, we recommend similar automatic
selection of these slices as well. For brains with relatively more damaged slices, we recommend
checking the automatically selected slices and replacing the index of very damaged slices with a
nearby good-quality slice. A good selection of subset A is a sparse selection that covers the full or

near-full range of all slices while avoiding most damaged slices.

Parameter Selection in the Energy Function

All terms — the unary terms and the pairwise term — in the energy functions presented in this
paper are normalized to the range [0, 1]. Since the experimental images and the atlas volume are of
the same modality, and the terms are normalized, the parameters before each term do not need to be
heavily tuned to yield good results. Our original energy function consists of only one unary term
— the HOG similarity term to the atlas slice — and the pairwise term. With several experiments,
we find equal weight between the unary and the pairwise term generates the best visual result. In
the general energy function in Eq. the HOG similarity term to the previous slice is added to
encourage smoothness in the “reconstructed” volume and make the features that do not exist in
the atlas but exist in the experimental volumes more consistent. We add an additional Euclidean
distance term between the two aqueduct contour point sets in Eq. [3.I8 to suit our dataset better.
Since the HOG difference to the corresponding atlas slice is the dominant term, we set it to be three
times as strong to the HOG difference term to the previous slice and the Euclidean distance term
between the two aqueduct contour point sets in both forms of the energy function. The coefficients
before the pairwise term is set to be the sum of the previous coefficients to maintain the equal weight

between unary and pairwise terms.

Iteration Details

In order to correct distortions of various size, we employ a hierarchical sets of displacement vectors by
downsizing the image pairs to different extent. We use three iterations to complete the 2D nonrigid
registration described in Section [3.3] and in Section In the first iteration, we downsample both
images 4x in both horizontal and vertical directions. In the second iteration, images are downsampled
by 2x. In the final iteration, we use the original resolution. The grid spacing is 16 x 16 in all
iterations in Section We use the same spacing of 16 in Section In Section [3.4] when selecting
candidate points, if a candidate point passes the cycle consistency test, we delete all other candidate
points within distance of one half of the spacing. We generate a search space for each optimization
sweep by defining a maximum range of displacements along the horizontal and vertical directions.
The maximum displacement at each level is set to be half of the grid spacing in both Section and
Therefore the total number of labels are 17 x 17 in each iteration. After an optimization sweep,
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we rescale the displacements to the scale of the next iteration and take this information into account
when optimizing the next iteration. This optimization sweep is repeated for the number of iterations,
after which we apply the accumulated displacements to the moving image. The optimization is

computed with tree-reweighted message passing (TRW), more specifically TRW-S [13] [35].

Caching

In the improved 2D nonrigid registration in Section [3.4] we find the computation time is around twice
the original 5 minutes per pair of slices, even when we have paralleled the computation searching for
the best matching patches centered at surrounding points. This was initially surprising, since in the
improved version, we have fewer but better control points. The increase in runtime was caused by
the cycle consistency check. If a candidate control point is not cycle-consistent, we simply toss it
without deleting any neighbor candidate points. We keep on checking for cycle consistency from the
highest-scoring point until one satisfies cycle consistency when we can delete all the points within a
neighborhood given by one half of the spacing.

Since most candidate points are connected and form an edge or are near one other, when searching
for a best matching patch with different additional displacements, we repeatedly compute a HOG
score for the same patch many times, repeating the computation each time a close neighbor point
is tried after the prior point fails its cycle consistency test. In order to save computation time,
we save the computed HOG description vectors of patches in the moving image into a cache. We
build a cache matrix and save the HOG descriptor vector as rows indexed by the corresponding
pixel’s row and column. We save the HOG description of an image patch centered at a pixel to its
corresponding place in the matrix. Because in the cycle consistency check, we do not warp an image,
but slide a window around the point to estimate the difference, the HOG description of an image
patch centered at a specific coordinate is unique and can be reused during the same level where the
images are sampled at the same rate. If a patch’s HOG description is previously computed, we read
the description directly from the cache. Otherwise we compute it and save to the cache.

Because we need to write the HOG descriptor to the cache when computing for different displace-
ments, we cannot write to a shared matrix/cache if this computation is parallel (this is an internal
MATLAB restriction). Therefore we can only consider these two options separately rather than
combining them. The computation time with caching is 3 to 4 minutes and with parallel computation
it is around 10 minutes per image pair. This caching approach our new approach is better than our
uniform grid method which takes around 5 minutes per image pair.

We measured the time to compute the corresponding point of the first two candidate points that
are evaluated to understand the time performance better. The results are summarized in Table
We can see for this specific image pair, in all iterations, the computation time to find the best
matching point of the first point is slightly larger than the computation time of the same first point

without parallel computation. However, this time reduced to about a half when computing the best
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Method Cache Parallel
Iteration | First Point | Second Point | First Point | Second Point
1 0.19 0.07 0.14 0.14
2 0.18 0.08 0.12 0.13
3 0.15 0.09 0.14 0.13

Table 3.1: Computation time, Cache vs. Parallel.

matching point of a second candidate point, which brings the computation time below the time it
would take with parallel computation. In all three iterations, from the cache method time, we can
conclude the second point is near the first point and reused HOG descriptions in the cache. From
this example, we can see the caching method is faster because re-usage of HOG description happens

often.

3.7 Evaluation on Simulated Datasets

Because of the lack of ground truth in real experimental brains, and experimental brains may be
sectional brains or full brains depending on the study, we generated both a sectional brain and
a full simulated brain from the atlas as our simulated dataset with known transformations. The
simulated sectional brain is generated from the hindbrain section in the atlas. It also reflects the
corresponding section in the study [53]. Both the sectional brain and the original full atlas are resliced
with sectioning angles different from that of the original atlas. The most anterior and posterior
partial slices are removed. We then remove every other slice so that the thickness is 50 pm similar
to the thickness of an experimental dataset which is usually 40 pm to 60 pm. For each slice in the
simulated brains, we apply a random rotation that is smaller than 2.5°clockwise or counterclockwise
to simulate the in-plane rotation, because our experimental slices are not always straight up, and a
translation smaller than 10 pixels in each direction. We then randomly pick a nonrigid transformation
which was generated when we used our MRF nonrigid registration method based on salient points to
map a real experimental slice to its corresponding atlas slice.

The most common metric for evaluating image registration is the target registration error (TRE)
measured as the Euclidean distance between landmark point coordinates in the moving image mapped
by a computed transformation to the fixed image and the corresponding landmark points in the
fixed image. For the evaluation of sectional brain registration, we asked one of our neuroanatomist
coauthors in the study [53] to identify 20 sparsely-scattered landmarks in the corresponding sectional
atlas which she would be confident in locating in both simulated and real experimental brains
regardless of their quality. In the full brain, we select 17 regions - 81 lateral ventricle, 581 triangular
nucleus of septum, 286 suprachiasmatic nucleus, 338 subfornical organ, 223 arcuate hypothalamic
nucleus, 830 dorsomedial nucleus of the hypothalamus, 470 subthalamic nucleus, 884 amygdalar

capsule, 587 nucleus of darkschewitsch, 214 red nucleus, 931 pontine gray, 872 dorsal nucleus raphe,
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642 nucleus of the trapezoid body, 574 tegmental reticular nucleus, 169 nucleus prepositus, 222
nucleus raphe obsurus, 207 area postrem (the numbers in front of region names are the region ID in
the annotation volume) and generate landmarks automatically by sampling 100 points along these
brain region boundaries. These regions show contrast to their neighboring regions in at least a few
slices that contain them. The sampled points cover 32% of the total number of slices and 72% of the
entire brain length. We then map the selected landmark points with the known transformation to
obtain the ground truth.

In addition to TRE, in the sectional simulated brain, we can compute the true error of both
our method and of the expert, since we have ground truth. Because TRE measures the distance
between expert marked landmarks and the new landmark locations after we warp the moving images
with our method, it represents a combined error of expert error and computation error. Getting the
computation error and expert error separately on simulated datasets will help us interpret the TRE
we measure on real experimental datasets. For the full simulated brain, we are only able to measure
the computation error since the landmark points are generated automatically, but the expert error
from the simulated sectional brain experiment can help us interpret this result.

We choose to compare our method with a reconstruction-first method, because the main difference
between our method and previous methods is that our method does not require a prior reconstruction
at all. As reviewed in Section there were many previous methods to choose from. Because most
experimental datasets contain many distorted slices, we wanted to choose a reconstruction method
that can nonrigidly correct these distortions. Second, we avoided methods that required much manual
work. These include reconstruction methods that require a selection of reference slice [7, 48] or
blockface image [19] and frameworks that do partial reconstruction and solve the mapping problem
iteratively because the selection of the first reconstruted section is highly variable [25] [68]. Third, we
wanted a method that would work on different brain sections and the full mouse brain. Because Ju
et al. ’s method [32] provides an automatic program that reconstructs a brain volume nonrigidly and
does not need any manual selection, we used their tool to reconstruct the moving brain. We first
rigidly aligned simulated slices from the middle slice to the two ends, then nonrigidly reconstruct the
sections with a five-slice neighborhood through Ju’s elasticAligner [32]. With elasticAligner, warp
functions between every pair of slices were computed. The weighted average of these warps in the
five-slice neighborhood was then applied to every slice. Ju et al. ’s method only reconstructs a brain
volume. We need to choose another method to register the reconstructed volume to the reference
volume. We tested different methods and finally chose 3D registration with Elastix [34 [56] using the
parameter file created by Hammelrath et al. [27]. This parameter file was developed specifically for
3D mouse brain registration and performs the best among the files that we tested. Reconstructed
volumes were first rigidly aligned, then affinely aligned, and finally elastically aligned with B-spline
to the reference volume. To have a fair comparison, for the sectional simulated data, we use the same

exact reference section in the atlas for both our method and the comparison method.
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3.7.1 Quantitative Result
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Figure 3.10: Boxplots showing results on the sectional simulated brain and the full simulated brain.
The boxplots in the left two columns show the sectional brain results. We measured the intrinsic
expert error, pure computation error of the reconstruction-first method, our method with the
uniform grid in the 2D non-rigid registration part, and our method with the salient control point in
the 2D non-rigid registration part, and the TRE — combined expert error and computation error.
The third column shows the results on the full simulated brain where we measured the pure
computation error only. The lines on the boxes represent the minimum, first quartile, median (red),
third quartile, and maximum respectively. The star denotes the average. The crosses mark the
outliers that are not within 1.5 interquatile range.

Figure [3.10 reports the results of our simulated datasets — separately measured expert error,
computation error, and the TRE (combined expert and computation error) of the reconstruction-first
method and our method. We evaluated our method both with the uniform control points and the
salient control points, as shown in the blue and green boxes. Because all the terms in our energy
function are normalized to be within range 0 — 1, we did not heavily tune the parameters to obtain

these results. We only tuned the coefficients before each term in our energy function with several
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images to get a good visual result. The expert has an intrinsic error of about 9 pixels (one pixel
equals 25 pm as given by the resolution of the atlas volume of the ABA — similar to the TRE
of our method on the sectional simulated brain. This figure also shows that our methods, with a
2.24-pixel and a 2.07-pixel error on the sectional simulated brain, is about three times better than the
reconstruction-first approach which has an error of 7.45 pixels. For the full simulated brain, the TREs
of our method are 4.68 pixels and 4.24 pixels vs. the TRE of the reconstruction-first method — 14.59
pixels. The computation errors are very similar between our method with uniform grid and with
salient control points as expected, because using salient control points aims at improving smoothness
in the regions where intensity values are very similar. We expect the computation error to be slightly
greater and show more variance for the full simulated brain than the sectional brain, because even
though the landmarks are sampled on region boundaries that show contrast to neighboring regions
at least in some slices, we did not further constrain on the slice numbers when we sampled the
landmarks. Therefore the landmark points may still fall in a region that has relatively uniform
intensity which makes the corresponding location of these points ambiguous. Moreover, because
the simulated deformations are taken from real image pairs, when applied on a slice in the full
brain, some large deformations unavoidably are applied to regions with relatively uniform intensity.
Without features salient enough as in the original image pair where the simulated deformation comes
from, it is difficult to fully correct the distortions. The results agree with our expectation, and the
error of our method is still much smaller than expert error on the sectional simulated brain and
the reconstruction-first method error. Results from both the sectional simulated brain and the full
simulated brain show that using salient control points generates less outliers and basically means the

salient control point method generate smoother and better warps.

3.7.2 Qualitative Result

The qualitative result of the comparison experiment is shown in Figure It displays the sagittal
view of the moving volume, the reference volume, and the overlaid image for each method. We masked
out the ventricle systems or the empty space in the brain volumes. As one can see in the second row,
the sagittal views of the atlas volume are different. It is because the comparison method reconstructs
the moving volume and registers the volume to the reference volume directly, while our method
finds the best cutting angle and reorient the atlas so that the atlas is sectioned in the same angle as
our moving volume. Therefore (D) shows the sagittal view of the rotated atlas while (C) shows the
sagittal view of the original atlas. Another difference is that because our method does not reconstruct
the moving volume at all, (B) is generated for the illustration purpose only. With our method, one
would be able to get mapping from every pixel in the moving image stack to the corresponding voxel
in the reference atlas volume. To show the “reconstructed” brain with our method, we place each
slice to the coordinates of the atlas volume rotated with the best cutting angles and interpolate the

volume in the anterior-posterior direction to fill in “missing” slices, because our simulated slice is
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Our method - general

Reconstruction-first

(A) Reconstructed simulated volume registered  (B) Interpolated simulated volume by placing
to the atlas volume each slice to the coordinates of the rotated atlas

(C) Original unrotated atlas (D) Atlas rotated with the best cutting angles
returned by our method

(E) Overlay of A (in green) and C (in magenta) (F) Overlay of B (in green) and D (in magenta)

Figure 3.11: Full simulated brain results, sagittal view. Scale, 1 mm.
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“thicker” than the atlas. For the reconstruction-first method, we can show the reconstructed volume
directly. As one can see in (A), the reconstructed volume is very smooth. The last row shows the
overlaid of the moving volume and the reference volume after registration. The comparison method
seems to register the central section with the atlas well. But it is clear that the front and back of
the brain are misaligned. Because the goal of our method is to map the experimental slices to its
corresponding coordinates in the atlas volume, we emphasize more on the correctness of alignment
rather than smoothness. As shown in (F), with our method, the warped moving volume is positioned
correctly on top of the atlas volume. Because the moving volume is shown in green, and the reference
volume is shown in magenta, a perfect alignment of intensities would result in white. The merged
image in (E) is greener in color meaning the error of the comparison method is also greater than
that of our method.

With this comparison experiment between our method and a reconstruction-first method on the
simulated data, we demonstrated that our method gives less TRE because our method does not have
a reconstruction step at all avoiding the z-shift problem. By showing that our method has better
TRE than the comparison method on the sectional simulated brain, we also proved that even if a

small brain section is reconstructed, a small error will still be introduced.



Chapter 4

Applications

In the previous section, we have described our method and its performance on simulated datasets. In
this section, we talk about the application of our method on various real experimental datasets. We
hope these examples provide potential users a better idea of how to use our method to register their
data even if the new datasets are different than the experimented ones presented.

Each lab usually has their own image preprocessing pipeline that reads the digital image files
from their microscopes. These preprocessing pipeline usually crops individual slices out from a large
scan containing multiple adjacent slices, orders them, normalizes the intensity to 8-bit or 16-bit, and
downsample the images if needed. Our pipeline read in preprocessed and ordered images in the TIF

format with additional requirements listed here:

1. If tissues are generated with free-floating immunohistochemistry, the flipped image should
be corrected to reflect the image viewing from the front of the tissue. The more left-right

asymmetry there is in the image file, the more importance this step is.

2. Depending on the lab’s image processing pipeline, some experimental datasets will have excessive
background (nonzero-intensity regions that does not represent real tissue). This background
noise needs to be removed for our image registration pipeline to work correctly, because we use
the shape information to perform the initial affine registration in both the plane-wise mapping

and pixel-wise mapping steps. Empty space inside real tissues does not need to be removed.

Some brain sections consist of loosely-connected tissues. These tissues may be lost or displaced
during the processing steps. Our method works well when an experimental brain or a sectional
experimental brain contain some of these slices. However if these slices form a large portion of an
experimental dataset, additional preprocessing will be needed. We will discuss the needed processing

later in this chapter.

45
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4.1 Nissl-stained Full Brain Data

Our first experimental dataset was a full brain dataset, Nissl stained, 50 pm thick, consisting of 202
slices. Since this was the first experimental dataset that we worked on, we manually selected 35
good-quality slices that were relatively less distorted comparing to other slices as the Set A which
was used to compute the best cutting angle. The average index difference between the best matching
upper and lower half slices are shown in Figure which shows the expected pattern. The average
index difference is negative for a cutting angle that is smaller than the actual cutting angle and is
positive for a cutting angle that is greater. The best cutting angle is at where the average index flips
sign and gives the smaller index difference. According to the chart, 11 is the best cutting angle.

We found the best cutting angle around the superior-interior axis similarly with the left and right
half slices. The angle around the superior-interior axis is zero. In later reviewing this data, we noticed
clear left-right asymmetry which would indicate a rotation. This discrepancy was tracked to the slice
preparation using free-floating methods, which flipped some slices back side up. Since the images
were only preprocessed to make sure the ordering is right, and the left-right flip was not corrected.
Therefore our algorithm detected no rotation around the superior-anterior axis. We attempted to
correct this error after the problem was identified, however since the number of potentially “flipped”
slices were very close to the “non-flipped” slices and we were not neuroscientist, we did not fix
the problem. If an application requires high precision of the mapping, and images are generated
free-floating, making sure images are front-side-up is very important.

After the best cutting angles were found, we found the plane-wise mapping by running the same
algorithm on the full selected slices and interpolated the array to find the correspondences of the
slices which were not in the selected subset, A. We sampled every 20" slice in this experimental
mouse brain and showed their corresponding resectioned atlas plane detected by our algorithm in
Figure 4.2 Slices are ordered from posterior to anterior. Odd rows are the experimental slices,
and the corresponding atlas slice is shown directly below. From the image we can see clearly the
perfusion and hydration process caused enlarged ventricle in the experimental images. There are also
many slices that are corrupted, especially towards the anterior or the posterior brain. None the less,
our algorithm could detect very closely matching atlas image for the experimental slices even for
the ones with artifacts. We can see that the most anterior slices are not matched as well as other
slices, because many anterior slices are too small and lost during the imaging procedure. We had
a neuroscientist check our result. He said that the result was better than his manually identified
result because computer algorithm could take into account different cutting angles and also spatial
constraint at the same time, and humans were bad at computing 3D projection in mind. We did not
further evaluate the result of the full experimental brain, because the data was not linked to any

study.
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Figure 4.1: Average index difference between the upper and lower best matching slices of selected
experimental images.

4.2 Dorsal Raphe Sectional Brain Dataset

The first real application of our registration framework was a systematic anatomical study in the
hindbrain to study the organization of the dorsal raphe (DR) serotonin system and its behavioral
functions related to depression and anxiety [53]. Prior this study, most of the research community had
viewed the DR serotonin neurons as a single distribution. The authors of this paper were interested
in further studying the distribution of serotonin neurons projecting to different brain regions in the
DR region. These serotonin neurons were stained with anti TPH2 antibody and retrograde traced
with viral-genetic methods. Examining them requires sectioning the DR brain section into thin
slices. Obtaining the distribution requires mapping these neurons from different brains in the same
experiment to the atlas coordinate. Because it is hard to section experimental brains with the same
angle as the atlas, and the DR is a very small brain region, in order to draw useful conclusion, a

precise mapping algorithm was needed.

4.2.1 Data Description

There were 36 Nissl-stained sectional brains in this study. Each sectional brain consists of 30 to 55
coronal slices sectioned with a thickness of either 40 pm or 50 pm. The resolution in the sectioning
plane was measured to be 5.1 pm per pixel. Image size varies across brains with resolution ranging
from 1 megapixels (1000 x 1000) to 6 megapixels (2000 x 3000) in the sectioning plane depending on
the size of the original brain and the imaging space. Some brains were processed with the free-floating
method, and some were processed with the slides-attached method. Our program mapped all the

sectioned brains to the atlas, and with the obtained transformation fields, we were able to estimate the
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Figure 4.2: Sample experimental slices in the full brain dataset and their corresponding plane
computed by our algorithm.
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Our method-general

Reconstruction-first

(A) Reconstructed simulated volume registered  (B) Interpolated simulated volume by placing
to the atlas volume each slice to the coordinates of the rotated atlas

(C) Original unrotated atlas (D) Atlas rotated with the best cutting angles
returned by our method

(E) Overlay of A (in green) and C (in magenta) (F) Overlay of B (in green) and D (in magenta)

Figure 4.3: Full simulated brain results, sagittal view. Scale, 1 mm.
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model for serotonin neurons localized with different distribution projecting to different downstream

brain regions that relate to distinguish behaviors.

4.2.2 Preprocessing and Creation of the Sectional Atlas

The ideal case in a biomedical registration problem is that the moving image contains the same
structures as the fixed image. As described in Section our HOG similarity metric can measure
similarity between two images even with the presence of distortions. The side-effect is that the
metric is not very sensitive, and finding best corresponding slice requires additional constraints. The
posterior cerebral cortex is easily detached during the slice preparation procedures. It presented a
problem when we tried to find the best matching slice of a slice that had misplaced or missing tissue,
because we aligned the slice with a resectioned atlas slice affinely based on the same information
before computing the HOG difference.

Therefore we needed to preprocess both the atlas and the experimental dataset so that the two
datasets contain similar information. We made sure all the easily-missing tissues were removed in
both experimental and the reference atlas. Because most sectional brains in this study only consisted
of 30 slices, and there were not as many salient features in this brain section, we wanted to keep as
much information as possible. Therefore based on how much the easily-detached tissue were still
attached, we grouped the 36 experimental brains into three groups — one with all the easily-detached
tissues removed (some brains processed free-floating), one without cortex but with cerebellum (the
remaining brains processed free-floating but had more tissues attached), and one with all the tissues
(brains made slides-attached). We created a sectional atlas according to how much tissues were kept
in each group. We split the brains made with free-floating method based on their quality. Because
most of our sectional brains consisted of only 30 slices, we wanted to keep as much information as
possible.

To make the sectional atlas, we first chose a slice index range in the unrotated atlas that covered
all the regions that may appear in any of our experimental sectional brains, then we removed
easily-detached tissues in that group. We made use of the annotation volume of the ABA. Because
the annotation volume was not very accurate, our neuroscientist co-author further corrected some
removed regions to make sure all target tissues were correctly removed. For the experimental brain
sections, our collaborators removed the easily deformed regions based on which group the sectional
brain belonged to. This step was completed during the preprocessing steps that generated clean and
ordered image stacks.

Even though the experimental slices were preprocessed by operators to remove the nonzero-
intensity background and to keep only the tissues, this procedure was not quality-controlled. It
would cause problems when this preprocessing was not done well. The “fake” gradient from these
nonzero intensity background pixels to the zero-intensity background affected our results. If excessive

background still remained around the real tissue, the outer contour of images might not align well,
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because our cost function consisted of a symmetric difference term. Therefore we resegmented the
experimental images again before registering them to the reference. We used a similar method to
preprocess the atlas images as in Section |3.3.3] except that the masks were morphologically eroded
and dilated with a disk of 3 pixels, and a computed background region would be kept if its area was
greater than 50 pixels. These parameters were selected based on experiments on several slices in one
of our experimental brains. Same parameters were used for all slices from all brains. In the case that
a slice was missing a relatively large portion of tissue, after the plane correspondence was found, a
manual tissue removal would be done on the fixed image to crop out the same corresponding portion

that was missing before the 2D nonrigid registration.

4.2.3 Selection of Set A

In Section [3.6] we briefly discussed the general guideline of the selection of Set A. In this anatomical
study, most sectional brain consisted of only around 30 slices. We used every third image for most
of the brains — about 10 slices for each experimental brain. For some brains with relatively more
damaged slices, we manually checked the automatic selection and replaced slices with significant
damage with a nearby good quality slice. With Matlab, it takes 38.8s on a 12-core 3GHz Linux

machine to evaluate a set of 12 slices, or equivalently to evaluate a cutting angle on a sectional brain.

4.2.4 Improvement based on Data-specific Properties in 2D Non-rigid

Registration

The dorsal raphe nuclei are ventral to a hollow structure called aqueduct. Due to the difference in
brain preparation procedure, for example, the dehydration step, as illustrated in Figure the
aqueduct showed variability between our experimental brains and the atlas. The difference in size,
appearance, and especially edge orientation of the aqueduct made aligning the regions around it
difficult using the HOG descriptor alone.

The solution was to force a correspondence of this region between the moving and fixed images,
which it required a segmentation of the aqueduct in the experimental images first. Because aqueduct
appearance varies across subjects, sectioning angles, and longitudinal axis as shown in Figure |4.4]
it is hard to segment them with a single traditional segmentation method. Therefore we used a

learning-based approach which we will talk about next.

4.2.4.1 Learning-based Region Segmentation

Data Augmentation Because of the aqueduct variability we saw in our experimental datasets, an
unsupervised-learning approach would not work. To use a supervised learning approach, we needed to
address the lack of labeled data. Our experimental dataset consisted of 36 brains where most brains

have about 30 slices. One slice would have at most one aqueduct region in it. The total amount of
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(F) Q) (H)

Figure 4.4: (A) Expanded aqueduct in an experimental image. (B) Aqueduct in the corresponding
atlas image of (A). (C) Squeezed aqueduct in an experimental image. (D) Aqueduct in the
corresponding atlas image of (C). (E)—(H) Various aqueduct appearance in different brains and
slices. Aqueduct contours are marked with white curve. Scale, 1 mm.
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Layer 1 2 3 4 5 6 7 8 9
Convolution |3 x3|3x3[3x3] 3x3 | 3x3 | 3x3 3x3 3x3 1x1
Dilation 1 2 4 8 16 32 64 128 1
Truncation Yes | Yes | Yes Yes Yes Yes Yes Yes Yes
Receptive field |3 x 3|5 x 5|9 x 9[17 x 17|33 x 33|65 x 65|129 x 129|257 x 257|257 x 257

Output Channels| 32 32 32 32 32 32 32 32 C

Table 4.1: Aqueduct segmentation network architecture. C is the number of channels in the input
image.

images we had was limited, and we could not ask our neuroscientist coauthor to manually segment
all images. Therefore we randomly selected five brains as the initial dataset to generate the training
data and asked the neuroscientist to annotate the aqueduct in all the 150 images. Then we did heavy
data augmentation on this initial dataset. We applied randomly selected affine transformation, then
randomly selected nonrigid transformation to each image and the annotation mask. We then resized
them to 512 x 512. A left-right flip is further applied to generate more training data. In the end,

more than 5000 images and annotations were generated.

Neural Network Despite the heavy data augmentation, our training set was still small, so we
prioritized networks with a relatively small number of weights and larger pretrained networks where
we used transfer learning, and only trained our labeled datasets over the last few layers. We first
found the transfer learning approach did not work very well. Our guess is that those networks were
previously trained very well on natural images, and since our dataset is very different, the outcome
depends heavily on in what layer of the original network we started to train our data. Among the
relatively smaller networks, we finally selected a network similar to Chen et al. ’s [14] implementation
of context aggregation [69], a network built with mainly dilated convolution layers. The parameter
chart is shown in Table 4.1} Because the aqueduct would only appear at a relatively stable location
in a slice, it was not translation-invariant. Unlike the translation-invariant features where we only
need the receptive field of a filter to cover the size of the object, we need to grow the receptive field
of the layers to cover almost the entire slice so that we can “code” this relative location information
in the slice into the network. The cascaded dilated convolutional filters work very well for our limited
data because the number of parameters grow linearly while the receptive field grows exponentially.
We use intersection over union (IoU) as the loss function, and leaky ReLU as the activation function.

We trained the network until the IoU stopped increasing. We ran the network on the remaining
brains. Partially because the randomly selected brains that was used to generated the training
dataset do not represent the full variability of all experimental brains, about 10% of slices need a

manual segmentation.
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4.2.4.2 Integrating Region Information

We now have the contours of the aqueduct in both experimental and reference images. Because the
shapes are sometimes much different, we could not use shape context as what we did in Section [3.1] to
build point correspondence. Contour alignment methods such as minimizing the Hausdorff distance
are computation-expensive. Therefore we used a simple way to match the aqueduct contour points.
Because the images are straight-up, we found the highest and lowest points on the aqueduct contours
and used them as the corresponding points. If there were multiple highest or lowest points, we chose
the point that is closer to the centroid of the aqueduct contour. We then divided the contour curves
into the left and right halves with the highest and lowest points and built more point correspondence
by uniformly sampling eight points along each half.

We nonrigidly registered the image pairs in this study with the uniform-grid MRF model described
in Section [3.3] These control points from uniform grid would not have enough flexibility to align
the aqueducts when the aqueducts were smaller than the grid spacing. Therefore we used these
corresponding points on the aqueduct contours as an additional term in the energy function. The
term measured the Euclidean distance between the warped experimental aqueduct contour points

and their corresponding atlas aqueduct contour points:
D;(lp) = d(Vp,T;(up,p)) (4.1)

where an experimental aqueduct contour point u € up, if its influence to node p - 7,41 (Ju — p|) > 0.
vp are the corresponding aqueduct contour points in the atlas image, and d measures the Euclidean

distance between two sets of points. The energy function on coherent nodes now becomes:

EZoherent = Z Fo V[f,atlas (Z;D) + Z Fo D;lto(lp) + Z Z Fo thq(lpv lq)

t t t . t
pegcoher@nt pegcoherent pegcoh,erent qe{q'epqu }

(4.2)

Solving this energy function could only register the aqueduct region well if the size of the aqueduct
is on the order of, or larger than, the control point spacing. Registration is difficult if the aqueduct is
squeezed and is much smaller than the spacing. Therefore we further warp the corresponding points
on the aqueduct contours with thin plate spline (TPS) [10], and because our other tissue regions are
mostly registered, we add surrounding control point locations into the TPS as well so that we do not
sacrifice other registered regions.

We improved the 2D nonrigid registration algorithms in Section [3.4] by using better located control
points than points on a uniform grid. In this case, we may included some the aqueduct points as our
control points. The registration would work well if the aqueduct is on the order of at least half of the
spacing, and the aqueduct has similar HOG profile. To make sure the aqueduct was registered well

in all our images, we also could added all these sampled aqueduct points first as our control points,
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and then detect other control points. We experimented with the salient control points method both
without adding the sampled aqueduct contour points and with those points. Like in the uniform grid
formulation, aqueduct control points and the salient control points whose patch would cover some of
the aqueduct correspond to the distance term D), and the salient control points correspond to the
HOG similarity term V},. If a control point is on the tissue boundary, a symmetric difference term is

also associated with it to better align the image contours. The energy function will be:

Et = Z Fo th,atlas(lp) + Z Fo D;(lp) + Z'FO S;t?,atlas(lp)
p

Psalient Paqueduct

+3 > Fovi ()

P q€{qep€E}

(4.3)

where S represents the symmetric difference term; control points p is grouped; and a regularization
term is added regardless of point p and point ¢’s category. Because the aqueduct boundary points
are directly the control points, we do not need to add a post TPS deformation like we did with the

uniform grid approach.

4.2.5 Neuron Mapping

Each retrogradely labeled cells in the DR is imaged again with confocal imaging with higher resolution
than with the fluorescent microscope to record the positions of retrogradely labeled cells from different
projecting sites. A merged channel confocal image of the DR region is shown in Figure Individual
cells can be seen clearly, and we can split channels to see neurons from different projecting sites.

We registered the full Nissl-stained coronal section to the atlas and obtained first a sectioning
plane in the atlas and then a nonrigid in-plane mapping to the corresponding atlas plane. The
confocal images contain more precise location information of the labeled neuron positions and their
original injection site information. Despite being taken from the same physical slice, the coordinate
information from these two different imaging types was different — the resolutions were different,
and the confocal images were just a “crop” centered at the dorsal raphe region. Therefore the
obtained transformation did not directly transfer. Since the DR region is directly under the aqueduct
(aqueduct contour labeled in white in Figure , we used the lowest point of the aqueduct as a
reference point and measured each neuron” distance in the horizontal and vertical direction relative
to this stable feature. With the resolution of confocal image as well as our full histological image we
could compute the distance of these neurons to the reference point in pixels.

The problem became computing the position of the reference point in the experimental image.
We directly took from the annotation the lowest aqueduct point C’ in the atlas and found the
corresponding position in the experimental image with Equation [3.23. The absolute position of
labeled neurons in the experimental image are then computed with the position of the reference point

and the horizontal and vertical offset. After we get these positions, we use the above equation again
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Figure 4.5: Example coronal confocal section from the DR study. Different color represents different
injection sites. Splitting channels reveals position of neurons from a single injection site. White line,
aqueduct border. Scale, 100 pm. [53]
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to find the corresponding position in the atlas.

4.2.6 Evaluation

We used five brains in this anatomical study to analyze the performance of our framework on real
experimental data. We used the same comparison method as described in Section In our
paper [66], we had not implemented the salient control point based nonrigid registration, therefore
we compared the performance of our method with uniform grid without and with the aqueduct
segmentation. To evaluate the performance of the salient control point 2D nonrigid registration
method on real experimental data, we evaluated it on the real data from the DR study. With the
evaluation results from [66], we added the new results and plotted them together in the boxplot in
Figure It reports results of the reconstruction-first method, our method without and with the
data-specific improvement that deals with the aqueduct registration, and the method with salient
points as control points.

The five brains represent some of the data variability we saw in the real datasets in this study.
These TRE numbers shown in the chart represent a combination of expert and computation error
because it measures the distance between corresponding points returned by our methods and the
points located by a neuroscientist. Based on the simulated result on the sectional simulated brain in
Section we believe the intrinsic expert error is likely to be much larger than the computation
error of our methods. With the data-specific improvements, even though the average TRE did not
improve much, the standard deviation of errors became much smaller. As expected, we see a larger
improvement on landmark points near the aqueduct. The TRE ratio is on average 2.56 between the
reconstruction-first method and our methods.

The additional experiment we did is given in the green boxes - evaluation of the MRF nonrigid
registration with detected salient control points. Using salient control points improves the average
TRE from using uniform grids by 10.9% on average and reduces the standard deviation by 18.9%
on average. Comparing to using the uniform grid and detecting and warping the aqueduct regions
separately, using the salient control points instead shows both relative better and worse results. It
is because with the salient point control, we use spacing that is comparable to the uniform grid
spacing, and the aqueduct size is sometimes smaller than the spacing. The results show salient
control points gives better performance than using the uniform grid, but improvement based on
data-specific properties is still necessary to achieve the best performance. To explore further, we
added the sampled aqueduct contour points as salient control points, and then detected other salient
control points. Adding these points improved results from the general salient control points approach.
For the aqueduct contour points, we computed both the HOG similarity term and the distance term
and the symmetric difference term and weighted them so that each control points would contribute
equally.

Because our experimental sectional brains only consist of about 1/7 to 1/6 of a full brain length,
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Figure 4.6: Boxplots of the TRE on evaluated experimental brains.

showing the sagittal view of these thin stacks does not exhibit the correctness of alignment. Therefore,
we show four evenly-spaced slices in each experimental brain and their corresponding planes in the
atlas volume after we mapped them to the same coordinates. Figure displays a triplet of images
for each slice location and for each experimental brain. Each row shows two triplets of images. In
each triplet, the left image is the registered slice using our method, the center is the corresponding
atlas plane, and the right image is the registered slice using the reconstruction-first method. To give
the registration-first method a fairer comparison, we try to avoid slices where the corresponding
planes don’t contain a full slice: we constrain our slice selection to the portion that has a close-to-full
slice correspondence in the reconstructed volume. If the plane correspondence is correct, the images
will show the same anatomical features. Clearly our method catches the correspondence better
than the reconstruction-first method. We can also glance at the registration performance of our
registration method described in Section [3.3|from Figure

4.3 Posterior Brain

External thermal and mechanical stimuli are detected and transmitted to the spinal cord by peripheral
afferents with their cell bodies in the dorsal root ganglion. Within the spinal cord, the projection
neurons further transmit the sensory information to various brainstem and thalamic nuclei. This
ascending sensory information is also subjected to extensive processing by different mechanisms.

The type of modulation that the study is interested in is from a network of descending pathways
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Figure 4.7: Dorsal raphe study results: experimental images and their corresponding atlas planes

after registration. Intensity 2x in all images for visualization purposes. Scale, 1 mm.
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Experimental  Atlas plane Experimental | Experimental Atlas plane Experimental
plane - our plane - | plane - our plane -
method reconstruction- | method reconstruction-
first first
Brain 4

Figure 4.7: Dorsal raphe study experiments results: experimental images and their corresponding
atlas planes after registration. Intensity 3x in experimental images, 2x in atlas images for
visualization purposes. Scale, 1 mm.
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projecting from cerebral structures to the spinal cord dorsal horn. This top-down pathway includes
the anterior cingulate cortex, the hypothalamus and the amygdala that relay information to the
midbrain periaqueductal grey, and further downstream to the rostral ventromedial medulla (RVM),
including nucleus raphe magnus, nucleus reticularis gigantocellularis, and adjacent areas, to exert
bidirectional control on the spinal cord nociception. Within the RVM, there are different types of
neurons that have different pain modulatory functions. In this study, our brain mapping program is
used to map three different kinds of spinal cord projection neurons in the RVM to the common Atlas

coordinate and analyze them.

4.3.1 Dataset

The experimental datasets are posterior sectional brains consisting around 30 slices, because RVM
is mostly in the posterior sections. We tested both on DAPI-stained and Nissl-stained brains and
found that our algorithm does not work on DAPI-stained data for 30 slice posterior sectional brains.

We analyzed the intermediate results and found:

1. DAPI stains all cells, not just neurons. Therefore the features shown in a DAPI-stained

experimental brain does not correspond well to the atlas.

2. The posterior section consists of very strong features — regions in the cerebellum — in the
upper half, while the features in the medulla in the lower half are smaller in number and have
less contrast. With DAPI staining, the features in the upper half are still strong, but the

features in the lower half are hardly visible, making our angle detection very hard.

3. An experimental sectional brain consists of only around 30 slices in the posterior brain. The
lower half contrast visible with Nissl staining are now mostly missing with DAPI stain. Even a

neuroscientist cannot determine a sectioning angle.

Therefore, we switched to Nissl stain instead. Even though the upper half features are still much
stronger than the lower half features, because for determining sectioning angles, we compare upper
and lower half features to slices in the neighborhood separately, the strength of features does not

pose a problem as long as the lower half features show up.

4.3.2 Preprocessing

The experimental dataset contains a region called the paraflocculus, which is a lobe-like structure,
as shown in Figure [4.8] The structure extends out from the brainstem and is connected with the
brainstem through a thin tissue. The structure in 3D is a protruding tissue outside of the brainstem.
Since it is only connected with the brain stem through a thin tissue, the structure can move backward
or forward when an experimental mouse brain is taken out of the skull. Therefore the position of this

structure is not reliable in determining the cutting angles of the microtome. We removed the structure



CHAPTER 4. APPLICATIONS 62

Figure 4.8: An atlas image containing the paraflocculus region, with the annotated paraflocculus
region in the annotation volume circled in red.

consistently during preprocessing. Specifically, we removed the paraflocculus region and the fiber
tracts region enclosed in the convex hull formed by the paraflocculus region, as well as the flocculus
right near the paraflocculus which is also included in the “lobe”. Because this lobe-like region is
very distinguishable, an operator after some training would be able to complete the preprocessing
task easily on the experimental images. Depending on the sectioning angle and the length of the
experimental section, some more anterior slices contains cerebral cortex as well. Because cerebral
cortex is not connected to the brain stem in the brain section of our experimental data, we removed
the cerebral cortex as well. We removed the same regions in the atlas using the annotation volume.
Since annotation is not very accurate like shown in Figure The removal was sanity-checked by a
neuroscientist. We chose a section in the atlas that well contains the volume that the experimental
volumes would cover and removed the same regions as we did in our experimental volume. This atlas

section was created once and was used as the reference for all the experimental brains in this study.

4.3.3 Registration

For the plane-wise mapping step (Section , we used the same implementation as the Dorsal
Raphe dataset (Section . However, the best cutting angle returned by our program did not seem
to be correct. Therefore we rotated the sectional atlas corresponding to our dataset and asked a
neuroscientist to identify an angle that could be right. We checked the best matching slice indices for
both the upper and lower half slice of every slice selected, and found the upper slices are matched
correctly with our program, but the lower half slices were not. We further examined the intermediate

steps and attributed the reasons to the following:
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1. The posterior brain stem does not have any strong features. The few features are low-contrast

compare to most features in other parts of the brain.

2. Using HOG difference to measure similarity does not require precise registration of two images
and allows for distortion, but when all the features in an image is too small in magnitude,

misalignment affects the result.

3. The lower half slices of these posterior brain slices are not aligned very well with our affine

registration.

To illustrate the reasons above, we take an experimental slice in the posterior dataset as an
example. To find the best cutting angle, a required step is to find the best matching half slices of
an experimental slice for a given angle. Given an experimental image, we search a neighborhood
of atlas slices and compute a HOG difference score between them. Figure shows an overlay
of this experimental image rescaled to the resolution of the atlas and a corresponding atlas slice
affinely registered to it. The affine registration is performed as described in Section we extract
corresponding points on the contours of the two images, compute a similarity transform, and then
apply additional horizontal scale and vertical scale that aligns the two shapes better. We then split
the images in halves with the plane that cuts an unrotated atlas into the upper and lower halves and
compute the HOG difference to their potential matches in the half atlases. An example of the upper
half and lower half overlay of this experimental image to its corresponding atlas slice are also shown
in Figure We can see that after affine registration most corresponding features are close to each
other. The algorithm correctly predicted the best matching upper half slice, but predicted another
slice to be the best matching lower half slice.

When we examine slice matches, we see how many biological features correspond. In the lower
half of the posterior images, we look mainly at the biological features in the brain stem region —
the low intensity area in the bottom. The lower half slice in (C) showed corresponding biological
features, but the cerebellum and its surrounding regions dominate the signal. With the circled area
not well-aligned, the HOG difference of these two slices became large even if the two images had
corresponding biological features. This shape difference may be because the cutting angle around
the superior-interior axis is not zero. As a result, our experimental images were not symmetric. It
may also because of inter-brain variations. Because this indentation difference is not large, and this
misalignment is mainly near the outer contour, we used a simple approach — applying a shrinked
lower half mask to the images. Thus the HOG difference does not include these misaligned regions
caused by different tissue indentation. With this trick, the best matching half slices were found
correctly.

We also tried to split these posterior images into the cerebellum part and the brain stem part
instead of cutting the image in halves. However the brain stem is connected with the cerebellum

through some fiber tracts tissue. Therefore in some slices, the boundary is not clear, and if we were
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(A) An overlay of a posterior (B) An overlay of the upper half

experimental image (magenta) slices.
and the corresponding atlas slice
(green).

(C) An overlay of the lower half
slices with not well-matched area
circled in white.

Figure 4.9: Affine registration result of a posterior slice and half slices. Scale, 1 mm.
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Table 4.2: Example upper and lower best matching half slice index difference of selected

experimental image with different cutting angles.

to fix the misalignment this way, a manual fix is needed.

With this fix in place, we tried to find the best matching angle, but the angle was still not correct.

Therefore we checked the best matching index difference between the upper and lower slices for every

selected experimental image and every given angle. The numbers are shown in Table Each

column represents the index differences of best matching half slices under a given cutting angle. If

we look at the numbers column-wise and do not include the last rows (more anterior slices in the

posterior section), the numbers follow an expected pattern — from smaller angles to larger angles

index differences are first mostly negative, then is around zero, and finally are positive. In this case,

angle 7 gives an average index difference closest to zero and is indeed better than the other cutting

angles when we examined the experimental brain manually. This means without the last four slices,

our algorithm could detect the cutting angle correctly.

We further investigated the last slices and found out the cause of large index differences for the
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Experimental slice Best matching upper half slice ~ Best matching lower half slice

Figure 4.10: One of the last four experimental slices and its best matching upper and lower slice.
Experimental slice resized to the resolution of the atlas. All images contrast adjusted for
visualization. Scale, 1 mm.

last slices was the cerebellum. Figure [£.10 shows the best matching upper slice and the best matching
lower slice of one of the last four slices given the best cutting angle was 7. From the figure, we
can see the darker region (brainstem) is matched well in both images, but not the bright regions
(cerebellum). The middle figure which is supposed to be the best matching upper half slice, the
bottom center of the cerebellum is matched well but not the two sides. The right figure which is
supposed to be the best matching lower half slice, the bottom center of the cerebellum does not match
with the experimental image, but the two sides of the cerebellum are matched well. We guessed the
anterior-posterior axis of the brain was bent, because while the brain stem seemed to match well
with the experimental image, the features co-existed in the cerebellum of the experimental image
appeared in two different planes in the same rotated atlas. We examined the mouse brain and found
out the cerebellum was indeed loosely attached to the brainstem and was prone to displacement
when the brain was taken out of the skull.

Figure [4.11 shows the annotated sagittal view of the mouse brain. The posterior slices are
sectioned from the right and end around where the cerebellum (yellow region) ends. In the more
posterior slices, brain stem is only in the lower half, as shown in Figure In the most anterior
slices in the posterior section, as shown in Figure we can see the brainstem in both the upper
and lower halves. Since our result shows the index differences are around zero for most slices from the
posterior, and only the upper half is not matched well in the few anterior slices. Since cutting angle
is relatively stable, our guess is that the mouse brain may bend in this brain near the connection
between the cerebellum and the brainstem. One can see from the sagittal view that the cerebllum is
connected with the brainstem (pink and orange in the posterior sections) through three pieces of
tissues in this sagittal view. Gray regions are the ventricular systems which are empty space. In
coronal views, the cerebellum is connected very loosely to the brainstem as shown in Figure in

the very posterior sections, and connected more to the brainstem through thicker tissues on the
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Figure 4.11: Annotated sagittal view of the ABA mouse brain. Left: anterior, right: posterior.

two sides of the fourth ventricle — the hollow structure in the middle — as shown in Figure [4.10.
Because mouse brain is long, and the brainstem’s size in coronal views suddenly drops around this
region, 3D deformation is possible when the brain is taken out of the skull or during the handling
process. In addition, there are large hollow structures in between the brainstem and the cerebellum,
depending on the amount of perfusion and dehydration, the size of the ventricular systems may vary
between the experimental brains and the atlas which may cause additional 3D deformation in the
posterior section.

The neurons we are interested in in this study are mostly in the more posterior slices and in the
brainstem. Since the brainstem are matched very well in all slices, we only made slight modification
to only use the first two thirds of the slices to determine the cutting angle, but did not make further

improvement.

4.3.3.1 Pixel-wise Mapping

The cerebellum has much stronger contrast then the brainstem in these posterior slices. However,
they are of equal importance. To make the salient point extraction more uniform, we separately
treated the cerebellum and the brainstem using the atlas annotation. We extracted salient points in
the two regions. Points in each region satisfy the spacing constraint. When two control points from
different regions were too close, we kept the point from the brainstem, because in this study we need

more precise registration in the brainstem.
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Figure 4.12: Preliminary result of the posterior brain study.

4.3.4 Result

After we mapped all neurons in an experimental brain to the atlas, we generated an average coronal
atlas image of the corresponding section and plotted the mapped neurons on the average atlas slice
as shown by the red dots in Figure [£.12, The right chart shows a preliminary analysis of the anterior
to posterior distribution of the total descending neurons (red) and neurons from a specific pathway
(blue).

4.4 DAPI-stained Near-Full-Brain Dataset

While in the prior section our approach was not able to map a posterior section of a DAPI stained
brain, when the brain dataset covers a longer section, our algorithm still works. It was used to
analyze the neuron distribution in the hypothalamus and the brainstem at a whole brain level. The
neuroscientists were interested in quantifying signals in small nuclei, therefore a precise 3D mapping

is necessary.

4.4.1 Data

The experimental data was near full brain data with 50 pm sections where the more anterior slices,
such as the olfactory bulbs, are not imaged, but about two thirds of the coronal slices are imaged. The
dataset was stained with DAPI, which matches the Nissl stained atlas less well. However, unlike the
brain section, this dataset had has more slices than in the posterior study, and many DAPI-stained

images which did show some features, which enable the algorithm to function well.
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(A) An example slice in the (B) Best corresponding slice in  (C) A Nissl-stained experimental
DAPI-stained brain (cortex miss- the atlas returned by our algo- slice in the similar region.
ing). rithm.

Figure 4.13: Comparison of features shown in a DAPI-stained experimental slice, an atlas slice, and
a Nissl-stained experimental slice in a similar brain region.

4.4.2 Result

Because our registration algorithm relies on the geometric information to determine the initial rough
searching space for each selected slice, we asked the neuroscientist to identify index numbers in the
whole atlas which bounded the regions that were represented in the experimental brains. That step
was needed because the olfactory bulbs were missing. The neuroscientist also made sure no image
was flipped horizontally. Resolution of the experimental images was hard to extrapolate because of
some arbitrary downsampling. Therefore we compared an experimental image to an experimental
image that contain similar slice with known resolution and used the estimated resolution in our
program. The cutting angles were returned successfully, and correspondences were satisfactory. We
found that the more anterior slices are matched better than the very posterior slices. The cause
may be the same as described in Section Figure shows an example slice of the matched
DAPI-stained experimental brain and the corresponding atlas slice. The slice matches were verified
by a neuroscientist. Visually the there were less features shown in the DAPI-stained slice in the
brainstem. Even if a feature was stained, it is less clear than the Nissl-stained slices. This can be
seen in the figure by looking for a sideways ‘8’ in the bottom of the brainstem. This feature is much

clearer in the Nissl stained atlas and experimental image.

4.5 High Resolution 2D Non-rigid Registration

While many anatomical studies analyze the mouse brain at a whole brain level, some studies are
only interested in in-plane analysis. In this study [29], for example, neuroscientists registered 3 slices
per animal to their corresponding 2D reference atlas image. Because of the large gap between slices,
3D analysis is not useful. In this study instead of the 3D isotropic 2011 or 2015 Nissl atlas that are
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(A) An example high resolution experimental (B) Corresponding high resolution atlas slice

slice with manually selected points in red. in the Mouse coronal v1, 2008 atlas manually
selected by neuroscientist and corresponding
points marked in green.

Figure 4.14: An example of high resolution experimental image and its corresponding reference atlas
coronal slice.

used in the previous studies, the neuroscientists identified corresponding high-resolution coronal atlas
sections (Mouse coronal v1, 2008) from the ABA. While no sectioning angle difference was taken
into account, only slices that are close to the coronal atlas sections’s sectioning angle are kept. Since
our method consists of two separable steps — plane-wise mapping and the pixel-wise mapping, if the
corresponding slice is identified manually, we could directly use the second step to perform the 2D
registration.

From the same lab where the study in [29] was performed, we obtained 10 coronal slices whose
positions span throughout different regions of the mouse brain and their corresponding neuroscientist
identified coronal reference atlas sections. In this lab, custom software was used to register the
manually selected correspondent slices. The custom software used a stochastic hill-climbing method
which optimizes a weighted sum of the overall image cross-correlation and the mapping distortion [33].
To improve the qualitative result from the registration method used by the lab, neuroscientists marked
on average 127 pair of corresponding points in each slice and its corresponding high-resolution atlas
section. An example is shown in Figure Different from the landmark points selected in Section
the landmarks points are on feature boundaries but not necessarily feature corners. Therefore
the neuroscientist is confident the landmark points are on the curve but may not be confident about
the specific position of a landmark point on the curve. We ran our nonrigid registration algorithm
with salient control points on these 10 pair of images and compared the TRE of using the custom
software from the lab. We calculated the average TRE from each slice, and the boxplot of the average
TRE per slice from these two methods is shown in Figure [£.15. Our method has a higher average
TRE than the custom method used in the lab.

We further examined each pair of slices, the original points marked on the experimental images,

the corresponding points marked on the manually selected reference images, the corresponding
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position of the original points on the warped experimental images with both methods, as well as the
quality of the computed transformations. We found that for most of the slice pairs, there was not
much difference between the results in terms of visual quality. But if there was some difference, our
method performed better in registering tissue boundaries and when two corresponding features are
not close after affinely registering the experimental image to the reference slice. Example pairs are
shown in Figure [1.16. The image pair on the left column shows an example in which our method
registers the image contours better. After affine registration, the contours of the two images are
not aligned because affine transformation does not correct nonrigid deformation. In our result, the
contours of the images are aligned better than that from the custom software. Internal structure
alignment from the two methods are comparable. In the image pair in the right column, we can
see after we bring the experimental and the reference image to the same coordinate with the affine
transformation, the hippocampus in the two images are not well aligned. A nonrigid deformation
is needed. The intensity-based custom software improves the alignment generally, but could not
align the hippocampus, because the edges are thin and does not overlap much, therefore it is hard to
achieve the optimial solution with a local iterative search. However our method is more feature-driven.
We first place control points on the boundary of salient features. We then describe surrounding areas
of these salient points with HOG descriptions, after which we search all the possible constrained
displacement of every salient control points, minimize the energy function so that the HOG difference
are minimized while smoothness is encouraged. Therefore with our method, the hippocampus is
aligned much better. This example shows that our method generally aligns thin, non-overlapping or
little-overlapping biological features better than an intensity-based method.

However, even though our method shows comparable qualitative result as and sometimes even
better than the custom software, the boxplots in Figure [£.15 gives contradicting conclusion. We
further examined the points placed by the neuroscientist. Most of them were placed on edges of
biological regions that show contrast to surrounding regions. Some were placed inside blobs. Others
were placed on the corners. Most of the edge points were placed based on relative distance. However,
our method seems to give more TRE systematically than the custom software regardless of how we
tuned the coefficients of our energy function to encourage smoothness. We manually checked the
points which our method did much worse than the custom software and found that most of them
were edge points. After confirming with the neuroscientist, we were informed that the corresponding
points were selected using the warped image from the custom method as reference, and the goal
was to add these points to improve the registration quality of the custom software. This is why the
TRE from our method was not as small as the TRE of the custom software. An example is shown in
Figure [1.17. Green and red points aligned much better in the custom software generated results,
with many yellow points especially in the lower left part of the image. The example image was
chosen because it shows a clear example of points that are biased. The experimental image is clearly

rotated. However the points in the white circle are straight-up. The custom software did not correct
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(B) Pair 1: overlay after warping with custom (E) Pair 2: overlay after warping with custom
software. software.

(C) Pair 1: overlay after warping with our (F) Pair 2: overlay after warping with our
method. method.

Figure 4.16: Examples of 2D nonrigid registration results. Warped experimental image (magenta)
and reference image (green) overlay with different methods. Red points are the warped marked
points, and the green points are the neuroscientist selected corresponding points on the reference
image.
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the rotation, but showed a better alignment in the circled region than our method, even though our
method registered the two images better as the readers could tell from the zoomed-in view showing
in Figure (H) where the feature in the bottom was aligned while the same feature in Figure (F) was
still tilted. From the example, we can tell the points are biased, and therefore the results given in

the Figure [4.15| are not a fair comparison between the two approaches.
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(A) Experimental image with marked points. (B) Experimental image marked points
zoomed-in view.

; Wk o :
(C) Reference atlas image with marked points. (D) Reference atlas image marked points
zoomed-in view.

5

ST .
(E) Overlay after warping with the custom (F) Overlay after warping with the custom
software. software marked points zoomed-in view.

(G) Overlay after warping with our method. (H) Overlay after warping with our method
marked points zoomed-in view.

Figure 4.17: An example of false corresponding points. Warped experimental image (magenta) and
reference image (green) overlay with different methods. Red points are the warped marked points,
and the green points are the neuroscientist selected corresponding points on the reference image. If
two points are aligned after transformation, the point will turn yellow (overlaying green and red).
An example of false corresponding points is circled in white. Scale 1 mm.
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Discussion

5.1 Handling 3D Deformation

In Section [4.3.1, we found that there may potentially be a 3D deformation around the region where
the brainstem and the cerebellum connects. In Section 4.4} we found that the more anterior slices
are matched better than the most posterior slices. In Section where brain sections were only
about 1/6 to 1/7 of the full brain length, slices were matched very well. All the best matching slices
were computed under the assumption that the cutting angle is consistent. Since all experimental
mouse brains we have matched were adult mouse brains, there were not much structural variation
between them. The differences we saw mostly came from the difference in staining — atlas shows
more structure than the experimental brains, and ventricular system appearance — due to variation
in the perfusion and dehydration processes. We have handled those differences with cycle consistency
and the MRF formulation with tissue coherency. The one inconsistency we have not solved is the
potential cutting angle change or 3D deformation we saw in the above two datasets.

In Table we showed a matrix filled with upper and lower slice index difference given different
cutting angles. When cutting angle equaled 7, the index differences suddenly increased to around 10,
while the previous index differences were all close to zero. Table [5.1] shows the best matching upper
and lower slice index difference from a full brain data at the angle which gives the minimum index
difference. We used 35 experimental slices out of 220 slices, around every sixth image, to compute
the best cutting angle. Even though the average index difference is close to zero, we can still see
variation of the differences. The brain slices are ordered from posterior to anterior. The posterior
index differences are mostly negative. In the middle, the differences are close to zero. Then the
differences become larger towards the anterior slices. Because we assume a consistent cutting angle,
we select this angle as the best cutting angle, and final plane-wise mapping gives good matches.
However this data indicated there is more information we can collect. Our method has potential to

generate more precise plane mapping and is able to handle 3D deformation or cutting angle variation.
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Table 5.1: Upper and lower best matching index differences for a full brain dataset at the best
cutting angle computed by our algorithm.
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5.2 New volume in the ABA

We have tested our algorithm both on the Nissl volume of ABA (2011) and ABA (2015). The Nissl
volume of ABA (2015) is built from ABA (2011) by aligning the Nissl slices to the serial two-photon
tomography (STP) brain. Since the Nissl volumes were put together from physically sectioned coronal
histological slices, the volumes were not smooth, and after rotation, some edges were slighted jagged.
Some scientists may be more interested in using the smoother STP volume. Therefore we did a small
test on an experimental image which we computed the corresponding plane in the Nissl volume of
ABA. Since the STP volume and the Nissl volume are aligned, we used the same plane in the STP

volume as the corresponding STP image. We found:

1. The Nissl volume’s background — non-tissue region — has small intensities around real tissue
which causes problem on boundary alignment if not preprocessed. These small intensities are
not consistent and sometimes similar to real tissue intensities. The STP brain atlas has nonzero
intensity in all voxels, but these intensities are very low compared to those of real tissue and

are consistent, therefore it is easier to preprocess the STP volume than the Nissl volume.

2. There are some regions in the STP brain that have very low-intensity values, similar to that of

the ventricular systems, however those regions represent real tissues but not empty space.
3. The Nissl slice is slightly larger than the STP slice in the same plane.
4. The annotation atlas is accompanied with the Nissl volume, but not the STP volume.

5. The features in the Nissl slice also show up in the STP slice. The edges of features align.
Therefore we are confident that our method works on both modalities, because HOG uses

gradient features.
To correct for these effect and allow our code to be used we:

1. Used a very low intensity value to remove the background nonzero intensities in the STP brain
slice to create a good contour. This contour is important since our energy function consists of
a symmetric difference term that aligns the tissue contours. In the STP slice, a region that
is not an empty region can have a low intensity similar to that of the aqueduct — an empty

space. This issue may cause problem in preprocessing and needs special attention.

2. Removed the cortex region manually on the STP brain slice. The cortex of the Nissl atlas slices
was removed first with annotation and then sanity-checked and thoroughly removed manually.

This process was needed because the cortex of the experimental slice was mostly missing.

With the same parameter and code, we were able to register these two slices. Preliminary assessment
with the neuroscientists we worked with was positive: they thought the quality of the registration was

similar to registering to the Nissl volume, also pointed out places it could be improved (features which
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were not aligned well). For this experiment both the Nissl and the STP volume needed preprocessing
as mentioned above. Preprocessing the STP volume was easier because of its high signal to noise
ratio. We did not test the plane-wise mapping part of our algorithm on the STP volume, nor did we
thoroughly test the 2D non-rigid registration. But from this small experiment, we think with small

modifications our algorithm can map experimental volumes to the STP volume of ABA.

5.3 A Deep Learning Attempt

Machine-based methods are becoming popular in the biomedical field. While many segmentation
and detection tasks achieve high accuracy performance, learning-based registration results still lag
behind the traditional registration methods in existing research. Nonrigid registration tasks are even
harder because it requires a good formulation of the network including the input and output. The
general bottleneck of using machine learning to do biomedical tasks is the lack of training data. It
requires at least some transfer learning if we want to use a ready-trained network on natural images.
Sometimes even transfer learning fails because biomedical images are very different from natural
images. However, the advantage of a pretrained network is that the inference time is small — usually
less than 1 second — comparing to the computation time to register a pair of images nonrigidly —
several minutes in our case. Because in biomedical applications, there are usually hundreds of images

to map, having a fast tool is appealing.

5.3.1 The ground truth

The first problem we faced was the lack of ground truth. In registration tasks, the desired output is
how to warp the moving image so that it is aligned with the fixed image, the warp field to be more
specific. Unlike segmentation that a neuroscientist could quickly circle the target structure out, the
problem with nonrigid registration is that it is time-consuming to even ask a neuroscientist to warp
a single image to its reference. Accuracy over weighs the importance of speed in biomedical tasks.
Our histological images were mostly distorted, and even if the reference image looks very similar,
multiple control nodes needed to be dragged in order to align the two images perfectly. Because
we had developed a non-learning-based method to nonrigidly register an experimental image to its
reference image, we utilized the computed warp fields generated with the uniform grids as the ground

truth even though they are not perfect.

5.3.2 Network

Because we had success with the dilated convolutional network on the segmentation task with limited
data, we used a similar network built with dilated convolutional layers. The input was both the

fixed image and the moving image. We merge them together as a 2-channel image. We set the
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output as the deformation field. Specifically the output is also a 2-channel output. To link the
output directly to our non-learning-based registration pipeline, we describe the deformation field
output as a query field — what coordinate locations we should interpolate to fill in a pixel in the
warped image. Because convolutional neural network is translation-invariant, we use the relative
query field — relative offset between the coordinates of original pixels we interpolate the current pixel
intensity from and the current pixel — instead of the absolute coordinate. Because the aim is to align
corresponding structures regardless of its location, registration should be translationally-invariant.
Therefore the receptive field of a neuron at any level of our network does not need to be on the
same scale as the size of the input image. As a result, we no longer need as many layers as in the
segmentation network we built for aqueduct segmentation. But in order to correct distortions of
various sizes, the largest receptive field of the registration network still needs to be on the scale of
largest potential distortion. Therefore we removed a couple of layers from the original network, and
the new configuration is given in Table The images were resized to 256 x 256 whose original
size was around 300 x 400. The largest receptive field is 65 x 65 on the same scale as the spacing
we used to implement our method with uniform grid. Since we used image patches that is 2 x 2
the spacing, with the resizing, the largest receptive field functioned similarly. Same as before, the

activation function is leaky ReLU.

5.3.3 Data augmentation

Similar to the segmentation task in Section we did heavy data augmentation by applying
additional nonrigid deformation to the deformation field and the image pairs and generated around
5000 image pairs and their warp fields. Because the query field defines how an image is warped,
the output needs to be more precise than the segmentation task which is a binary output and a
postprocessing can be easily added.

Due to the limited number of experimental brains, we tried to create synthetic data using the
atlas directly. Even though the experimental dataset and the atlas are both Nissl-stained, they are
not monomodal because the imaging settings and staining strength are different. To compensate and
generate more “plausible” data, we applied different intensity and contrast alternation to the atlas
images, then warp them nonrigidly, and pair them with their original atlas images. We replicated this
technique but used the experimental images as the starting point, rather than the atlas. We trained
our network using different combinations of these three datasets, and found out the model trained
on the original dataset generated with the real experimental and atlas pairs with the traditionally
computed deformation field as the ground truth worked the best. It makes sense because neither
of the synthetic datasets made from solely experimental images or atlas images mimic the different

image characteristics between the experimental images and the atlas well.
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Layer 1 2 3 4 5 6 7
Convolution 3x3|3x3|3x3 3x3 3x3 3x3 1x1
Dilation 1 2 4 8 16 32 1
Truncation Yes Yes Yes Yes Yes Yes Yes
Receptive field 3Xx3 | 5x5 | 9%x9 | 17x17 | 33x33 | 65x65 | 65 % 65

Output Channels 32 32 32 32 32 32 C

Table 5.2: Nonrigid registration network architecture. C is the number of channels in the input
image.

5.3.4 Loss function

The loss function is formulated according to the characteristics of the histological image and the
formulation of our network. Because the background pixels are all zeros. Mapping a zero-intensity
pixel to a zero-intensity pixel should not be penalized even if the relative query coordinate is different
from the “ground truth”. However mapping a zero-intensity pixel to a nonzero pixel should be
penalized and vice versa. Therefore instead of the commonly used average Euclidean distance, loss
function is by the summation Euclidean distance between the computed relative query field and the
“ground truth relative query field” over the union of the non-zero pixels in the warped image and
the reference image divided by the intersection of the non-zero pixels in the warped image and the
reference image. Therefore it is an “average” loss, and overlap of the warped image and the reference
image is encouraged. We call it the “masked flow error”. A slight regularization is also added so that

the warp is not very large.

5.3.5 Result

The average loss in pixels was reduced to around 2.5 on our validation images after training. Since
the input images are downsized to 256 x 256, and the original image were affinely registered to
its corresponding altas section in the rotated atlas. Since an atlas image in the unrotated atlas is
320 x 456 pixels. 2.5 pixels is at most around 4.5 pixels on the atlas scale — 25 pm per pixel — much
smaller to the expert error which was previously measured to be 9 pixels. We tested the trained
network on the corresponding experimental and atlas image pairs computed by our algorithm. The
experimental images are globally transformed to the atlas image coordinates because the network is for
the nonrigid registration only. We applied the query field output to the original experimental images
and obtained the final results. The transformed images are mostly aligned to the corresponding
atlas qualitatively, and the results are visually satisfactory which an average difference of around
6 pixels (maximum around 11 pixels in the atlas scale) to the “ground truth” flow generated by
our uniform grid method. It is similar to that of the expert error. However, after we examined
the flow field and qualitatively compare to the flow field computed with MRF, we found the flow
field output of the network is not as smooth. Figure shows an example registration result of an

image pair that we tested with the trained network compared with the traditional method generated
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(A) “Ground truth” result from our uniform (B) Result from the network which is qualita-
grid based MRF nonrigid registration. tively similar to the “ground truth”.

Figure 5.1: An example registration result from the deep learning network — the “ground truth*
warped image and registration result from applying the query field generated by the trained network.

result. The registration result is qualitatively similar to that generated with our uniform grid based
MRF nonrigid registration and may look even better — contour of the warped image looks smoother.

However, the flow field, as shown in Figure [5.2] is not smooth which is not desired.

5.3.6 Summary

Using deep learning to solve registration tasks is hard, especially for multi-modal registration problems.
The first limitation is the lack of ground truth data. Unlike mono-modal problems where you can
generate training data by warping images with known transformations, for multi-modal registration,
there is no way a ground truth is available unless the multi-modal images were in the same coordinate
to begin with. However, if this is the case, no registration would be needed. To address the problem,
we tried different methods before using the traditional method to generate “ground truth” training
data. We trained our network on simulated training data generated by warping atlas images with
known transformations, simulated training data generated by warping experimental images with
known transformations, and a mix of both. None of these training data generated good quality
results. Therefore before a deep learning registration method can be effective, this problem with
creating training data for multi-modal images needs to be addressed.

The second limitation is the lack of data. We only had five experimental sectional brain total
with around 30 slices for each brain from the Dorsal Raphe study [53]. We allocated several images

out from each brain and data augmented to 50 pairs as the validation data. We also allocated several
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Figure 5.2: Masked flow difference between the “ground truth” query field and the network
generated query field.
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images out from each brain as the test data. We data augmented all other slice pairs to 5000 images
as the training data. Our dataset size is small to begin with. Before we used our dataset to train, we
searched available registration dataset online, but did not find any public histological mouse brain
registration dataset. When we tested the trained network on slices in the same section in a full brain
dataset, whose slices the network had not previously trained on, the result was worse than that of
a brain which contributed to our training data. It means if the training data has not cover large
variability, it perhaps is not scalable.

When analyzing the unsmooth results and brainstorming about solutions, we realized that our
network was reverse to the traditional method. In a traditional nonrigid image registration method,
we first fix large distortions, and then correct smaller distortions iteratively. However in our network
and many existing convolutional neural networks, the receptive field of a filter is small in the first
layer. In the following layers, the receptive fields would grow larger and larger, which is reverse
to the process of the traditional approach. In a convolutional neural network, the smoothness of
the result is dependent on the number and quality of the training data and the quality of training,
one may want to design the network better to have the smoothness “hard-coded” to reduce this
dependency. The unsmoothness may also be a result from not having enough training data which is

hard to resolve for nonrigid biomedical image registration tasks.
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Conclusion

Histological sectioning is the most commonly used method to investigate organizations of normal and
diseased brains. Individual brain variations and distortions and intensity inconsistencies caused by
sample preparations make aligning histological brain slices to a reference a challenging task for both
experts and computer algorithms. To address these challenges, we put together a direct approach to
solving the mapping problem between a 2D histological sequence and a reference volume that allows us
to determine the best corresponding slice for each experimental slice before attempting any nonrigid
alignment. It uses the squared difference of HOG L2 norm as the image comparison metric and the
average matching index difference between half-images to create a sectioning angle measurement.
The HOG metric enables image similarity comparison without the need of the deformable registration.
This produces a robust framework that leverages brain structural characteristics and symmetry to
determine the cutting angle and matching slices without initial reconstruction.

Avoiding reconstruction improves accuracy by preventing z-shift or banana problems as validated
by our comparison experiments. Interestingly, the results from the comparison experiment between the
reconstruction-first method and our method show that using sectional reconstruction for registration
still introduces small errors. These methods must compromise between thinner sections, with less
z-shift issues, and thicker sections that contain better matching information. As a result, our method
has better accuracy for registrations of sections with only 1/7 of the full brain. Our method works
for datasets that include severe artifacts as well, because when finding the plane-wise mapping, we
could avoid choosing images with severe artifacts and interpolate from best-matching planes of good
quality slices to get the best-matching planes of those slices.

In 2D nonrigid registration, we first augmented the standard MRF on medical image registration
to model accumulated tension when deforming tissues to more naturally deal with easily-deformed
cavities throughout the brain. This requires us to use squared distance pairwise term and pass
simulated stress across iterations. We further improved our 2D nonrigid registration algorithms by

placing control points on the boundary of significant features and check if the point is consistent in
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both images through cycle consistency check. The cycle consistency check makes our 2D nonrigid
registration robust to artifacts. For slices with a large missing tissue we could preprocess the
reference plane to remove the corresponding tissue manually before registration. With our method a
neuroscientist can fully analyze all their experimental images regardless of their quality.

Since our method is mostly automatic, and the accuracy is similar to or better than an expert
neuroscientist even for datasets where many slices are corrupted, we have successfully used our
method to map multiple brain datasets to the ABA, making multi-brain data analysis possible
and accurate. We are also collaborating with different labs on registering their data with different
applications. Our experience working on different biological datasets and collaborating with different
labs have shown that computer vision and image processing technologies can be widely used to
automate many processes that biologists or neuroscientists routinely do. Our success came from
starting our collaboration early, making it possible to find the problems caused by the unique image
generation/capture used in brain slice imaging, and developing tools to deal with them.

Our pipeline is flexible which makes it easy to make changes and add new methods to deal with
data-specific issues. For example, in Section we add an extra aqueduct segmentation in
our pipeline and add this information in the MRF energy function to make registration around the
aqueduct region more accurate. In Section we added a dilation mask to improve results on the
posterior brain datasets. Our work can be easily extended to cover registration tasks in many other
brain regions.

While our current processing pipeline is effective, further research can extend both its functionality,
and its performance. For example, as indicated by Section the plane-wise mapping seems to
have sufficient signal to detect change in slicing angle caused by deformation of the brain during
slicing. It would be interesting to extend the tool to capture this effect to make it more accurate.
Improving the accuracy of the nonrigid registration also seems like a promising area.

Using the tool and tuning its parameters to optimize results would also be easier with improvements
in the basic algorithms which power this pipeline. One promising area is in 2D nonrigid registration.
We put together a framework that computes salient control points with cycle consistency to reduce
some unsmoothness artifacts we saw in the uniform-grid generated results. But the method requires
computing and matching the HOG profiles of a candidate salient point with every point in the
neighborhood. While adding a HOG cache greatly improved this algorithm, further improvement in
this area is still possible. We hope this work, and its future improvements will continue to aid our

quest to better understand brain function.
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Appendix A

Allen Brain Atlas Resources

While the Allen Institute provides a user-friendly API, running our code or other program to
map an experimental volume or image to the atlas requires downloading the atlas volume or
image. The Nissl volume we use to map sequential histological images are downloadable through
link: help.brain-map.org/display/mousebrain/API. Detailed instructions are provided. The
annotation volume is also available through the same link. The Nissl volume stores the pixel values,
and the annotation volume stores the ID number of the region the pixel belongs to. A region
structure graph is provided on the same webpage under “Downloading an Ontology”s Structure
Graph”. A JSON or a hierarchical XML document is provided. We use the JSON file (http:
//api.brain-map.org/api/v2/structure_graph_download/1.json). Anatomical structures are
ordered in a hierarchical manner, we parsed the JSON file with python (code available on our project
link) and read the generated text file in MATLAB and saved it in a usable manner that every
subregion enclosed by a region can be directly returned through the region’s ID number. (.mat file
and code available on our project link). You are welcome to use any of those through citing our

paper [66].
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