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ABSTRACT: This study describes surface reconstructions and associated flat
maps that represent the highly convoluted shape of cerebellar cortex in three
species: human, macaque, and mouse. The reconstructions were based on high-
resolution structural MRI data obtained from other laboratories. The surface
areas determined for the fiducial reconstructions are about 600 cm? for the hu-
man, 60 cm? for the macaque, and 0.8 cm? for the mouse. As expected from the
ribbon-like pattern of cerebellar folding, the cerebellar flat maps are elongated
along the axis parallel to the midline. However, the degree of elongation varies
markedly across species. The macaque flat map is many times longer than its
mean width, whereas the mouse flat map is only slightly elongated and the hu-
man map is intermediate in its aspect ratio. These cerebellar atlases, along with
associated software for visualization and for mapping experimental data onto
the atlas, are freely available to the neuroscience community (see http:/brain-
map.wustl.edu).

KEYWORDS: cerebellar cortex; atlas; humans; macaques; mice

INTRODUCTION

The most striking gross morphologic feature of the cerebellum is its highly con-
voluted cortical mantle. The convolutions allow a large cortical surface area to be
contained within a compact cerebellar volume, but they present a major obstacle to
experimentalists interested in analyzing diverse aspects of cerebellar structure and
function.

A valuable approach to dealing with a convoluted cortex is to generate surface re-
constructions that capture the shape of the convolutions and can be inflated and flat-
tened to facilitate visualization of buried cortex. This strategy has been applied very
successfully to the cerebral cortex, especially in humans and macaques.! 3 Extend-
ing the same strategy to the cerebellar cortex has proven more challenging, because
it is much thinner (about one third as thick as cerebral cortex) and its convolutions
are more complex. In many species, including human and macaques, the convolu-
tions span several scales, from large cerebellar lobules to medium-sized lamellae, to
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fine-grained folia. To reconstruct the surface, it is necessary to obtain structural data
in which the cerebellar folds are accurately visualized and are in register across
neighboring slices.

Presented here are the first surface reconstructions that represent the overall pat-
tern of convolutions in human, macaque, and mouse cerebellum. These reconstruc-
tions, based on high-resolution structural magnetic resonance imaging (MRI) data,
faithfully represent the cerebellar lobules and lamellae, and they capture many but
not all of the finer-grained folia. They differ from previously reported cerebellar sur-
face reconstructions that represented the shape of the external cerebellar hull but not
the complexity of its convolutions.*> In this chapter, reconstructions are used for
two main purposes: to examine the intrinsic geometry of the cerebellar sheet and to
illustrate the potential of surface-based cerebellar atlases for visualizing many types
of experimental information.

A distinctive aspect of cerebellar surface geometry is that the folds tend to run
parallel to one another, as in an accordion or a piece of ribbon candy. One might
therefore expect that the unfolded cerebellar ribbon would be highly elongated. In-
deed, the cerebellar flat maps that Sultan and Braitenberg® generated from a variety
of species using an indirect, semiquantitative mapping procedure were all highly
elongated. On the other hand, the geometry is complicated by extensive branching
and fusion of sulci in the cerebellar hemispheres. As shown here, computationally
generated cerebellar flat maps vary greatly in shape: the macaque map is highly
elongated, but the mouse map is not, and the human map is intermediate.

Surface-based atlases are useful for viewing many types of spatially localized ex-
perimental data that are brought from individuals onto a common atlas framework.
This is well established for the cerebral cortex, where current atlases include, for ex-
ample, a diversity of areal partitioning schemes, information about anatomic con-
nectivity, and a variety of neuroimaging data.>”® The cerebellar surface
reconstructions illustrated here, along with associated surface visualization and
analysis software, are freely available, and they provide an attractive substrate for
representing a large and rapidly growing body of information about the cerebellar
cortex.

METHODS

Surface reconstructions were based on high resolution structural MRI data sets
(T1-weighted) obtained for mouse, macaque, and human. The mouse data set (case
map015, provided by A. Toga and R. Jacobs) was scanned at 56 um? voxel size; the
macaque data set (case FO9UA 1, provided by N. Logothetis) was scanned at 0.5 mm?
voxel size. The human data set (case colin_avg20, provided by A. Toga) was from
an individual subject scanned repeatedly at 1 mm? voxel size; the individual scans
were registered to a common stereotaxic space, averaged, and resampled to 0.5 mm?
voxel size. This is the same case described in a study by Holmes ef al.? and in the
cerebellar atlas of Schmahmann et al.® In the human case the contrast between gray
and white matter was significantly lower in ventral than in dorsal portions of the
cerebellum, perhaps because of regional differences in the accuracy of the registra-
tion algorithm.



470 ANNALS NEW YORK ACADEMY OF SCIENCES

For each species, the whole brain MRI volume was cropped to include just the
cerebellum. It was then resampled so that the cerebellar cortex was about two or
three voxels thick on average. The resampled volumes had voxel dimensions of 84
m3 for the mouse, 0.25 mm? for macaque, and 0.5 mm?3 for human. A modification
of the SureFit segmentation method, originally developed for cerebral cortex,! was
applied to the structural MRI volumes to generate a binary volume (segmentation)
whose boundary represents the shape of the cerebellar cortex, including its convolu-
tions. The general SureFit strategy involves generating probabilistic maps related to
characteristics of gray matter, white matter, and cerebrospinal fluid (CSF) that are
discernible in the image data. Most of cerebellar white matter (except for the central
core) is very thin and cannot be robustly identified on the basis of intensity cues
alone. A more reliable cue is that thin slabs of white matter are adjoined on either
side by slabs of gray matter. Consequently, the image intensity gradient in such re-
gions should be pointed towards the white matter on two opposing sides and should
have an appropriate intermediate magnitude (based on the average intensity differ-
ence between gray and white matter and the average cortical thickness). An algo-
rithm sensitive to such patterns at any arbitrary three-dimensional orientation was
used to generate a probabilistic map of cerebellar white matter. An analogous pro-
cess was used to generate a probabilistic map for the outer cortical boundary (the pial
surface). This was based on the cue that in regions of CSF sandwiched between op-
posing banks of gray matter, the intensity gradient should be pointed away from the
CSF and should have an appropriate magnitude (based on the average intensity dif-
ference between gray matter and CSF and on cortical thickness). The maps of thin
white matter and of the outer boundary maps were combined to form a probabilistic
map of position along the radial axis of cortical gray matter. The radial position map
was then thresholded to yield an initial segmentation whose boundary on average ran
approximately midway through the cortical gray matter. To the extent that this is
achieved, each unit area on the associated surface reconstruction represents a com-
parable amount of cortex, irrespective of whether it is at the tip or the base of a lob-
ule.!% The initial segmentations generated with this method contained numerous
topological errors, which generally reflect ambiguities associated with low contrast
and noise in the original image data. Extensive error correction using an interactive
editing tool in SureFit was used to achieve a topologically correct segmentation for
each species. For each corrected cerebellar segmentation, a surface reconstruction
whose nodes lie on the boundary of the segmented volume was generated in SureFit.
This slightly blocky “raw” surface was smoothed to generate a fiducial surface that
constitutes the best available estimate of cortical shape.

Cortical flattening was achieved using Caret surface visualization and analysis
software.l!! For the mouse, cerebellar flattening involved straightforward applica-
tion of the automated Caret multiresolution method for flattening and distortion re-
duction.!? For the macaque and human, flattening was applied piecemeal to
restricted subregions of the cerebellar surface. This was necessary because of the in-
herent difficulty in flattening a highly irregular cerebellar surface that has a far high-
er degree of intrinsic (Gaussian) curvature than does the cerebral cortex (akin to the
fingers on a rubber glove rather than the folds of a crumpled sheet). Once the indi-
vidual subregions were satisfactorily flattened, they were combined into a composite
whole, and the map was locally smoothed in the vicinity of the sutures.
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RESULTS

The results are presented in a similar format for each species, including images
of the structural MRI data and the segmented cerebellar volume plus surface recon-
structions in multiple configurations and viewing perspectives. The mouse cerebel-
lum is illustrated first, as its relatively simple geometry provides a useful baseline
for comparisons with the macaque and human.

Mouse Cerebellum

In the structural MRI volume used for the mouse atlas, the cerebellar gray and
white matter can readily be discriminated, as shown in a sagittal slice (FIG. 1, top
left). The adjacent panel (FIG. 1, top center) shows the segmented cerebellar cortex,
whose boundary runs consistently through the cortical gray matter. Comparison with
the Nissl-stained cerebellar sections from a mouse brain atlas'3 indicates that the full
pattern of cerebellar folds is visible in the structural MRI images and is preserved in
the segmented volume. The cerebellar lobules, identified with the aid of this atlas,
are labeled on the segmented slice.

The remaining panels of FIGURE 1 show different configurations and viewing per-
spectives of the mouse cerebellar surface reconstruction. Fiducial, inflated, and
spherical configurations are shown from posterior and lateral perspectives in the left
and upper right parts of the figure, respectively. The fiducial surface reveals the
shape of the intact cortex. In the inflated surface the folds are largely smoothed out,
but the overall cerebellar shape is preserved. The spherical map provides a useful
substrate for surface-based coordinates and surface-based registration (see Discus-
sion). The flat map, which shows the entire cerebellar surface in a single view, is dis-
played in the lower right part of FIGURE 1. The location of the cuts made to reduce
distortions on the flat map are best seen on the spherical and inflated maps. All of
the surfaces are shaded to show surface folding (computed on the fiducial configu-
ration), with light creases signifying outward folds along lobule crests and dark
creases signifying inward (sulcal) folds.

The total cerebellar surface area for the fiducial configuration is 80 mm?2, which
is about half the combined cortical surface area of the left and right cerebral hemi-
spheres reconstructed from the same mouse atlas (174 mm?). Sultan and
Braitenberg® reported a much larger cerebellar surface area (190 mm? average for
three mice), but it is difficult to evaluate whether systematic biases affected their in-
direct measurement strategy.

Overall, the cerebellar flat map is about as wide as it is long, making its shape
quite different from the approximately threefold elongated map for the schematical-
ly unfolded mouse cerebellum illustrated by Sultan and Braitenberg.® The vermis,
which occupies 43% of the fiducial surface area, forms an elongated strip along the
vertical axis. The cerebellar hemispheres, on the left and right sides of the map, pre-
dominantly involve expansions of lobules VI-VIII and occupy 51% of the fiducial
surface. The adjoining paraflocculus and flocculus (6% of the fiducial surface) are
extensions from the copula (lobule VII) and paramedian lobule (lobule VIII).

As with maps of cerebral cortex, there are substantial distortions in the represen-
tation of cortical surface area on the cerebellar flat map and spherical map (particu-
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FIGURE 1. A surface-based atlas of mouse cerebellar cortex. Upper left and upper
center panels show the structural MRI and segmentation (with lobules identified) from a
sagittal section through the vermis. The remaining panels show cerebellar surface recon-
structions, with posterior views of the fiducial, inflated, and spherical surface shown on the
left, lateral views of the same three configurations on the right, and a flat map in the lower
center.

larly on the spherical map because it is geometrically more constrained). Although
it is important to know that these distortions exist, they are not a major impediment
to quantitative analyses, because the surface area of any region of interest on a flat
map or spherical map can readily be computed for the corresponding region on the
fiducial surface (as illustrated in the preceding paragraph). Having a topologically
correct spherical surface allows location to be specified by spherical coordinates of
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FIGURE 2. Sagittal sections through cerebellar vermis of the macaque monkey. (Lef?)
Structural MRI; (right) cortical segmentation.

latitude and longitude, 13

have similar coordinates.

in which nearby points on the cerebellar surface always

Macaque Cerebellum

The vastly greater complexity of cerebellar folding in the macaque than in the
mouse is obvious in a midline sagittal view of the structural MRI (F1cG. 2, left). I as-
sessed the fidelity of the structural MRI by making comparisons to sagittal sections
of adult macaque cerebellum shown in tracings by Larsell and Jansen!® (their Figs.
176-177). A comparable number of distinct folia (~90-100) can be discerned in sag-
ittal slices from both data sets. This implies that the structural MRI data used here
reveals nearly all of the cerebellar convolutions, at least along the midline. In the
segmented volume (FIG. 2, right), all of the lobules and major lamellae are success-
fully represented, as are a majority of the individual folia. However, about a third of
the folia are not explicitly captured in the segmentation, owing to their small size
combined with image noise and low contrast. In more lateral regions (not shown in
FIGURE 1), the detailed structure of the flocculus was difficult to discern, and it was
not included in the segmentation.

FIGURE 3 shows the macaque cerebellar surface reconstruction, with fiducial, in-
flated, and spherical configurations displayed from posterior views on the left and
lateral views on the right. The total surface area of the fiducial configuration is
61 cm?, which is 25% of total cerebral cortex for the left and right hemispheres
(248 cm?, respectively) and is close to the value of 81 cm? for the macaque reported
by Sultan and Braitenberg.’ It is almost 80-fold greater than the surface area of the
mouse atlas cerebellum.

Compared to the mouse, not only are the convolutions of macaque cerebellar cor-
tex deeper and more numerous, but also the overall pattern in the hemispheric re-
gions is more complex. About 65% of the fiducial surface area is associated with the
two hemispheres versus 33% for the vermis and 2.4% for the portion of the parafloc-
culus included in the segmentation. The hemispheric portions of lobules VII and
VIII have a disproportionately large surface area, and they form a ribbon that curls
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Posterior Lateral

FIGURE 3. Surface representations of the macaque cerebellar cortex. (Left) Posterior
views of the fiducial, inflated, and spherical surface. (Right) Lateral views of the same three
configurations. (Center) Cerebellar flat map.

from lateral back towards the midline, ventral to the shelf formed by lobule VI.
Along the boundary between the posterior vermis and lobule VIII, the cortex is not
physically continuous. Instead, there are natural terminations, evident in stained sec-
tions from a macaque atlas,!” although they are not directly discernible in the struc-
tural MRI data. The cuts used to reduce distortions in the flat map were made along
the estimated trajectory of these natural cortical boundaries. To avoid severe distor-
tions, it was necessary to make many additional cuts that interrupted genuinely con-
tiguous cortical regions, as can be seen in the inflated and spherical maps.

Because the macaque vermis is relatively narrow (4-6 mm) but has deep and com-
plex folds (cf. F1G. 2), it forms a highly elongated strip that runs vertically on the flat
map. In the upper part of the map, the hemispheric portions of lobules I-VI appear
as stubby flanges attached to the vermis, reflecting the fact that lobules I-VI become
progressively shallower and simpler in more lateral portions of the fiducial surface.
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In contrast, the hemispheric portions of lobules VII and VIII form prominent “legs”
whose elongated but bowed shape largely reflects the ribbon-like configuration of
this region in the fiducial surface.

Human Cerebellum

In a sagittal view, the structural MRI of the human cerebellar vermis (FI1G. 4, left)
shows about the same apparent degree of complexity as shown in the corresponding
slice through the macaque cerebellum (cf. FIG. 2) in terms of the number of lobules
and lamellae. However, the overall image quality is somewhat lower for the human
MRI data set compared to the macaque, particularly in the ventral cerebellum (see
Methods). In reality, the human vermis is substantially more convoluted than that in
the macaque, as sagittal section tracings !3:1% reveal about twice as many small folia
visible on each of the lobules as in the macaque. Because of the lower image quality,
the segmented human cerebellum (F1G. 4, right) certainly missed most of these
smaller folia, but it successfully represents all lobules, most or all lamellae, and
many individual folia. The lobules were identified using published atlases.>!8

FIGURE 5 shows the human cerebellar surface reconstruction, with fiducial, inflat-
ed, and spherical configurations shown from posterior views on the left and lateral
views on the right. The total surface area of the fiducial configuration is 540 cm?.
This is about ninefold greater than the macaque cerebellum and is 28% of the total
cerebral cortex for the left and right hemispheres combined (1,900 cm?). This is cer-
tainly a substantial underestimate because, as just noted, many cerebellar folia were
missed in the segmentation. The larger estimate of 1,128 cm? for human cerebellum
reported by Sultan and Braitenberg® is likely to be more accurate. Not surprisingly,
the spherical map is severely compressed in some regions, expanded in others, and
anisotropically stretched in others. However, the fact that it preserves the topology

FIGURE 4. Sagittal sections through the human cerebellar vermis. (Left) Structural
MRI; (right) cortical segmentation.
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FIGURE 5. Surface representations of the human cerebellar cortex. (Left) Posterior
views of the fiducial, inflated, and spherical surface. (Right) Lateral views of the same three
configurations. (Center) Cerebellar flat map.

of the cortical sheet gives it utility as a substrate for surface-based coordinates and
surface-based registration.

In comparing human and macaque cerebellum, the most striking difference is the
greater elaboration of hemispheric cortex in all lobules, with an estimated 88% of
human cerebellar cortex identified as hemispheric in the fiducial configuration.
Also, the representation of hemispheric portions of all lobules is more balanced than
in the macaque. In the more anterior lobules (I-III), this arises because the hemi-
spheric regions are relatively wide and retain about the same number and depth of
lamellae over most of their width. For the more posterior lobules, the expansion re-
flects convolutions that are markedly deeper and more numerous. These character-
istics result in a human cerebellar flat map that is relatively wide throughout and is
not nearly as elongated as in the macaque or as in the schematic unfolding shown by
Sultan and Braitenberg.®

DISCUSSION

Cerebellar Geometry and Development

The distinctive surface geometry of cerebellar cortex reflects several key aspects
of cerebellar morphogenesis. The cerebellum receives its full complement of Purkin-
je cells very early in development, before extensive convolutions have formed. The
immature Purkinje cells are initially stacked many cells deep, especially in the hemi-
spheric regions of the cerebellar plate.!® The vastly more numerous granule cells
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proliferate extensively as they migrate tangentially along the external granule cell
layer. The granule cells extend parallel fiber axons before diving down to the granule
cell layer, thereby establishing an axis that is correlated with the pattern of folding
and anisotropic growth in surface area.29 An attractive hypothesis is that mechanical
tension along parallel fibers is responsible for both the anisotropic growth (prefer-
ential expansion along the axis orthogonal to parallel fibers) and the axis of folding
parallel to that of the parallel fibers.?!

Cerebral cortex has a very different surface geometry that reflects its very differ-
ent pattern of morphogenesis. For cerebral cortex, a thin, smooth, balloon-like cor-
tical sheet forms early in development as a result of cell proliferation in the
ventricular zone and migration along the radial axis. The increases in cerebral corti-
cal surface area arise mainly from cell growth rather than differential migration. The
formation of cortical folds is probably caused by mechanical tension along long-
distance corticocortical connections as they are established.2! Because the convolu-
tions arise, in effect, from crumpling of a quasispherical cortical balloon, the distor-
tions are relatively modest during the reverse process of smoothing out the
convoluted adult cerebral cortex.

Surface-Based Cerebellar Atlases

Brain atlases provide natural gateways for navigating and visualizing an immense
range of neuroscientific data.3-11-22 For cortical structures, surface-based atlases are
especially valuable, because they provide flexible visualization options, plus they
can be used for registering data across individuals and across species, and as a sub-
strate for surface-based coordinates that respect the topology of the cortical
sheet. 37815

The maps of cerebellar cortex presented here are intended for general use as sur-
face-based atlases. The atlas data sets for all three species are freely available, along
with associated surface visualization software.2® The structural volume data are also
available and can be viewed with freely available volume visualization software.23-24
Data that are currently available on the atlas (not shown here because of space con-
straints) include representations of cerebellar geography (individual lobules identi-
fied and painted different colors) plus exemplar functional MRI data on the human
cerebellar maps.

A variety of currently available tools for data mapping should allow the amount
of experimental data mapped to cerebellar atlases to increase rapidly. These include
options for registering data from individual sections or from surface reconstructions
of part or all of the cortex. An additional option is to map individual neuroimaging
activation foci or entire fMRI volumes that are represented in stereotaxic space.

Interspecies Comparisons

The major cerebellar lobules can consistently be identified in mouse, macaque,
and human, and they emerge from a common developmental pattern.!®!® Presum-
ably there are important functional correspondences between lobules of the same
name, but the degree of correspondence is not well established in detail. Making
such comparisons entails dealing with major species differences in folding patterns
and in the relative sizes of different lobules and their internal subdivisions. There is
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also the prospect that the basic topology of cerebellar organization may differ mark-
edly across species. The availability of spherical maps for the cerebellum should fa-
cilitate interspecies comparisons because it allows mappings that preserve the
topology of the cortical sheet, analogous to those that have proven useful for inter-
species comparisons of cerebral cortex.2>-20
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