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Abstract. The Allen Brain Atlas project aims to bridge the divide be-
tween genomics and neuroanatomy by mapping the expression of the
entire C57BL/6J mouse genome onto a high-resolution 3D anatomical
reference atlas of the mouse brain. We present the image registration
approach used to generate this anatomical reference from histological
sections. Due to the large number of sections (525) and the presence of
debris and distortions, a straightforward alignment of each slice to its
neighbors fails to accurately recover the 3D shape of the brain. On the
other hand, multimodality registration of histology slices to an MRI ref-
erence compromises correspondences between neighboring slices. Our ap-
proach combines the high-frequency component of slice-to-slice histology
registration with the low-frequency component of the histology-to-MRI
registration to produce a coarse-to-fine reconstruction that is accurate
both in its global shape and in the alignment of local features.

1 Introduction

The problem of reconstructing a 3D volume from histological sections arises fre-
quently in animal model research. In real experimental data, the reconstruction
problem is made difficult by high incidence of artifacts such as tearing of tis-
sue and debris. We present a new coarse-to-fine reconstruction algorithm that
combines a graph-theoretic slice-to-slice reconstruction with a global histology-
to-MRI reconstruction to achieve high accuracy both in the alignment of features
between slices and in the 3D shape of the reconstructed brain. Our algorithm
was used to generate the anatomical reference atlas of the mouse brain for the
Allen Brain Atlas (ABA) project at the Allen Institute for Brain Science (AIBS).

The goal of the ABA project is to generate a freely accessible database of the
expression of some 24,000 genes that compose the mouse genome. High resolution
in situ hybridization in coronal and sagittal slices is used to map gene expression
onto the reference atlas, allowing researchers to make complex queries relating
gene expression and neuroanatomy [1]. Already, over 50% of the genome has
been mapped and is available to researchers at www.brain-map.org.
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2 Prior Work

Often, the problem of volumetric reconstruction of the mouse brain is reduced to
finding the appropriate 2D registration algorithm for aligning consecutive slices,
and the 3D volume is constructed by concatenating the transformations result-
ing from pairwise registrations (e.g., [2]). As argued in Sec. 3.2, good interslice
alignment does not guarantee accurate reconstruction of the 3D brain shape.
In [3, 4], such reconstruction is followed by non-rigid 3D registration to MR mi-
croscopy data. In [5], the reconstruction problem is formulated as a simultaneous
system of 2D elastic registrations, for which an efficient solver is available. The
input to this system is a rigid reconstruction that uses the principal axis trans-
formation, which is driven by the shape of slice outlines. The rigid reconstruction
method presented in this paper is intensity-driven and should provide a better
initialization for elastic registration. In the Harvard High Resolution Brain Atlas
[6], 3D reconstruction is aided by landmarks that are identified manually. Sim-
ilarly, [7] uses surface registration and hand-drawn contours to warp MRI data
to histology. In contrast, our algorithm is automatic, allowing high throughput.

3 Materials and Methods

3.1 Histology and Reference MRI Data

The brain from a 56 day old sacrificed C57BL/6J strain mouse was surgically
removed, chemically frozen and sectioned in the coronal plane into 525 0.25 µm
thick slices using a microtome. Sections were fixed, treated with Nissl counter-
stain that stains nucleic acids in neuronal somata and dendrites, and imaged,
producing high-resolution color images with pixel size 0.95 µm2. While histo-
logical images capture incredible anatomical detail (Fig. 1d), they also tend to
suffer from artifacts, such as stretching, tearing and displacement of tissue that
occurs during microtomy, as well as debris that appear during slice preparation
and staining. These artifacts are illustrated in Fig. 1a,b.

In addition to the histological data, we use a 3D reference volume that was
constructed by averaging a set of 30 in vivo MRI scans from 10 mice of the same
strain as the specimen used to generate histology data. The reference volume
has voxel size 12.9 µm3 and is shown in Fig. 3.

3.2 Coarse-to-Fine Reconstruction Overview

Due to the large number of slices and high incidence of artifacts, the straight-
forward approach of aligning and warping each slice to its neighbors and con-
catenating the resulting transformations does not yield acceptable results. In
particular, the accumulation of errors can result in the z-shift effect, where,
though each slice is registered well to its neighbors, the overall 3D shape of the
reconstruction is distorted, such that the imaginary grid lines parallel to the
z-axis in the true anatomy become curves in the reconstruction. Another prob-
lem is the propagation of errors due to the presence of highly distorted sections
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Fig. 1. a-d: Examples of Nissl-stained histological sections used in the reconstruction
(a: a slice with tissue distortion; b: a slice with debris; c: an artifact-free slice; d: a
subregion of slice c at full resolution). e-f: Examples of masks computed automatically
for each slice. The region falling outside the mask is shaded yellow.

that are unlikely to register well to their neighbors and can cause gross discon-
tinuities in the reconstructed anatomy. To address these issues, we developed a
multi-stage method that combines segmentation, coarse-to-fine rigid reconstruc-
tion and deformable reconstruction to generate an atlas that is accurate both in
terms of local anatomical continuity and global 3D brain shape.

We begin by giving an outline of our approach, with each step detailed in the
subsequent sections. In the first stage, we use active contour segmentation to
compute binary masks of the brain in each slice, so as to keep debris and dis-
lodged tissue from contributing to the reconstruction. Next, we perform pairwise
rigid registrations between neighboring slices to generate a locally accurate, fine-
scale estimate of the reconstruction. By computing transforms not only between
consecutive slices but between slices within a certain z-distance from each other,
we reduce the z-shift and avoid negative effects of highly distorted slices. This ini-
tial 3D reconstruction is then registered to the reference MRI, producing a glob-
ally accurate, coarse-scale estimate of the reconstruction. The high-frequency
component of the fine-scale estimate is then combined with the low-frequency
component of the coarse-scale estimate to produce the final coarse-to-fine rigid
reconstruction. This rigid reconstruction is then used to initialize a deformable
registration, which produces a high quality 3D atlas.

3.3 Automatic Mask Computation

The background in histological slices can be highly inhomogeneous, containing
debris, stains, and the edges of the glass plate. To keep these features from influ-
encing slice alignment, we separate the brain from the background in each slice
automatically, using a combination of active contour level set segmentation with
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region competition [8] and mathematical morphology. The image force governing
contour evolution is based on an estimate of object and background probabilities,
which are estimated using thresholds. Active contour segmentation separates the
brain from the more homogeneous background regions and island-like debris but
it does not separate it from artifacts that are adjacent to it, such as the smear
in Fig. 1c. We use erosion followed by dilation and taking the largest connected
component to mask out such artifacts. Parameters of this masking approach
may vary from slice to slice; however, in practice, a common set of parameters
‘works’ for over 90% of the slices; for the remaining slices, the researcher adjusts
the parameters after examining the segmentation results. It may be possible to
fully automate parameter selection in the future by using histogram analysis to
set thresholds and by requiring masks computed on consecutive slices to have
similar shape. Examples of masks are shown in Fig. 1e-g.

3.4 Fine-Scale Alignment

Our fine-scale alignment algorithm aims to minimize z-shift and the negative
effects of badly distorted slices. This is accomplished by

1. Registering each histology slice not only to its nearest neighbors but also to
neighbors located up to 5 slices away. The Insight Toolkit rigid registration
pipeline [9] with the Mattes et al. mutual information metric [10] is used.

2. Constructing a weighted graph where the vertices represent the slices, the
edges represent registrations between neighboring slices and the edge weights
reflect the misregistration error, as detailed below.

3. Designating one slice as the reference and finding the shortest path from
every vertex in the graph to the reference. These paths skip over those slices
which register poorly to their neighbors, as Fig. 2 illustrates. For each slice,
the chain of rigid transformations corresponding to the shortest path is con-
catenated, providing a rigid transformation from the slice to the reference.

The weight of the graph edge connecting vertices i and j is given by

Wij = (1 + Mij)|i − j|(1 + ε)|i−j| , (1)

where Mij is the value of the mutual information metric mapped to the range
[0, 1] (smaller values correspond to better registration), and ε is a positive con-
stant that modulates between too little slice skipping, which results in propa-
gation of registration error due to distorted slices, and too much slice skipping,
which can disturb fine-scale alignment between neighbor slices. When Mij for
all slice pairs are equal, no slices are skipped.

3.5 Coarse-Scale Alignment

To recover the gross shape of the mouse brain, we compute rigid registrations
between histology slices and corresponding cross-sections of the reference MRI
atlas. To compute the correspondences, we first use rigid 3D registration to
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Fig. 2. An illustration of the graph-based reconstruction approach where each slice is
registered to several neighbors and ‘bad’ slices (those that register poorly to neighbors)
are skipped when aligning ‘good’ slices to the reference. Gray arcs indicate edges in
the graph, i.e., transforms computed using rigid registration, and black arrows show
the shortest path from the leftmost slice to the reference.

align the MRI volume to the histology volume reconstructed by the fine-scale
algorithm; we then resample the MRI in the space of the histology volume, and
extract 525 slices in the z-dimension. Both the 3D MRI-to-histology registration
and the subsequent 2D histology-to-MRI registrations use the Mattes mutual
information metric.

3.6 Coarse-Fine Recombination

The coarse and fine approaches described above produce 3D volumes that each
have their own inadequacies. Fine-scale reconstruction aligns features well be-
tween neighboring slices, but does not eliminate z-shift. The coarse reconstruc-
tion attempts to recover the true shape of the brain, but it does so at the cost
of local accuracy, as the registrations taking two neighboring histology slices
into corresponding MRI slices are likely to disturb the alignment between the
histology slices. In order to generate a single volume that fuses the attractive fea-
tures of both reconstructions, we combine the high-frequency component of the
fine-scale reconstruction with the low-frequency component of the coarse-scale
reconstruction. This is achieved simply by smoothing across the z dimension
the parameters of the transforms that map histology slices into corresponding
MRI slices. Gaussian smoothing with σ = 100µm is applied to each component
of the rigid transforms between histology and MRI. This makes the mapping
from the fine-scale histology reconstruction into the MRI volume smooth across
the z axis, maintaining the local correspondences established during slice-to-slice
histology registration, while shifting the overall shape of the reconstructed vol-
ume to match that of the MRI brain. The choice of σ was made empirically
by estimating that the misregistration error of histology-to-MRI registration is
approximately equal to four times the error in histology-to-histology registration.

3.7 Diffeomorphic Reconstruction

The deformable component of our reconstruction method will be presented else-
where and is not the focus of the present paper. We summarize it here for the
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sake of completeness. The reconstruction borrows the ideas from mesh fairing
algorithms, where meshes are smoothed by moving each vertex to the average of
its neighbors over a number of iterations. In our iterative method, each slice is
deformed towards the average of its neighbors using a diffeomorphic inverse con-
sistent algorithm [11]. This iterative deformation essentially smooths the shape
of anatomical structures across the z dimension. Akin to variable conductance
diffusion, badly distorted slices, which are identified during rigid reconstruction,
are assigned low weights in the iterative shape averaging process, preventing the
distortions from propagating into neighboring slices, while allowing the good
slices to influence the deformation of their badly distorted neighbors.

4 Results

Sagittal and horizontal cross-sections of the fine-scale, coarse-scale and coarse-
to-fine rigid reconstructions are shown in Fig. 3. The thick blue outline indicates

MRI Fine

Coarse C-to-F

MRI Fine Coarse C-to-F

Fig. 3. MRI-based reference image and results of rigid histology reconstruction,
including fine-scale reconstruction (slice-to-slice histology), fine-scale reconstruction
(histology-to-MRI) and combined coarse-to-fine reconstruction. The outline of the brain
surface in the MRI reference is overlaid as a blue curve on the reconstruction results.
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Fig. 4. Deformable reconstruction result

the boundary of the brain in the MRI reference. The z-shift occurring in fine-
scale reconstruction is clearly evident, particularly in the sagittal cross-section.
Poor local alignment of the coarse-scale rigid reconstruction is evident when
comparing the cerebellum and other high-contrast structures between fine-scale
and coarse-scale reconstructions. Visual inspection of the coarse-to-fine rigid
reconstruction shows that it is superior to both fine-scale and coarse-scale re-
constructions. The results of the deformable reconstruction are shown in Fig 4.
Given the excellent initialization provided by the rigid method, the deformable
method produces a reconstruction that is accurate in terms of both the overall
3D shape and the continuity of anatomical features across the z dimension.

5 Discussion and Conclusions

A drawback of our method is the number of parameters that are chosen empiri-
cally. These include parameters for mask computation, the factors in computing
the weights of the graph in fine-scale reconstruction and the width of the Gaus-
sian filter used in the coarse-fine combination. It is difficult to set optimal values
for these parameters because the ground truth against which the reconstruction
result could be compared is not available. To a great extent, we rely on visual
inspection to assess reconstruction quality but our future work will focus on gen-
erating quantitative assessments. One potential approach is to measure how well
our reconstruction from coronal slices can match sagittal sections obtained from
specimens from the same strain. This 2D/3D registration metric is especially
useful because the ABA reference atlas itself is subsequently used as a reference
to which slices from sagittal in situ hybridization are registered.

In conclusion, we have presented the details of a coarse-to-fine rigid 3D recon-
struction technique for histological data. The approach combines the local ac-
curacy of intensity-based registration between neighboring slices with the global
accuracy of registration to a reference MRI dataset. Our results indicate that
the combined coarse-to-fine approach is superior to either of its coarse and fine
components taken on their own. Followed up with deformable diffeomorphic
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reconstruction, our approach generates a high quality anatomical murine brain
atlas that has been adopted by the Allen Institute for Brain Science as the
reference for mapping gene expression.
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